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Editorial to the Special Issue “Molecular Aspects in Catalytic
Materials for Pollution Elimination and Green Chemistry”
Junjiang Zhu

Hubei Key Laboratory of Biomass Fibers and Eco-dyeing & Finishing, College of Chemistry and Chemical
Engineering, Wuhan Textile University, Wuhan 430200, China; jjzhu@wtu.edu.cn

The Special Issue on “Molecular Aspects in Catalytic Materials for Pollution Elim-
ination and Green Chemistry” encompasses two aims: one is to remove the pollutants
produced in the downstream, and the other is to synthesize chemicals by a green route,
avoiding the production of pollutants. The aim of this Special Issue is to explore catalysis
technology to resolve current environmental problems using photocatalysis, electrocatal-
ysis, and thermocatalysis. This Special Issue also describes research works related to the
catalytic removal of pollutants, or the catalytic synthesis of chemicals by a green route.

Xu et al. [1] reported a method of constructing tunable oxygen vacancies (OVs) to
accelerate molecular oxygen activation for boosting photocatalytic performance. In this
paper, the in situ introduction of OVs on Bi2MoO6 was accomplished by using a calcina-
tion treatment in an H2/Ar atmosphere. The introduced OVs not only facilitated carrier
separation, but also strengthened the exciton effect, which accelerates singlet oxygen gen-
eration through the energy transfer process. Superior carrier separation and abundant
singlet oxygen favor photocatalytic NaPCP degradation. The optimal BMO-001-300 sample
exhibited the fastest NaPCP degradation rate of 0.033 min−1, which is 3.8 times higher than
that of the pristine Bi2MoO6. NaPCP was effectively degraded and mineralized through
dechlorination, dihydroxylation, and benzene ring opening. The present work provided a
novel insight into ROS-mediated photocatalytic degradation.

Lyulyukin et al. [2] synthesized composite materials based on nanocrystalline anatase
TiO2 doped with nitrogen and bismuth tungstate by using a hydrothermal method. To
determine the correlations between their physicochemical characteristics and photocatalytic
activity, the kinetic aspects were studied both in batch and continuous-flow reactors, using
ethanol and benzene as test compounds. The researchers found that the Bi2WO6/TiO2-N
heterostructure enhanced with Fe species efficiently utilized visible light in the blue region,
and exhibited much higher activity in the degradation of ethanol vapor compared to pristine
TiO2-N. However, the increased activity of Fe/Bi2WO6/TiO2-N had an adverse effect on
the degradation of benzene vapor. This result might be due to the fast accumulation of
non-volatile intermediates on its surface at high benzene concentrations, which caused a
temporary deactivation of the photocatalyst.

Din et al. [3] synthesized three-dimensional (3D) hierarchical Bi12O17Cl2 (BOC) mi-
crosphere via a facile solvothermal method by using a binary solvent, which was applied
for the photocatalytic degradation of Rhodamine-B (RhB) and Bisphenol-A (BPA). Sub-
sequently, they prepared Co3O4 nanoparticles (NPs)-decorated BOC (Co3O4/BOC) het-
erostructures to further enhance their photocatalytic performances. The BOC microspheres,
composed of thin (~20 nm thick) nanosheets, showed a 3D hierarchical morphology and
a high surface area. Compared to the BOC, the 20-Co3O4/BOC heterostructure exhibited
enhanced degradation efficiency of RhB (97.4%) and BPA (88.4%). The authors hypoth-
esized that the high surface area, the extension of absorption to visible light region, and
the suppression of photoexcited electron-hole recombination are main factors accounting
for the better photocatalytic performances. This work provides a new vista to construct
high-performance heterostructures for photocatalytic applications.
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Phase junctions constructed as photocatalysts show great prospects for organic degra-
dation with visible light. Cai et al. [4] synthesized an elaborate rhombohedral corun-
dum/cubic In2O3 phase junction (named MIO) combined with polymeric carbon nitride
(PCN) by using an in situ calcination method. The authors attributed the excellent per-
formance of MIO/PCN to the intimate interface contact between MIO and PCN, which
provides a reliable charge transmission channel, thereby improving the separation effi-
ciency of charge carriers. This work illustrates that MOF-modified materials have a great
potential for solving environmental pollution without generating secondary pollution.

The need for effective and rapid processes for photocatalytic degradation has led
to an increased interest in finding more sustainable catalysts for antibiotic degradation.
Bai et al. [5] provided an overview on the removal of pharmaceutical antibiotics through
photocatalysis, and the recent progress using different nanostructure-based photocatalysts.
They also reviewed the possible sources of antibiotic pollutants released through the
ecological chain, and the consequences and damages caused by antibiotics in wastewater on
the environment and human health. The fundamental dynamic processes of nanomaterials
and the degradation mechanisms of antibiotics were discussed, and recent studies regarding
different photocatalytic materials for the degradation of some typical and commonly
used antibiotics were summarized. Finally, the challenges and future opportunities for
photocatalytic degradation of commonly used antibiotics were highlighted.

Formate is a desirable product of an electrochemical CO2 reduction (CO2RR) and
has great economic value. Li et al. [6] reported a facile one-step method to synthesize
nitrogen-doped bismuth nanosheets (N-BiNSs), as electrocatalysts, for CO2RR to produce
formate. The N-BiNSs exhibited a high formate Faradic efficiency with a stable current
density. Moreover, the N-BiNSs for CO2RR yielded a large current density for formate
production in a flow-cell measurement, achieving the commercial requirement. The authors
found that nitrogen doping could induce charge transfer from the N atom to the Bi atom,
thus modulating the electronic structure of N-Bi nanosheets. Density Functional Theory
results demonstrated that the N-BiNSs reduced the adsorption energy of the *OCHO
intermediate and promoted the mass transfer of charges. This study provides a valuable
strategy to enhance the catalytic performance of bismuth-based catalysts for CO2RR by
using a nitrogen-doping strategy.

Long et al. [7] synthesized a nanometer-size Co-ZIF (zeolitic imidazolate frameworks)
catalyst for selective oxidation of toluene to benzaldehyde under mild conditions, which
showed a BET surface area of 924.25 m2/g. The authors investigated the effect of reaction
temperatures, oxygen pressure, mass amount of N-hydroxyphthalimide (NHPI), and
reaction time on the catalytic activity. The results showed that the Co-ZIF catalyst gave
the best result of 92.30% toluene conversion and 91.31% selectivity to benzaldehyde under
0.12 MPa and 313 K. This new nanometer-size Co-ZIF catalyst exhibits good application
prospects in the selective oxidation of toluene to benzaldehyde.

Zhang et al. [8] prepared the PtSn catalysts for propane dehydrogenation by incipient-
wetness impregnation using a dendritic mesoporous silica support. The authors found
that changing the Pt/Sn ratios influenced the interaction between Pt and Sn. The best
catalytic performance was obtained from the Pt1Sn2/DMSN catalyst, with an initial propane
conversion of 34.9%. They proposed that the good catalytic performance of this catalyst is a
result of the small nanoparticle size of PtSn and the favorable chemical state and dispersion
degree of Pt and Sn species.

The efficient recycling of valuable resources from rolling oil sludge (ROS) is mean-
ingful. Gao et al. [9] reported the recycling of solid Fe resources from ROS by a catalytic
hydrogenation technique, and discussed its catalytic performance for CO oxidation. The
solid Fe resources calcinated in air (Fe2O3-H) exhibited comparable activity for CO oxida-
tion to those prepared by the calcinations of ferric nitrate (Fe2O3-C). Following this, the
authors supported the Fe resources on 13X zeolite, and pretreated the sample with CO
atmosphere, which led to a complete CO conversion at 250 ◦C on the 20 wt.% Fe2O3-H/13X
sample.
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Graphitic carbon nitride (g-C3N4) is thoroughly studied owing to its remarkable
properties exhibited in photocatalysis. Lin et al. [10] summarized the research progress
on the synthesis of g-C3N4 and its coupling with single- or multiple-metal oxides, and its
photocatalytic applications in energy production and environmental protection, including
the splitting of water to hydrogen, the reduction of CO2 to valuable fuels, the degradation of
organic pollutants, and the disinfection of bacteria. At the end, challenges and prospects in
the synthesis and photocatalytic applications of g-C3N4-based composites were proposed,
and an outlook was provided.

Conflicts of Interest: The author declares no conflict of interest.

References
1. Xu, X.; Yang, X.; Tao, Y.; Zhu, W.; Ding, X.; Zhu, J.; Chen, H. Enhanced Exciton Effect and Singlet Oxygen Generation Triggered by

Tunable Oxygen Vacancies on Bi2MoO6 for Efficient Photocatalytic Degradation of Sodium Pentachlorophenol. Int. J. Mol. Sci.
2022, 23, 15221. [CrossRef] [PubMed]

2. Lyulyukin, M.; Kovalevskiy, N.; Bukhtiyarov, A.; Kozlov, D.; Selishchev, D. Kinetic Aspects of Benzene Degradation over TiO2-N
and Composite Fe/Bi2WO6/TiO2-N Photocatalysts under Irradiation with Visible Light. Int. J. Mol. Sci. 2023, 24, 5693. [CrossRef]
[PubMed]

3. Din, S.T.; Xie, W.-F.; Yang, W. Synthesis of Co3O4 Nanoparticles-Decorated Bi12O17Cl2 Hierarchical Microspheres for Enhanced
Photocatalytic Degradation of RhB and BPA. Int. J. Mol. Sci. 2022, 23, 15028. [CrossRef] [PubMed]

4. Cai, X.; Wang, Y.; Tang, S.; Mo, L.; Leng, Z.; Zang, Y.; Jing, F.; Zang, S. Rhombohedral/Cubic In2O3 Phase Junction Hybridized
with Polymeric Carbon Nitride for Photodegradation of Organic Pollutants. Int. J. Mol. Sci. 2022, 23, 14293. [CrossRef] [PubMed]

5. Bai, X.; Chen, W.; Wang, B.; Sun, T.; Wu, B.; Wang, Y. Photocatalytic Degradation of Some Typical Antibiotics: Recent Advances
and Future Outlooks. Int. J. Mol. Sci. 2022, 23, 8130. [CrossRef] [PubMed]

6. Li, S.; Kang, Y.; Mo, C.; Peng, Y.; Ma, H.; Peng, J. Nitrogen-Doped Bismuth Nanosheet as an Efficient Electrocatalyst to CO2
Reduction for Production of Formate. Int. J. Mol. Sci. 2022, 23, 14485. [CrossRef] [PubMed]

7. Long, W.; Chen, Z.; Huang, Y.; Kang, X. Selective Oxidation of Toluene to Benzaldehyde Using Co-ZIF Nano-Catalyst. Int. J. Mol.
Sci. 2022, 23, 12881. [CrossRef] [PubMed]

8. Zhang, N.; Shan, Y.; Song, J.; Fan, X.; Kong, L.; Xiao, X.; Xie, Z.; Zhao, Z. Dendritic Mesoporous Silica Nanoparticle Supported
PtSn Catalysts for Propane Dehydrogenation. Int. J. Mol. Sci. 2022, 23, 12724. [CrossRef] [PubMed]

9. Gao, W.; Tang, S.; Wu, T.; Wu, J.; Cheng, K.; Xia, M. Solid Fe Resources Separated from Rolling Oil Sludge for CO Oxidation. Int. J.
Mol. Sci. 2022, 23, 12134. [CrossRef] [PubMed]

10. Lin, H.; Xiao, Y.; Geng, A.; Bi, H.; Xu, X.; Xu, X.; Zhu, J. Research Progress on Graphitic Carbon Nitride/Metal Oxide Composites:
Synthesis and Photocatalytic Applications. Int. J. Mol. Sci. 2022, 23, 12979. [CrossRef] [PubMed]

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

3





Citation: Xu, X.; Yang, X.; Tao, Y.;

Zhu, W.; Ding, X.; Zhu, J.; Chen, H.

Enhanced Exciton Effect and Singlet

Oxygen Generation Triggered by

Tunable Oxygen Vacancies on

Bi2MoO6 for Efficient Photocatalytic

Degradation of Sodium

Pentachlorophenol. Int. J. Mol. Sci.

2022, 23, 15221. https://doi.org/

10.3390/ijms232315221

Academic Editor: Bogusław

Buszewski

Received: 9 October 2022

Accepted: 29 November 2022

Published: 2 December 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

 International Journal of 

Molecular Sciences

Article

Enhanced Exciton Effect and Singlet Oxygen Generation
Triggered by Tunable Oxygen Vacancies on Bi2MoO6
for Efficient Photocatalytic Degradation
of Sodium Pentachlorophenol
Xiao Xu 1,2,†, Xianglong Yang 2,3,†, Yunlong Tao 2, Wen Zhu 1, Xing Ding 2 , Junjiang Zhu 1,* and Hao Chen 2,*

1 Hubei Key Laboratory of Biomass Fibers and Eco-Dyeing & Finishing, College of Chemistry and Chemical
Engineering, Wuhan Textile University, Wuhan 430200, China

2 College of Science, Huazhong Agricultural University, Wuhan 430070, China
3 National Reference Laboratory for Agricultural Testing (Biotoxin), Laboratory of Quality and Safety Risk

Assessment for Oilseed Products (Wuhan), Key Laboratory of Detection for Mycotoxins, Quality Inspection
and Test Center for Oilseed Products, Ministry of Agriculture and Rural Affairs, Oil Crops Research Institute,
Chinese Academy of Agricultural Sciences, Wuhan 430062, China

* Correspondence: jjzhu@wtu.edu.cn (J.Z.); hchenhao@mail.hzau.edu.cn (H.C.)
† These authors contributed equally to this work.

Abstract: Construction of the tunable oxygen vacancies (OVs) is widely utilized to accelerate molecu-
lar oxygen activation for boosting photocatalytic performance. Herein, the in-situ introduction of
OVs on Bi2MoO6 was accomplished using a calcination treatment in an H2/Ar atmosphere. The
introduced OVs can not only facilitate carrier separation, but also strengthen the exciton effect, which
accelerates singlet oxygen generation through the energy transfer process. Superior carrier separation
and abundant singlet oxygen played a crucial role in favoring photocatalytic NaPCP degradation.
The optimal BMO-001-300 sample exhibited the fastest NaPCP degradation rate of 0.033 min−1, about
3.8 times higher than that of the pristine Bi2MoO6. NaPCP was effectively degraded and mineralized
mainly through dechlorination, dehydroxylation and benzene ring opening. The present work will
shed light on the construction and roles of OVs in semiconductor-based photocatalysis and provide a
novel insight into ROS-mediated photocatalytic degradation.

Keywords: oxygen vacancy; exciton effect; Bi2MoO6; sodium pentachlorophenate; photocatalysis

1. Introduction

The excessive discharge of pesticide pollutants produced in agricultural activity has
brought serious environmental pollution and caused a heavy burden on the ecological
system [1–3]. Among all pesticide pollutants, sodium pentachlorophenate (NaPCP) has
been listed as a priority contaminant by the U.S. Environmental Protection Agency due to
its bio-refractory and high biological toxicity [4]. It is of great urgency and significance to
develop novel technology for efficient NaPCP removal. Compared with other advanced
oxidation processes for NaPCP degradation, photocatalytic technology is regarded as
one of the most potentially effective methods of pollution control and environmental
remediation. It works by utilizing light-induced reactive oxygen species (ROS) to degrade
organic contaminants [5–8].

Until now, numerous semiconductors including metal oxides (TiO2, BiOBr and Bi2MoO6,
etc.) [9–11] and organic polymers (C3N4, MOF and COF, etc.) [12–14] have been chosen as the
candidates for NaPCP degradation. However, photocatalytic NaPCP degradation still suffers
from a lack of active species and unsatisfying reaction efficiency [15,16]. To improve the
reactivity for NaPCP degradation, multifarious modification strategies have been explored in

5



Int. J. Mol. Sci. 2022, 23, 15221

recent years to strengthen the photocatalytic activity of semiconductors, such as heterojunction
construction, co-catalyst modification and defect engineering [17–20].

Oxygen vacancies (OVs), the typical anion defects, have been regarded as an effective
modification to enhance the photocatalytic reactivity [21,22]. The introduced OVs are
capable of extending the light absorption region of semiconductors and accelerating the
carrier migration and separation of charge carriers [23,24]. Wei et al. employed transient
absorption spectroscopy to confirm that OVs on the WO3 surface were enabled to induce
electron trapping states and inhibit the direct recombination of photogenerated carriers [25].
More importantly, OV-mediated electrons in localized states led to more photogenerated
electrons gathering, serving as the active sites for molecular oxygen and reactive substrate
activation [26]. Li et al. systematically explored the impacts of OVs on the optical ab-
sorption of BiOCl and molecular oxygen activation [27]. The results indicated that the
OVs on the catalyst surface can selectively activate oxygen to •O2

−, which dominated
the dechlorination process of NaPCP, thus achieving the excellent photocatalytic NaPCP
degradation [27]. Their subsequent research found that different facet-dependent OVs
exhibited different water adsorption configurations in the form of chemical adsorption or
dissociation adsorption, which determined the ability of adsorbed water molecules to be
oxidized by holes [28].

Considerable research efforts have been devoted to investigating the role of OVs in
ROS generation from two aspects, including the electron transfer mechanism induced
by charge-carrier behavior and the energy transfer mechanism caused by the exciton
effect [29–33]. The electron transfer process results from the separated carriers’ transfer to
molecular oxygen, thus realizing the activation of molecular oxygen to generate ROS (such
as •O2

−, H2O2 and •OH). The energy transfer process originates from the transformation
from a high-energy singlet exciton to the triple excited state via the inter-system crossover,
accompanying molecular oxygen activation to produce 1O2 [34]. As reported, the OV-
mediated electron capture state on the semiconductor surface can activate O2 to produce
•O2

− and H2O2 through the electron transfer process utilizing localized electrons [35].
The introduced OVs also increase the highly delocalized valence electrons at adjacent
atoms, which will further weaken the charge shielding effect and enhance the electron-
hole interaction, thus endowing the catalyst with increased exciton binding energy [36].
Achieving tunable OVs is of great significance for arranging the exciton or carrier behavior.
Although many modification strategies have been developed to introduce tunable OVs,
including solvothermal processes and reduction with UV illumination and doping, these are
complicated and uncontrollable. There is therefore an urgent need to solve the significant
challenge of achieving the accurate and controllable construction of OVs.

Herein, we choose Bi2MoO6, a typical layered Aurivillius material, as the photocatalyst
model, and realize the mild and controllable construction of OVs on the Bi2MoO6 surface
via adjusting the calcination temperature under H2/Ar atmosphere. The tunable OVs
introduced here are proven to have several function schemes, not only endowing Bi2MoO6
with efficient carrier separation and an optimized band gap via the constructing defects
level, but also enabling the weak charge screening effect, which is of great significance
for the enhanced exciton effect and 1O2 production through the energy transfer process.
Subsequently, the photocatalytic performance of the NaPCP degradation is evaluated to
explore the contribution of different active species in the degradation process. Finally, a
possible degradation mechanism of NaPCP is proposed with the main degradation step of
dechlorination, dehydroxylation and benzene ring oxidation and breakage based on the
in-situ DRIFTS experiments.

2. Results and Discussion
2.1. Characterization of the Samples

As shown in Figure 1a, Bi2MoO6 with (001) facet exposed was firstly prepared by
adjusting the pH of the reaction solution referring to our previous work [37]. Subsequently,
OVs on BMO-001 were in-situ constructed by calcination treatment at 300 ◦C under H2/Ar
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atmosphere to attain BMO-001-300. The as-prepared samples were characterized by XRD to
investigate the crystal phase and structure in Figure 1b. All samples exhibited clear diffrac-
tion peaks, which were consistent with the characteristic diffraction peaks of tetragonal
phase Bi2MoO6 (PDF No. 21-0102). This result indicated that pure Bi2MoO6 photocatalysts
were successfully prepared via the typical hydrothermal method, and the subsequent calci-
nation treatment hardly caused any change in the crystal structure of the Bi2MoO6 sample.
In addition, the high intensity of the (002) diffraction peak implied the preferential growth
and exposure of the (001) facet on Bi2MoO6, which was consistent with the result reported
in our previous work [16,37]. The micro morphologies of all samples were depicted in
Figure S1 with TEM images. The specific surface area of these samples also had no obvious
change (Figure S2). The as-prepared samples exhibited similar nanosheet morphology,
demonstrating that the calcination treatment process did not cause any destruction to
the structure and size of Bi2MoO6 nanosheets. As shown in Figure 1c,d, the BMO-001-
300 nanosheets exhibited a width of 200 nm and a thickness of 28 nm. HRTEM images
of BMO-001-300 displayed distinct orthorhombic lattice fringes with spaces of 0.270 nm
and 0.274 nm, corresponding to the interplanar distance of (060) planes and (200) planes,
thereby suggesting BMO-001-300 is indeed exposed with the (001) facets (Figure 1e). Identi-
cal conclusions were obtained in the selected area electron diffraction (SAED) patterns of
BMO-001-300 (Figure 1f).

Figure 1. (a) Schematic illustration of BMO-001-300 preparation with calcination treatment; (b) XRD
patterns of as-prepared Bi2MoO6 samples; TEM (c), SEM (d), HRTEM (e) and SAED (f) images
of BMO-001-300; (g) EPR spectra of oxygen vacancies on as-prepared Bi2MoO6 samples; (h) high-
resolution XPS spectra of O 1s for BMO-001, BMO-001-300, BMO-001-350.

To confirm the existence of OVs on BMO-001-300, the EPR test was performed by
monitoring the single–electron-induced paramagnetic signal of the as-prepared samples.
As observed in Figure 1g, a continuously enhanced paramagnetic signal at g = 2.003, cor-
responding to the OVs signal, gradually appeared with the increase of the calcination
temperature during the synthesis process. This result conveyed the fact that the strategy for
in-situ construction of OVs in this work was practicable. The XPS test was conducted to ana-
lyze the surface electronic states and chemical compositions of samples (Figures S3 and 1h).
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The high-resolution XPS spectra of Bi 4f and Mo 3d over BMO-001 indicated that no change
occurred on BMO-001-300 and BMO-001-350 (Figure S3b,c). The high-resolution XPS spec-
tra of O 1s were divided into two peaks corresponding to the Bi-O (528.7 eV) and Mo-O
bands (529.6 eV) (Figure 1h). Notably, the peak area of the Bi-O signals over BMO-001-300
and BMO-001-350 was much weaker than that of BMO-001, thereby implying that the OVs
of BMO-001-300 and BMO-001-350 resulted from the escape of O atoms connected with
Bi atoms.

2.2. Photocatalytic Activity

As reported numerous times in the literature, OVs played a vital role in improving
photocatalytic performances by inducing coordination unsaturation and electron localiza-
tion [16,19,30,38]. Thus, photocatalytic degradation of NaPCP with visible light irradiation
was conducted to evaluate the roles of surface OVs. As exhibited in Figure 2a, all catalysts
treated by calcination performed superior photocatalytic activities for NaPCP degrada-
tion, implying that the OVs induced by the calcination treatment used on BMO-001-X
(X = 200, 250, 300, 350) could be a great impetus for boosting the photocatalytic perfor-
mance. Compared with the reported catalysts, the photocatalytic performance of the
optimized BMO-001-300 also showed a significant advantage (Table S1). According to
the first-order translation kinetics, the rate constant of the reaction was fitted and calcu-
lated. Briefly, the reaction kinetic constant of NaPCP degradation on BMO-001-300 was
0.033 min−1, which is slightly higher than BMO-001-350 and 3.8 times that of the pure
BMO-001 (0.009 min−1) (Figure 2b). The above results suggest that surface OVs could
accelerate the photocatalytic process, but that excessive OVs restrain the degradation pro-
cess, possibly because excessive OVs act as recombination traps of electron-hole pairs. As
shown in Figure 2c, the photocatalytic activity for NaPCP degradation hardly decayed after
four recycling runs. Furthermore, no obvious changes were observed in the XRD patterns
and the XPS spectra of BMO-001-300 after four runs of photocatalytic tests (Figure S4),
indicating that BMO-001-300 kept excellent recycle stability.

Figure 2. Photocatalytic NaPCP degradation performance curve (a) and reaction rate (b) on as-
prepared Bi2MoO6 samples under visible light irradiation; (c) recycle performance of BMO-001-300
for photocatalytic NaPCP degradation.

2.3. Mechanisms of Photocatalytic NaPCP Degradation on BMO-001-300

As shown in Figure S5, these photocatalysts exhibited gradually enhanced light ab-
sorption with the OVs increasing, demonstrating that the introduced OVs expanded the
light absorption range. As exhibited in the photocurrent response test, the OV-modified
BMO-001-300 sample displayed higher photocurrent intensity compared with its counter-
parts, indicating that the OVs favored the internal charge separation efficiency (Figure 3a).
Besides, BMO-001-300 presented a smaller radius of EIS Nyquist plots than BMO-001,
suggesting a lower charge transfer resistance and a greater impetus for electron transfer
(Figure 3b). It contributed to the accelerated charge transport promoted by the OVs. In
addition, the PL behavior was monitored to acquire the related information for charge
separation (Figure 3c). The lower PL emission intensity on BMO-001-300 meant a lower
recombination probability of the photogenerated carriers, confirming that the existence
of OVs hindered the recombination of photogenerated e−/h+ pairs. To reveal the OV-
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mediated electron transfer process, TR-PL was performed to test the carrier lifetime. As
shown in Figure 3d, the electron lifetime of the samples followed the order of BMO-001-300
> BMO-001-350 > BMO-001. The result indicated that the appropriate OVs could favor
effective electron separation, greatly extending the electron lifetime, while excessive OVs
accelerated carrier recombination. Interestingly, when oxygen in the environment was iso-
lated, the electron lifetime was significantly prolonged, implying that photoelectron transfer
was conducted with oxygen in the form of electron transfer or exciton recombination in the
photocatalytic process.

Figure 3. Photocurrent tests (a), EIS (b) and steady-state photoluminescence spectra (c) and time-
resolved transient photoluminescence decay spectra (d) of as-prepared Bi2MoO6 samples.

Photocatalytic oxygen or water molecule activation produced abundant active species
with excellent reactivity, displaying a great impetus for photocatalytic reaction. To explore
the dominant roles of these active species in the reaction, the photocatalytic NaPCP degra-
dation of BMO-001 and BMO-001-300 were evaluated with isopropanol (IPA), superoxide
dismutase (SOD), natural β-carotene (Caro), and triethanolamine (TEOA) as the •OH,
•O2

−, 1O2 and holes scavengers, respectively (Figure 4). As for both BMO-001 and BMO-
001-300 photocatalysts, the degradation rate of NaPCP significantly decreased with TEOA
capturing the holes, suggesting that the holes became the most important active species by
activating NaPCP and lowering the reaction barrier. As reported in several works [1,16,39],
•OH and •O2

− also played an indispensable role in the degradation process. The con-
tribution rates of •OH and •O2

− in the photocatalytic system of BMO-001-300 reached
70% and 81%, respectively, which demonstrated few differences with that of BMO-001,
suggesting that the OVs did not possess a positive tendency in the degradation process
triggered by •OH and •O2

−. It is noteworthy that the absence of 1O2 inhibited 82% of
NaPCP degradation for BMO-001-300, which was much higher than the 28% of BMO-001,
revealing that 1O2 was the critical factor to improve photocatalytic reactivity.
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Figure 4. Photocatalytic NaPCP degradation performance curve and reaction rate on BMO-
001 (a,b) and BMO-001-300 (c,d) with different scavengers (TEOA→h+, IPA→•OH, SOD→•O2

−,
caro→1O2) under visible light irradiation, respectively.

Subsequently, we utilized EPR spin-trapping tests to detect the photogenerated ROS,
including •OH, •O2

– and 1O2. As shown in Figure 5a,b, slight enhancement was observed
in the quadruple peak with the intensity ratio of 1:2:2:1 and the six-fold peak corresponding
to the addition products of DMPO-•OH and DMPO-•O2

– over BMO-001-300, which proved
that OVs played an insignificant role in accelerating •OH and •O2

– production by activating
oxygen or water molecules through the electron transfer process. Interestingly, when TEMP
was added to capture 1O2, a clear triple peak signal with the intensity ratio of 1:1:1 was
generated. This TEMP-1O2 signal of BMO-001-300 was much stronger than that of BMO-001
and BMO-001-350 (Figure 5c). The above results indicated that an appropriate amount
of OVs can promote the production of 1O2, which may be attributed to the fact that the
OV-modified BMO-001-300 material was prone to induce excitonic enhancement. This EPR
test result also supported the scavenger experiment for NaPCP degradation, confirming
the crucial role of multiple ROS, especially 1O2, in the photocatalytic degradation process.

Figure 5. EPR signal of DMPO-•OH (a), DMPO-•O2
− (b) and TEMP-1O2 (c) for BMO-001, BMO-001-

300 and BMO-001-350 under visible light irradiation.
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To verify the feasibility of the OVs on the Bi2MoO6 surface to activate oxygen and
water molecules to generate ROS, we tested and calculated the band positions of the
samples through a series of characterizations. Based on the diffuse reflectance ultraviolet-
visible spectra, the plots (αhv)1/2 versus the energy of absorbed light were estimated
to calculate the bandgap energies of the samples (Figure 6a). The sample with more
oxygen vacancies obtained a narrower band gap, which should be ascribed to the OV-
induced defect levels [18]. The Mott–Schottky test was employed to determine the flat
band potentials of samples (Figure 6b). The flat band potentials of BMO-001, BMO-001-
300 and BMO-001-350 were −0.29, −0.30 and −0.34 V (vs. Ag/AgCl), corresponding to
0.32, 0.31 and 0.27 V (vs. NHE), which were nearly equal to their Fermi level for n-type
semiconductors. Figure 6c illustrated the VB-XPS spectra of all samples, indicating that the
energy gaps between their Fermi level (Ef) and VB were 1.66, 2.07 and 2.16 eV for BMO-001,
BMO-001-300 and BMO-001-350, respectively. The above results enabled us to pinpoint the
VB position of the sample directly and acquire the CB position combined with the band
gap values (Table S2). For BMO-001, its CB potential was lower than −0.33 V vs. NHE for
the conversion from O2 to •O2

−, which was not negative enough to activate oxygen. Once
OVs were introduced, the obtained BMO-001-300 and BMO-001-350 not only possessed
more activation sites, but also exhibited more negative CB positions, which facilitated
the transfer of photogenerated electrons to oxygen and may activate molecular oxygen
(Figure 6d). Considering the unique electron trap effect of OVs, the OV concentration
has a significant influence on the regulation of exciton and carrier behavior [36]. When
appropriate OVs were introduced using a calcination treatment at 300 ◦C, BMO-001-300
maintained a notable Coulomb-interaction-mediated excitonic effect, which resulted from
the attenuated dielectric screening induced by the OVs. Excess OVs provided more electron
localization centers, enabled the acceleration of the electron transfer behavior of carrier
separation, and correspondingly weakened the energy transfer process induced by the
excitons, finally resulting in the production of increased •O2

− and decreased 1O2.

Figure 6. The plots of (αhν)1/2 versus photon energy (hν) (a), Mott–Schottky plots (b), VB-XPS
(c) and a schematic illustration of the band structure (d) of BMO-001, BMO-001-300 and BMO-001-350.

In-situ DRIFTS experiments were conducted to dynamically detect the reaction inter-
mediates and track the possible photodegradation route. In general, the negative bands
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and positive bands in in-situ DRIFTS spectra represented the depletion of reactants and
the accumulation of products during the reaction, respectively. Both negative and posi-
tive peaks in the DRIFTS spectra of the two systems were observed in Figure 7. These
increased negative bands at 1450–1600 cm−1 were attributed to the vibration peaks of the
consumed benzene ring skeleton, which suggested that the carbon skeleton of NaPCP
was continuously attacked and decomposed under visible light irradiation. Besides, the
negative peaks at 996 cm−1 and 1214 cm−1 were observed in Figure 7a, corresponding to
the stretching vibration of the aromatic C-Cl bond and C-O bond within NaPCP molecules,
respectively. These results imply that the C-Cl bond and C-O bond of adsorbed NaPCP
were consumed over BMO-001-300 under illumination. As described in Figure 7b, it was
obvious that there were three positive bands located in the ranges of 2760–2950 cm−1 and
the absorption intensity increased over time, which corresponded to the vibrations of the
boosted C-H bond.

Figure 7. In situ DRIFTS spectra of photocatalytic NaPCP degradation in the range of 2000–1000 cm−1

(a) and 3000–2500 cm−1 (b) with BMO-001-300 under irradiation.

Based on the above in-situ DRIFTS analyses, the mechanism of photocatalytic NaPCP
degradation over OV-modified BMO-001-300 is summarized. Considering the great con-
tribution of abundant active species, especially holes and 1O2, the adsorbed NaPCP is
easier to degrade and mineralize. NaPCP was decomposed mainly through the following
three paths, including dehydrogenation, dechlorination and benzene ring decomposition.
Meanwhile, the significantly enhanced C-H peaks of the in-situ DRIFTS spectrum indicated
that the chemically stable NaPCP was gradually degraded and transformed into non-toxic
organic small molecules, and finally completely mineralized.

2.4. Conclusions

In summary, tunable OV construction on the Bi2MoO6 surface was completed through
the modulation of the temperature in the calcination treatment. The introduced OVs can not
only promote carrier separation and optimize the band gap structure, but also greatly drive
the exciton effect, thus generating plentiful 1O2. These sufficient active species, especially
1O2, played a crucial role in photocatalytic NaPCP degradation. NaPCP was effectively
degraded mainly through dechlorination, dehydroxylation and benzene ring opening.
The present work will provide a novel strategy for the tunable introduction of OVs on
semiconductors and insights into the efficient degradation of NaPCP.

3. Materials and Methods
3.1. Sample Preparation

All reagents used in this work were of analytical grade and used without further purification.
BMO-001 was fabricated via hydrothermal synthesis according to our previous work.

In detail, 0.242 g of Na2MoO4·2H2O and 0.970 g of Bi(NO3)3·5H2O were dissolved and
dispersed in 60 mL of deionized water while stirring continuously. After that, the above
suspension was adjusted to pH = 6 using ammonia and then heated at 160 ◦C for 12 h in
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the Teflon-lined autoclave. The as-prepared sample was purged with distilled water and
ethanol 3 times and finally dried at 60 ◦C for 12 h.

Bi2MoO6 with tunable oxygen vacancies was synthesized by calcination treatment.
Specifically, a 300 mg BMO-001 sample was placed in a tubular furnace filled with an H2/Ar
atmosphere, then heated to x ◦C (x = 200, 250, 300, 350) at 10 ◦C/min and kept for 2 h,
and finally cooled naturally to room temperature. The as-prepared Bi2MoO6 with oxygen
vacancies were named BMO-001-200, BMO-001-250, BMO-001-300, and BMO-001-350.

3.2. Sample Characterization

The X-ray diffraction (XRD) patterns of the as-prepared samples were measured
on a Bruker D8 Advance X-ray diffractometer with Cu Kα radiation. A JEOL 6700-F
scanning electron microscope (SEM) and FEI TALOS F200 transmission electron microscope
(TEM) were utilized to characterize the morphologies and microstructures of these samples.
Diffuse reflection spectra (DRS) were acquired using a PerkinElmer Lambda 650s UV/vis
spectrometer. The surface electronic states of these photocatalysts were investigated on
a Thermo Fisher ESCALAB 250Xi X-ray photoelectron spectrometer (XPS) with all the
binding energies referenced to the C 1s peak at 284.6 eV of the surface amorphous carbon.
A Bruker MS-5000 electron paramagnetic resonance (EPR) test was performed to detect
the OVs and photogenerated reactive oxygen species. A PerkinElmer LS55 was used with
steady-state photoluminescence spectra (PL) on the fluorescence spectrometer with an
excitation wavelength of 325 nm. An Edinburgh FLS980 was used with time-resolved
fluorescence decay spectra (TR-PL) to characterize photoelectron lifetime with a picosecond
diode laser excitation wavelength of 375 nm and emission wavelength of 470 nm.

3.3. Photocatalytic Activity Test

The photocatalytic degradation of NaPCP was conducted under the irradiation of the
300 W Xe lamp (PLS-SXE300D, Beijing Perfectlight, λ ≥ 400 nm). In detail, the 50 mg photo-
catalyst was dispersed in a 50 mL 50 mg/L NaPCP solution in a cylindrical reactor equipped
with a cooling system using magnetic stirring. The suspension was first stirred in the dark
for 60 min to reach adsorption-desorption equilibrium. During the illumination, about
2 mL aliquot was sampled and filtrated for High-Performance Liquid Chromatography
(HPLC) analysis with a UV detector at 227 nm (Agilent 1260). The photocatalytic NaPCP
degradation efficiency (η) was calculated using the formula η(%) = (1 − C/C0) × 100%,
where C and C0 were the NaPCP concentrations in the reaction’s aqueous solution.

As for the scavenger system of NaPCP degradation, Triethanolamine (TEOA, 1 mL),
isopropanol (IPA, 1 mL), superoxide dismutase (SOD, 1 mg) and natural β-carotene (caro,
1 mg) served as the hole, while •OH, •O2

− and 1O2 scavengers were added to investigate
the corresponding active species, respectively.

3.4. In-Situ DRIFTS Experiments

To further interpret the degradation mechanisms of NaPCP, in-situ DRIFTS exper-
iments were conducted with solid samples on a Thermo Fisher Nicolet iS50FT-IR spec-
trometer equipped with a designed reaction cell and a liquid nitrogen-cooled HgCdTe
(MCT) detector. The mixture of 0.1 g BMO-001-300 and 0.01 g NaPCP was finely ground for
15 min and then deposited on the substrate in the center of the cell. Then, Ar (50 mL/min)
was used to purify the cells at 120 ◦C for 1 h to ensure these impurities on the sample
surface dislodged. Subsequently, the mixture of air (30 mL/min) and trace water vapor was
introduced into the reactor with the infrared signal in-situ collected by the MCT detector.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/ijms232315221/s1. References [40–45] are cited in the Supplementary Materials.
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Abstract: In this study, composite materials based on nanocrystalline anatase TiO2 doped with
nitrogen and bismuth tungstate are synthesized using a hydrothermal method. All samples are tested
in the oxidation of volatile organic compounds under visible light to find the correlations between
their physicochemical characteristics and photocatalytic activity. The kinetic aspects are studied
both in batch and continuous-flow reactors, using ethanol and benzene as test compounds. The
Bi2WO6/TiO2-N heterostructure enhanced with Fe species efficiently utilizes visible light in the blue
region and exhibits much higher activity in the degradation of ethanol vapor than pristine TiO2-N.
However, an increased activity of Fe/Bi2WO6/TiO2-N can have an adverse effect in the degradation
of benzene vapor. A temporary deactivation of the photocatalyst can occur at a high concentration
of benzene due to the fast accumulation of non-volatile intermediates on its surface. The formed
intermediates suppress the adsorption of the initial benzene and substantially increase the time
required for its complete removal from the gas phase. An increase in temperature up to 140 ◦C makes
it possible to increase the rate of the overall oxidation process, and the use of the Fe/Bi2WO6/TiO2-N
composite improves the selectivity of oxidation compared to pristine TiO2-N.

Keywords: photocatalysis; visible light; N-doped TiO2; Bi2WO6; composite photocatalyst; benzene
degradation; thermoactivation

1. Introduction

The development of advanced oxidation processes, such as photocatalytic oxidation
(PCO), is permanently advanced to solve acute problems of environmental pollution
and public health risk [1–4]. The PCO method has been shown to be effective in killing
microorganisms and degrading hazardous chemical micropollutants in water and air
environments [5–7]. Crystalline TiO2 was the primary photocatalyst in this field for a long
time because it could efficiently utilize optical radiation and generate charge carriers (i.e.,
electrons and holes) with high enough potentials to provide degradation of contaminants in
an oxygen-containing medium. A key feature of TiO2-mediated photocatalytic degradation
is the possibility of complete oxidation of organic pollutants with the formation of harmless
inorganic products such as carbon dioxide and water.

Despite the advantages, TiO2 has a fundamental drawback due to the large width
of its band gap. For instance, the band gap of anatase TiO2 is 3.2 eV [8]. TiO2 can absorb
UV radiation (<390 nm), but it cannot utilize the majority (up to 95%) of solar radiation
corresponding to the visible region. This drawback promotes the development of new
visible-light active photocatalysts. In addition to other narrow-band semiconductors (e.g.,
g-C3N4, Ag3PO4, Bi2MoO6, BiVO4, and ZnIn2S4 [9–13]), TiO2 having an extended action
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spectrum due to modifications is a promising photocatalyst for the efficient degradation of
pollutants under visible light [6,14].

Surface modification of TiO2 with metal complexes or plasmonic metals provides a
sensibilization effect and results in extending its absorption spectrum [15,16]. However, the
efficiency of light absorption and generation of reactive species in this case is commonly not
high enough due to the nature of electron excitation and the requirement for the transition
of charge carriers to the energy bands of TiO2 [8]. One of the efficient methods of TiO2
modification is its doping with nitrogen, which results in the formation of additional energy
levels in the band gap of TiO2 and leads to a decrease in the minimum energy required for
photoexcitation of electrons. TiO2 doped with nitrogen (TiO2-N) exhibits great visible-light
activity in the degradation of organic pollutants, especially, under blue light [17–21].

Commonly, the quantum efficiency of N-doped TiO2 in the visible region is not high
enough due to rapid electron-hole recombination. An increase in the visible-light activity
of TiO2-N can be achieved by the surface modification of the photocatalyst with noble
or other transition metals, which play the role of containers for electrons and improve
charge separation due to the creation of an energy barrier [22]. For instance, a substantial
increase in the visible-light activity was observed after surface modification of TiO2-N with
vanadium, iron, or copper species [23]. Noble metals also accelerate the transfer of electrons
to adsorbed oxygen molecules, thus increasing the activity compared to that of pristine
photocatalyst [24,25]. The combination of TiO2-N with other narrow-band semiconductors
(e.g., g-C3N4, CdS, MoS2, Cu2O) can improve the separation of charge carriers due to a
heterojunction, thus increasing the activity of the photocatalyst under visible light. Many
composite photocatalysts based on TiO2-N have been described in the literature [26–30]. We
have previously shown that Bi2WO6/TiO2-N heterostructure prepared by hydrothermal
method exhibits a high activity in the degradation of gaseous organic pollutants under
visible light and has a high stability under power radiation for a long time [31]. Similar
to TiO2-N, the visible-light activity of the Bi2WO6/TiO2-N composite can be substantially
increased by depositing metal species (e.g., Fe) on its surface [32]. All three types of
photocatalysts, namely TiO2-N, Bi2WO6/TiO2-N, and Fe/Bi2WO6/TiO2-N, were selected
as the main objects of this study to illustrate the effect of the photocatalyst’s ability on the
kinetic aspects of degradation of volatile organic compounds. The study is focused on
benzene as a representative of aromatic compounds because this class of pollutants has a
major harmful impact on human health. Analysis of pollutant adsorption and formation of
intermediates and final degradation products is important for identification of the reaction
pathways because they can change for heterostructures due to a change in the potentials
of charge carriers photogenerated under visible light. Furthermore, the degradation of
different classes of organic pollutants can occur through different pathways that would
affect the overall reaction rate. To illustrate this statement in the paper, we discuss the
kinetic aspects of the degradation of ethanol and benzene as nonaromatic and aromatic
compounds, respectively. The kinetics of adsorption and degradation of both pollutants is
studied in detail in a batch reactor using in situ IR spectroscopy. We show that under certain
operating conditions the high photocatalytic ability of a material can have an adverse effect
on the removal of aromatic pollutants from the air.

2. Results and Discussion
2.1. Characteristics of Synthesized Photocatalysts

Calcination of the precipitate formed after mixing aqueous solutions of titanium
oxysulfate and ammonia results in the crystallization of anatase nanoparticles (Figure 1a).
The main peaks at 2θ of 25.3◦, 37.8◦, 48.1◦, 53.9◦, 55.1◦, and 62.8◦ correspond to the (101),
(004), (200), (105), (211), and (204) planes of anatase TiO2 (JCPDS card No.21-1272). The
average size of anatase crystallites was estimated from the XRD data to be 20 nm. The
formation of the rutile phase is not observed even under high-temperature treatment.
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(Figure 2a). This peak can be attributed to a form of partially oxidized nitrogen located in 
the interstitial positions of the TiO2 lattice [35]. The presence of nitrogen species was also 
confirmed by the EPR technique, which showed a signal of paramagnetic N centers (Fig-
ure S1 in the Supplementary Materials). According to the results of XPS analysis, titanium 
in the prepared TiO2-N is present in the charge state of Ti4+ (Figure 2b). 
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Figure 1. SEM micrographs and XRD patterns of synthesized TiO2-N (a), Bi2WO6/TiO2-N (b), and
Bi2WO6 (c) photocatalysts.

Due to using ammonia as a precipitation agent, some nitrogen species are incorporated
into the crystal structure of the formed TiO2 [32–34]. According to the results of CHNS
analysis, the total content of nitrogen in the solid titania sample after calcination in air
at 450 ◦C is 0.36 ± 0.03 wt.%, which corresponds to a high value. The peak with a BE of
399.9 eV was observed in the photoelectron N1s spectral region of as-prepared TiO2-N
(Figure 2a). This peak can be attributed to a form of partially oxidized nitrogen located
in the interstitial positions of the TiO2 lattice [35]. The presence of nitrogen species was
also confirmed by the EPR technique, which showed a signal of paramagnetic N centers
(Figure S1 in the Supplementary Materials). According to the results of XPS analysis,
titanium in the prepared TiO2-N is present in the charge state of Ti4+ (Figure 2b).
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The nitrogen species create additional energy levels in the band gap of TiO2, thus
decreasing the minimum energy required for photoexcitation of electrons to the conduction
band [36]. Figure 3a illustrates this statement and shows that TiO2-N has an additional
absorption shoulder in the range of 400–540 nm with a maximum at ca. 450 nm. According
to the Tauc plot, shown in the inset in Figure 3b, the minimum excitation energy for TiO2-N
can be estimated to be 2.3 eV, which is substantially lower than the band gap of anatase
(3.2 eV, Figure 3b). Therefore, TiO2-N absorbs visible light with wavelengths up to 540
nm (mainly in the blue region). We have previously shown that the as-prepared TiO2-N
photocatalyst exhibits a high photocatalytic ability in the degradation of volatile organic
compounds under both UV and visible light [32].
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Hydrothermal synthesis using aqueous solutions of Bi(NO3)3 and Na2WO4 results
in the formation of orthorhombic Bi2WO6 with a lamellar structure presented in the form
of nanoplates (Figure 1c). The main reflection peaks in the XRD pattern at 2Θ of 28.3◦,
32.9◦, 47.2◦, 55.9◦, and 58.6◦ correspond to the (131), (200), (202), (133), and (262) planes of
orthorhombic Bi2WO6 (PDF 39-0256). XPS analysis confirms the chemical composition of
the prepared Bi2WO6 sample because the corresponding peaks in the spectral regions of
Bi4f and W4f (Figure 2c,d) are unambiguously attributed to the charge states of +3 for Bi
and +6 for W [37]. The absence of other states for these elements confirms the formation of
single-phase material without non-stochiometric species.

As a typical Aurivillius oxide, Bi2WO6 is a semiconducting material with a band
gap narrower than that of anatase TiO2. Figure 3a shows that Bi2WO6 can absorb a
small portion of photons in the visible region (up to 440 nm) because its optical band
gap corresponds to a value of 2.8 eV (Figure 3b). On the other hand, the absorption of
visible light by Bi2WO6 is much weaker if compared with TiO2-N material. Due to this
reason, the optical properties of the Bi2WO6/TiO2-N composite based on both materials
(Figure 3a) are similar to the properties of single TiO2-N. Figure 1b shows that titania
nanoparticles in the Bi2WO6/TiO2-N composite cover the external surface of agglomerated
Bi2WO6 nanoplates and provide strong absorption of visible light. More illustrations of
local composite structure can be found in Figure S2 (Supplementary Materials), which
shows TEM micrographs of Bi2WO6/TiO2-N obtained using HAADF imaging and EDX
mapping techniques.

An approximation of the Tauc plot attributed to Bi2WO6/TiO2-N sample (Figure 3b)
gives the values of 3.17 eV as the energy of band-to-band excitation of electrons in anatase
and 2.33 eV as the minimum energy required for excitation of electrons in this system due
to the presence of nitrogen energy levels in the band gap of anatase.
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Similarly to a single Bi2WO6, XPS analysis of Bi2WO6/TiO2-N shows only the charge
states of +3 and +6 for Bi and W elements, respectively (Figure 2e,f). No other states of
these elements, as well as no change in the charge states of Ti and N (see Figure S3 in the
Supplementary Materials), confirm no doping the TiO2 lattice with Bi or W species under
hydrothermal treatment.

The realization of heterojunction in Bi2WO6/TiO2-N leads to a substantial increase
in the visible-light activity of this composite compared to initial TiO2-N [31]. For instance,
the steady-state rate of CO2 formation during the oxidation of acetone vapor under blue
light (450 nm, 160 mW cm−2) was 0.7 and 1.0 µmol min−1 for TiO2-N and Bi2WO6/TiO2-N,
respectively. According to the literature data [38,39], the energy bands of Bi2WO6 are
located lower than the bands of TiO2 that makes possible a type II heterojunction between
the semiconductors or a Z-scheme heterojunction. Both types of heterojunctions can
improve the separation of photogenerated charge carriers and suppress their recombination,
thus leading to an increase in the visible-light activity.

As mentioned in the Introduction, the photocatalytic ability of Bi2WO6/TiO2-N can
be improved by deposing a small amount of Fe species on its surface. In the Fe-modified
photocatalysts, localization of photogenerated electrons occurs on the surface of the photo-
catalyst in Fe species, and the separation of charge carriers is enhanced due to an energy
barrier. Bi2WO6/TiO2-N was impregnated with an aqueous solution of Fe(NO3)3 to achieve
a nominal Fe loading of 0.1 wt.%. This modification had no effect on the XRD pattern of
Bi2WO6/TiO2-N due to extremely low Fe content. The presence of Fe species on the surface
of the photocatalyst was confirmed by XPS analysis when the Fe content was increased up
to 0.3 wt.% (see Figure S3 in the Supplementary Materials).

The photocatalytic ability of all synthesized catalysts was preliminary checked in a
continuous-flow setup as the steady-state rate of CO2 formation during the oxidation of
acetone vapor under blue light (450 nm, 160 mW cm−2). The ability is increased as follows:
TiO2-N:Bi2WO6/TiO2-N:Fe/Bi2WO6/TiO2-N = 1:1.4:1.7. The next section describes the
effect of photocatalyst ability on the kinetic aspects of the degradation of different classes
of organic compounds.

2.2. Degradation of Volatile Organic Compounds

In this study, we investigate the photocatalytic degradation of ethanol and benzene
vapor on the surface of TiO2-N, Bi2WO6/TiO2-N, and Fe/Bi2WO6/TiO2-N photocatalysts,
which substantially differ in their activities. These test organic compounds were selected
due to the different types of intermediates formed during the degradation because they
can affect the deactivation of the photocatalyst and, consequently, the kinetics of overall
oxidation process [40,41]:

• The PCO of ethanol results in the formation of products that are easily desorbed from
the surface of photocatalyst (especially acetaldehyde, which is the first in the sequence
of oxidation products) [42,43];

• The PCO of benzene occurs without the formation of gas-phase intermediates but
leads to strongly adsorbed species formed on the surface of the photocatalyst due to
the polymerization of intermediate radicals [44–46]. Furthermore, oxidation pathways
with the opening of the benzene ring lead to an increase in the total number of species,
thus resulting in the gradual deactivation of the photocatalyst due to competition for
adsorption sites with the initial compound [47,48].

A common pattern for the photocatalytic experiments in a batch reactor is that the
injected liquid pollutant evaporates and partially adsorbs on the surface of the photocatalyst.
Turning on the light leads to a decrease in the concentration of pollutant in the gas phase and
a simultaneous increase in the amount of oxidation products. The intermediate oxidation
products (if any) are completely removed from the gas phase during irradiation, while
carbon oxides start to intensively release. The total amount of carbon oxides is commonly
mass-balanced to the initial amount of compound injected into the reactor. It confirms the
complete oxidation of the injected pollutant.
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2.2.1. Degradation of Ethanol in Batch Reactor

Figure 4 shows the kinetic plots of the ethanol PCO over all samples: TiO2-N, Bi2WO6/TiO2-
N, and Fe/Bi2WO6/TiO2-N. The initial amount of ethanol injected into the reactor (1 µL)
corresponds to its concentration of 57 µmol L−1, but when the adsorption–desorption
equilibrium is reached, the detected concentration of ethanol in the gas phase is 8–10 µmol
L−1. This fact is due to the high adsorption capacity of synthesized TiO2-based photocata-
lyst toward ethanol. Complete removal of ethanol vapor from the gas phase during the
irradiation of the photocatalyst occurs for 45–55 min both for TiO2-N and Bi2WO6/TiO2-N
(Figure 4). In the case of Fe/Bi2WO6/TiO2-N, the complete removal of ethanol occurs for
20 min.
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At the initial steps of ethanol oxidation, acetaldehyde is formed as a gas-phase inter-
mediate. The rates of acetaldehyde formation are 0.95, 1.5, and 2.05 µmol L−1 min−1 for
TiO2-N, Bi2WO6/TiO2-N, and Fe/Bi2WO6/TiO2-N, respectively. Acetaldehyde is adsorbed
less strongly than ethanol [42], thus it does not participate in the redox transformations
on the surface of the photocatalyst while the adsorption sites are occupied by ethanol
molecules. Oxidation of acetaldehyde boosts after the complete consumption of ethanol
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and an increase in vacant adsorption sites on the surface of the photocatalyst. Therefore, the
time of maximum acetaldehyde concentration coincides with the time of complete removal
of ethanol from the gas phase. For all studied photocatalysts, the maximum concentration
of acetaldehyde detected in the gas phase is ca. 18 µmol L−1. Figure 4 shows that the
complete removal of acetaldehyde from the gas phase occurs for 100, 77, and 50 min for
TiO2-N, Bi2WO6/TiO2-N, and Fe/Bi2WO6/TiO2-N, respectively. In the case of TiO2-N,
formic acid (<0.45 µmol L−1) is also detected in the gas phase. Furthermore, 1.6 µmol
L−1 of formaldehyde and 0.5 µmol L−1 of formic acid are detected during the oxidation
of ethanol over Bi2WO6/TiO2-N, whereas Fe/Bi2WO6/TiO2-N leads to the formation of
formaldehyde in the concentration of 2 µmol L−1.

CO2 plots in Figure 4 show that the times required for complete conversion of
ethanol to carbon oxides are 320, 180, and 120 min for TiO2-N, Bi2WO6/TiO2-N, and
Fe/Bi2WO6/TiO2-N, respectively, that corresponds to maximum CO2 formation rate of 0.5,
0.68, and 1.4 µmol L−1 min−1. This trend agrees with the results of acetone degradation
under blue light, which are discussed in Section 2.1.

Additionally, the effect of the basic wavelength in the emission spectrum of LED on
the kinetics of ethanol oxidation over TiO2-N was studied to understand the reason for
the formation of gaseous formaldehyde in the case of composite photocatalysts. Figure S4
in the Supplementary Materials shows that the rate of ethanol oxidation increases as the
wavelength decreases, but the release of formaldehyde in the gas phase is not observed for
all the experiments. This means that an increase in the activity of the photocatalyst increases
the rates of all steps. No additional pathways with an intense formation of formaldehyde
appear for the TiO2-N photocatalyst. Therefore, the release of formaldehyde in the case
of composite photocatalysts occurs due to the presence of the Bi2WO6 co-catalyst. In fact,
gaseous formaldehyde is detected during the oxidation of ethanol vapor over Bi2WO6 (see
Figure S5 in the Supplementary Materials). The low concentration of formaldehyde in
this case is due to the very low activity of the Bi2WO6 photocatalyst. A high amount of
formaldehyde in the case of and Bi2WO6/TiO2-N composites may be due to a change in
the potentials of photogenerated charge carriers and a difference in the oxidation rates over
TiO2-N and Bi2WO6 components.

2.2.2. Degradation of Benzene in Batch Reactor

The kinetic plots of the reaction components during the oxidation of benzene vapor
over TiO2-N, Bi2WO6/TiO2-N, and Fe/Bi2WO6/TiO2-N under irradiation with blue light
are shown in Figure 5. As TiO2-N poorly adsorbs benzene molecules on its surface, the
concentration of benzene detected in the gas phase after evaporation is 37 µmol L−1

that corresponds to the theoretical value calculated from the amount of injected benzene.
For the composite Bi2WO6/TiO2-N and Fe/Bi2WO6/TiO2-N photocatalysts, the starting
concentration of benzene in the gas phase is 33–35 µmol L−1 due to the adsorption of
benzene molecules on the surface of Bi2WO6. After turning the light source on, complete
removal of benzene from the gas phase occurs after 380, 610, and 700 min for TiO2-N,
Bi2WO6/TiO2-N, and Fe/Bi2WO6/TiO2-N, respectively. We can see the opposite trend
compared to the previous cases of acetone and ethanol degradation. The reasons for this
trend will be discussed later.
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The accumulation of CO and CO2 occurs simultaneously with the degradation of ben-
zene (Figure 5). After the complete removal of benzene from the gas phase, the formation
of final products is substantially enhanced. The rates of CO2 formation for TiO2-N are
0.35 µmol L−1 min−1 before the complete removal of benzene and 0.54 µmol L−1 min−1

after that. The corresponding values for Bi2WO6/TiO2-N and Fe/Bi2WO6/TiO2-N are 0.19
(and 0.55) µmol L−1 min−1 and 0.17 (and 0.82) µmol L−1 min−1, respectively. These data
show that the higher ability of photocatalyst leads to the lower rate of CO2 formation at
initial steps of reaction. After complete removal of benzene from the gas phase, the higher
photocatalytic ability provides the higher rate of CO2 accumulation. The reasons for the
observed phenomenon may be related to the mechanism of benzene oxidation.

According to the literature data [44–46], the holes (h+) photogenerated in the con-
duction band of the photocatalyst can directly react with adsorbed benzene molecules
to form phenyl radical cations (C6H5

•+), as well as oxidize adsorbed H2O molecules to
form OH• radicals. C6H5

•+ can further react with the adsorbed O2 or O2
•− to form a

peroxide radical and, sequentially, phenol [49]. An alternative pathway involves the direct
interaction of C6H5

•+ with OH• to form phenol and other hydroxylated intermediates (e.g.,
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hydroquinone and benzoquinone) [50]. These compounds can be completely oxidized to
CO2 and H2O through a series of steps that include opening the aromatic ring and oxidation
of non-cyclic hydrocarbons. In parallel pathways, C6H5

•+ can interact with other adsorbed
benzene molecules to form carbon deposits due to polymerization. Accumulation of these
deposits can substantially reduce the ability of photocatalyst to oxidize benzene molecules
due to blocking its adsorption sites. Other transformation routes [51] include the reactions
of photoinduced OH• with adsorbed benzene molecules to form various types of alkyl
radicals (e.g., CH3

•, C2H5
• and C6H5

•), which also contribute to the overall decomposition
of benzene [52].

Einaga et al. [45,46] previously showed using diffuse reflectance spectroscopy and
other experimental techniques that a radical polymerization of aromatic compounds on the
surface of TiO2 during the degradation of benzene vapor leads to the formation of carbon
deposits on the surface of photocatalyst and its strong deactivation. Indirect evidence for
the formation of non-volatile intermediates in this study is that benzene is poorly adsorbed
on the surface of the studied photocatalysts but ~30% of the formed CO2 appears in the
gas phase only after complete removal of benzene vapor. Therefore, it can be concluded
that the non-linear form of the CO2 kinetic plots in Figure 5 is due to the accumulation of
non-volatile intermediates, which occupy available sites on the surface of photocatalyst
and suppress further redox transformations.

To confirm the adverse effect of an excessive amount of benzene on the kinetics of
its degradation, an additional experiment with 0.15 µL of injected benzene, instead of
1.0 µL, was carried out over TiO2-N and Fe/Bi2WO6/TiO2-N under the same conditions
(Figure 6). When oxidizing 0.15 µL of benzene over TiO2-N, the previously observed stage
of CO2 formation at a lower rate is absent, and the rate of the second (“fast”) stage is
the same as in the case of 1.0 µL (i.e., 0.55 µmol L−1 min−1). When the same amount of
benzene is oxidized over the Fe/Bi2WO6/TiO2-N composite, the slope at the initial stage is
0.34 µmol L−1 min−1, which is twice as high as the rate observed during the oxidation of
1 µL (Figure 5). This means that the coverage of photocatalyst surface has a drastic effect on
the rate of benzene oxidation because non-volatile intermediates remain on the surface and
can lead to a fast transfer and recombination of the photogenerated charge carriers [44]. As
the adsorption of benzene on the composite Fe/Bi2WO6/TiO2-N photocatalyst is slightly
better and its photocatalytic ability is higher, a higher number of non-volatile species is
formed on its surface at the initial steps, thus suppressing the degradation of benzene.
After complete removal of benzene from the gas phase, the number of intermediates on the
photocatalyst surface decreases, and the accumulation of final products increases. The rate
of CO2 accumulation during the “fast” oxidation stage for Fe/Bi2WO6/TiO2-N (Figure 6)
is ca. 1 µmol L−1 min−1, which is substantially higher than the value observed during the
oxidation of 1 µL of benzene.
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Based on the results of all experiments performed in the batch reactor, it can be con-
cluded that a multicomponent composite Fe/Bi2WO6/TiO2-N system leads to an increase
in the photocatalytic ability of the material compared to pristine TiO2-N (Figure 6). How-
ever, the oxidation of aromatic compounds using this system may be associated with

25



Int. J. Mol. Sci. 2023, 24, 5693

limitations because the high ability of photocatalyst promotes the occupation of available
adsorption sites by non-volatile intermediates and its temporary deactivation. An illustra-
tion of the proposed deactivation mechanism by non-volatile intermediates for two types
of photocatalysts (i.e., low-active and high-active photocatalysts) is shown in Figure 7.
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low-active and high-active photocatalysts, respectively.

In contrast to the oxidation of ethanol vapor, in which the intermediates are desorbed
from the surface of photocatalyst to the gas phase, the intermediates formed during the
benzene degradation strongly suppress the adsorption of benzene molecules and, conse-
quently, the rate of the overall oxidation process, estimated as the accumulation of final
products. In real operational conditions, the concentration of benzene is rarely as high as in
the experiments described above. The concentration would be at the level of its threshold
limit value (TLV = 0.1 µmol L−1), which is 400 times less than the amount used in the exper-
iments. The results show that the visible-light oxidation of even 5.5 µmol L−1 of benzene,
which exceeds the TLV by 55 times, occurs faster over Fe/Bi2WO6/TiO2-N compared to
pristine TiO2-N. We believe that the problem of temporary photocatalyst deactivation can
be solved by the design of a composite system with highly porous support (for example,
activated carbon or zeolite), which is able to absorb a large amount of aromatic compounds
and reduce their maximum concentration in the reaction mixture [53].

2.2.3. Degradation of Benzene in Continuous-Flow Reactor

The experiments in a batch reactor thoroughly simulate a situation of fast emission of
a high amount of pollutant to the gas phase. However, a common case is the presence of an
emission source that emits a small amount of pollutant at a constant rate (e.g., pieces of
furniture can slowly emit organic compounds). The experiments under flow conditions
are important to check the photocatalytic performance of materials for this case too. In
contrast to a batch reactor, where concentrations of reaction components are changed for
irradiation time, in a continuous-flow set-up, the concentrations of initial pollutant and
formed products commonly reach steady-state values, which can be used for evaluation
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of the steady-state activity of photocatalyst. Additionally, the experiments under flow
conditions allow us to check the long-term stability of photocatalysts under irradiation.

Figure 8 shows a change in the rate of CO2 formation (µmol min−1) during long-term
benzene degradation in a continuous-flow setup over TiO2-N and Fe/Bi2WO6/TiO2-N
irradiated with blue light. The results of these experiments confirm a high stability of
both synthesized photocatalysts because their activities reach a steady-state level after
irradiation for 10–12 h and further do not change substantially up to 26 h. It is important to
note that both synthesized photocatalysts exhibit a high level of activity because the activity
of commercially available TiO2 P25 photocatalyst under the same conditions is 0.033 µmol
min−1, that is 10 times lower compared to the values for TiO2-N and Fe/Bi2WO6/TiO2-N
(see Figure S6 in the Supplementary Materials).
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Figure 8. Stability of TiO2-N and Fe/Bi2WO6/TiO2-N during long-term benzene degradation under
blue light.

The surface composition of the photocatalysts after long-term benzene degradation
was checked using XPS technique. No change in the positions of peaks attributed to the
main elements is detected in the XPS spectra of Fe/Bi2WO6/TiO2-N before and after the
long-term stability test (Figure 9). The same situation is observed for the single TiO2-N
sample (see Figure S7 and Table S1 in the Supplementary Materials). Additionally, Table 1
shows that the atomic ratios of the main elements on the surface of Fe/Bi2WO6/TiO2-N
are similar before and after the stability test that confirms a stable chemical composition of
this photocatalyst.
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Table 1. Atomic ratios of the elements on the surface of Fe/Bi2WO6/TiO2-N before and after the
stability test.

O/Ti N/Ti Bi/Ti W/Ti

Before reaction 3.99 0.10 0.60 0.42
After reaction 3.81 0.10 0.61 0.41

Therefore, the kinetic data and physicochemical characteristics confirm that the syn-
thesized photocatalysts are stable and can be successfully employed in the photocatalytic
air purifiers for permanent removal and degradation of benzene micropollutants.

Another important parameter that affects the reaction rate is the temperature of the
photocatalyst. The published information on the thermal activation of photocatalytic
oxidation suggests some potential advantages for accelerating the process at high tem-
peratures [54]. It was a reason to evaluate the steady-state activity of the synthesized
photocatalysts at different temperatures from 40 °C to 140 °C. The results of these experi-
ments for all studied photocatalysts are shown in Figure 10.
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Several statements can be made considering the observed temperature dependencies:

• The activity of all samples in benzene degradation increases as the reaction tempera-
ture increases, even after overcoming a value of 80 ◦C, which is commonly regarded
as the inflection point in the oxidation processes [55], because “the exothermic adsorp-
tion of reactant becomes disfavored and tends to become the rate limiting-step”. This
means that there is no actual limitation in the thermoactivation of benzene oxidation
because benzene is poorly adsorbed on the photocatalyst surface.

• Under the conditions of this experiment, TiO2-N is more active than the composite
Bi2WO6/TiO2-N and Fe/Bi2WO6/TiO2-N photocatalysts over the whole temperature
range (the reasons for that are discussed in the previous section). However, if we
look at the formation rates of both final products: CO2 as the product of complete
oxidation (Figure 10a) and CO as the product of incomplete oxidation (Figure 10b),
the Fe/Bi2WO6/TiO2–N photocatalyst gives a lower amount of CO and provides
more selective oxidation of benzene compared to other samples. This means that
this photocatalyst would more effectively reduce the total hazard of air polluted with
benzene vapor.

3. Materials and Methods

High purity grade titanium(IV) oxysulfate (TiOSO4), bismuth(III) nitrate pentahy-
drate (Bi(NO3)3·5H2O), and sodium tungstate dihydrate (Na2WO4·2H2O) were purchased
from Sigma-Aldrich (St. Louis, MO, USA). Reagent grade ammonium hydroxide solu-
tion (NH4OH, 25%) and nitric acid (HNO3, 65%) were purchased from AO Reachem Inc.
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(Moscow, Russia). These reagents were used for the synthesis of photocatalysts as received
without further purification. N-doped TiO2 (TiO2-N) was synthesized under neutral condi-
tions by precipitation from TiOSO4 aqueous solution using ammonia followed by washing
of the precipitate with deionized water and its calcination in air at 450 °C. Parameters of
synthesis were selected based on the results of our previous study [32] to prepare TiO2-N
with a high activity under visible light. Bi2WO6/TiO2-N composite was synthesized by
hydrothermal method using Bi(NO3)3 and Na2WO4 precursors according to our previ-
ously published technique [31]. A molar ratio between Bi2WO6 and TiO2-N components
(5:100) was adjusted by the initial amounts of precursors and TiO2-N in suspension. The
Bi2WO6/TiO2-N composite was modified by depositing Fe species on its surface using an
aqueous solution of iron nitrate. The estimated content of Fe was 0.1 wt.%. This sample is
denoted in the paper as Fe/Bi2WO6/TiO2-N.

The total content of nitrogen was measured by CHNS analysis using a Vario EL Cube
elemental analyzer from Elementar Analysensysteme GmbH (Langenselbold, Germany).
The crystal phases in the prepared photocatalysts were analyzed using powder X-ray
diffraction (XRD). The data were collected in the 2θ range of 10–75◦ with a step of 0.05◦

and a collection time of 3 s using a D8 Advance diffractometer (Bruker, Billerica, MA, USA)
equipped with a CuKα radiation source and a LynxEye position sensitive detector. SEM
micrographs were received using an ultra-high-resolution Field-Emission SEM (FE-SEM)
Regulus 8230 (Hitachi, Tokyo, Japan) at an accelerating voltage of 5 kV. X-ray photoelectron
spectroscopy (XPS) analysis was performed using a SPECS photoelectron spectrometer
(SPECS Surface Nano Analysis GmbH, Berlin, Germany) equipped with a PHOIBOS-150
hemi-spherical energy analyzer and an AlKα radiation source (hν = 1486.6 eV, 150 W). The
binding energies (BE) were pre-calibrated using the lines of Au4f7/2 (84.0 eV) and Cu2p3/2
(932.67 eV) from metallic gold and copper foils. Peak fitting in the collected spectra was
performed using XPSPeak 4.1 software (Informer Technologies Inc., Los Angeles, CA, USA).
UV-Vis diffuse reflectance spectroscopy was used to examine the optical properties of the
samples at room temperature. The spectra were taken on a Cary 300 UV-Vis spectropho-
tometer from Agilent Technologies Inc. (Santa Clara, CA, USA) equipped with a DRA-30I
diffuse reflectance accessory and special pre-packed polytetrafluoroethylene as a reflectance
standard in the range of 250–850 nm. The optical band gap was calculated using the Tauc
method, assuming indirect allowed excitations.

The prepared photocatalysts were tested in the degradation of ethanol and benzene
vapors under blue light. The kinetic aspects were studied at 25 ◦C in a 0.3 L batch reactor
installed in the cell compartment of a Vector 22 FTIR spectrometer (Bruker, Billerica, MA,
USA). The details of the experimental setup can be found elsewhere [56]. A sample of
photocatalyst was uniformly deposited onto a 9 cm2 glass support to obtain an even layer
with an area density of 5 mg cm−2. Then, this support was placed into the reactor with
a quartz window. The reactor was purged for 45 min with purified air with a relative
humidity of 20% and tightly closed. After that, the photocatalyst was irradiated for 30 min
using a light-emitting diode (blue LED), which had a maximum in its emission spectrum
at 445 nm (Figure 11a). The photon flux to the surface of photocatalyst provided by the
blue LED was 120 µE min−1. LED was turned off after this pretreatment required for the
oxidation of all the organic species previously adsorbed on the surface of photocatalyst.
Then, 1 µL of liquid ethanol or benzene was injected into the reactor, and IR spectra of the
gas phase were collected periodically to analyze volatile compounds in the reactor. The blue
LED was turned on again after 20–30 min when the adsorption–desorption equilibrium
was reached. The irradiation continued until the total concentration of the C-containing
products accumulated in the gas phase reached the theoretically estimated level. The
starting point (i.e., 0 min) in all kinetic plots was placed to the moment of light on.
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In addition to the experiments in the batch reactor, stability of photocatalysts and their
steady-state activity were studied in a continuous-flow set-up operated under conditions as
follows: the volume flow rate was 0.10 ± 0.02 L min−1; the relative humidity of inlet air was
20%, the inlet concentration of benzene was 1–12 µmol L−1, the temperature of photoreactor
was 40–140 ◦C. The details of this continuous-flow set-up can be found elsewhere [54].
The photocatalyst was irradiated with a blue LED, which had a maximum in its emission
spectrum at 441 nm (Figure 11b). The photon flux to the surface of the photocatalyst in
this case was 270 µE min−1. The steady-state rate of CO2 formation (µmol min−1) during
benzene degradation was evaluated to compare the activity of photocatalysts. The results
of preliminary experiments (see Figure S6 in the Supplementary Materials) showed that the
rate of CO2 formation for all studied photocatalysts slightly depends on the concentration
of benzene in the region higher than 2 µmol L−1. Therefore, the initial concentration
of benzene was adjusted to 10 ± 0.5 µmol L−1 for the correct comparison of different
photocatalysts. The temperature of photoreactor was varied from 40 ◦C to 140 ◦C to study
its effect on the activity.

4. Conclusions

Photocatalysts based on N-doped TiO2 (TiO2-N) exhibit high activity in the degra-
dation of volatile organic compounds under visible light. Ethanol and benzene are used
as examples of non-aromatic and aromatic compounds, respectively, to study the kinetic
aspects of the photocatalytic degradation. A combination of TiO2-N with bismuth tungstate
in a composite system (Bi2WO6/TiO2-N) and subsequent modification of its surface with
iron species (Fe/Bi2WO6/TiO2-N) substantially increase the removal rate of the initial
pollutant and formed intermediates from the gas phase compared to pristine TiO2-N. How-
ever, the high photocatalytic ability of the composite system can have an adverse effect in
the case of benzene because the rate of pollutant degradation is substantially decreased
compared to a pristine TiO2-N photocatalyst, especially at high concentrations. This effect
occurs due to a fast accumulation of non-volatile intermediates, which occupy available
adsorption sites on the surface of the photocatalyst, thus suppressing the adsorption of
initial benzene and, consequently, reducing the rate of the overall oxidation process. The
observed deactivation is reversible. When all benzene is removed from the gas phase, the
surface of the photocatalyst is rapidly cleaned with the formation of a high amount of
CO2 in the gas phase. The rate of benzene degradation is monotonically increased as the
reaction temperature is increased up to 140 ◦C. At the same time, this thermal activation
does not increase the relative yield of CO as a by-product that allows a fast and efficient
reduction in the total hazard of air polluted with benzene vapor.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ijms24065693/s1.
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Abstract: Three-dimensional (3D) hierarchical microspheres of Bi12O17Cl2 (BOC) were prepared via a
facile solvothermal method using a binary solvent for the photocatalytic degradation of Rhodamine-B
(RhB) and Bisphenol-A (BPA). Co3O4 nanoparticles (NPs)-decorated BOC (Co3O4/BOC) heterostruc-
tures were synthesized to further enhance their photocatalytic performance. The microstructural,
morphological, and compositional characterization showed that the BOC microspheres are com-
posed of thin (~20 nm thick) nanosheets with a 3D hierarchical morphology and a high surface area.
Compared to the pure BOC photocatalyst, the 20-Co3O4/BOC heterostructure showed enhanced
degradation efficiency of RhB (97.4%) and BPA (88.4%). The radical trapping experiments confirmed
that superoxide (•O2

−) radicals played a primary role in the photocatalytic degradation of RhB and
BPA. The enhanced photocatalytic performances of the hierarchical Co3O4/BOC heterostructure
are attributable to the synergetic effects of the highly specific surface area, the extension of light
absorption to the more visible light region, and the suppression of photoexcited electron-hole recom-
bination. Our developed nanocomposites are beneficial for the construction of other bismuth-based
compounds and their heterostructure for use in high-performance photocatalytic applications.
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1. Introduction

Rapid industrialization and population growth has led to a tremendous increase in
environmental pollutions. These pollutants mostly consist of hazardous Azo dyes and
phenolic compounds. Rhodamine-B (RhB) cationic Azo dye is an anthraquinone derivative.
It is highly stable and non-biodegradable in nature and is classified as a carcinogenic
and neurotoxic substance [1]. Aside from dyes, the other frequently used compound is
the colorless Bisphenol-A. It is a diphenylmethane derivative and a raw material that is
widely used in the fabrication of numerous polymeric materials [2]. Long-term exposure
of BPA causes endocrine, neurological, and reproductive developmental disorders [3].
Therefore, it is crucial to eradicate RhB and BPA before waste is discharged into water
reservoirs and landfills. Pollution-free environmental remediation technologies to degrade
these organic pollutants have attracted substantial attention [4]. Among them, visible-
light-driven photocatalytic technology has emerged as the most promising approach for
wastewater cleaning and pollutant removal [5].

Recently, bismuth-based nanomaterials, such as BiPO4 [6], Bi2O2CO3 [7–9], Bi4Ti3O12 [10],
Bi2MoO6 [11], Bi2WO6 [12], Bi2O3 [13], and BiOX (X = Cl, Br, I) [14,15], have attracted sub-
stantial attention for their use in photocatalytic applications, because O 2p and Bi 6s
valence band hybridization not only narrows the bandgap but also enhances the mobility
of photo-generated holes in the valence band. Similarly, a bismuth and oxygen-enriched
bismuth-oxyhalide (Bi12O17Cl2 (BOC)) is a typical tetragonal phase compound composed
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of a layered structure with an alternate stacking of [Bi2O2]2+ sheets interleaved with [Cl]−

groups, and it represents an important class of bismuth-based photocatalysts. The photo-
catalytic properties of nanobelts-like BOC were first reported by Xiao et al. in 2013 [16].
Since then, there have been many research efforts focused on the preparation of BOC with
different morphologies, including nanobelts, nanosheets, and flower-like morphologies.
For instance, Wang and colleagues [17] prepared BOC nanobelts through a solvothermal
treatment using Bi(NO3)3.5H2O, NH4Cl, and NaOH as precursors in a solvent consisting
of ethylene glycol (EG) and water for the photocatalytic degradation of BPA. Liu et al. [18]
presented two-dimensional (2D)-BOC nanosheets oriented along the [002] direction which
showed enhanced photocatalytic RhB degradation. Similarly, Fang et al. [19] prepared 3D
BOC hierarchical nanostructures using a coprecipitation method followed by calcination,
and these nanostructures demonstrated high photocatalytic efficiency for RhB degradation.
Among the morphologies detailed above, the flower-shaped BOC has excellent charac-
teristics, including high surface area, good adsorption capability, and maximum light
absorption. Therefore, it is essential to develop a facile method to fabricate a 3D flower-like
BOC. Despite these advantages, the 3D BOC still need to resolve the issues of a rapid
electron-hole recombination rate and inappropriate redox potentials. Therefore, various
research strategies have been developed to overcome these issues, including the fabrication
of heterojunctions [20], element doping [21], noble metal deposition [22], and graphene
decoration [23]. Among these methods, heterojunction preparation is the most effective ap-
proach because of the fast transfer rate of photo-generated electron and holes (e−-h+), which
facilitates the separation of the photo-generated e−-h+ pairs in the photocatalysts, which
play quite an important role in enhancing the photocatalytic activity of photocatalysts. For
instance, He et al. [24] obtained a BOC/β-Bi2O3 composite with flower-like micro/nano
architectures that demonstrated good photocatalytic activity for the degradation of 4-tert-
butyphenol under visible light. In another study, Huang et al. [25] prepared BiOI@BOC
heterojunction photocatalysts with high exposure of the active BiOI (001) facet, which
exhibited excellent photocatalytic performance for RhB and BPA degradation. Moreover,
BOC heterostructures with non-bismuth-based compounds, such as CoAl-LDH/BOC [26]
and Ag2O/BOC p-n junction catalysts [27], have also been reported; both exhibit significant
photo-degradation efficiency under visible light irradiation.

Co3O4 is a traditional p-type semiconductor (band gap, Eg = 1.2~2.6 eV) with inter-
esting electronic, magnetic, sensing, and catalytic properties [28]. In particular, Co3O4-
based heterojunctions have yielded high photocatalytic activity; for example, the 0D/2D
Co3O4/TiO2 heterojunction photocatalyst has exhibited enhanced photocatalytic activ-
ity under visible light irradiations [29]. In another study, Dai et al. [30] synthesized a
Co3O4/BOC photocatalyst that showed effective visible-light-driven RhB photodegrada-
tion due to the more positive value of the valence band potential of Co3O4 relative to
BOC. However, BOC is an n-type semiconductor, as indicated by its positive slope in the
Mott-Schottky plot [31], and the more positive valence band (VB) potential than that of the
Co3O4 counterpart. Therefore, the combination of Co3O4 with BOC is favorable for the
formation of the p-n heterojunction. As a result, the photo-generated holes on the VB of
BOC could be easily transferred to the VB of Co3O4 under light illumination, thus resulting
in practical separation of photo-generated e−-h+ pairs of BOC and Co3O4, which would be
beneficial for a photocatalyst in terms of photo-degradation efficiency. However, to our
knowledge, there is a lack of research into using a Co3O4/BOC hierarchical microsphere
photocatalyst for the degradation of RhB and BPA.

Herein, the synthesis of a BOC hierarchical microsphere and its decoration with Co3O4
nanoparticles (NPs) via a solvothermal method have been reported. The heterojunction for-
mation of the Co3O4 NPs-decorated BOC (Co3O4/BOC) was evaluated through structural,
morphological, spectroscopic, and electrochemical investigations. The photocatalytic degra-
dation efficiency of the hierarchical microsphere Co3O4/BOC heterojunction was evaluated
against RhB and BPA aqueous pollutants. The results showed that the 20-Co3O4/BOC
heterostructure had an outstanding degradation efficiency of RhB (97.4%) and BPA (88.4%)
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after 140 min and 175 min of visible light irradiation, respectively, compared to pure BOC
and other composite samples. The improved photocatalytic degradation performance could
be ascribed to the synergetic effects of the larger active area of hierarchical microsphere, the
extended light absorption to visible light range with Co3O4 NPs, and the suppression of
e−-h+ recombination caused by the p-n junction formation of Co3O4/BOC.

2. Results and Discussion
2.1. Structural, Morphological, and Elemental Analyses

Figure 1 shows the morphology of the BOC fabricated with different volume ratios
of ethylene glycol (EG) and ethyl alcohol (EtOH). BOC-1 (Figure 1a) synthesized in EG
only and BOC-3 (Figure 1c) prepared in mixtures of EG and EtOH both have uniform
3D architectures, whereas BOC-2 (Figure 1b) prepared in pure EtOH solution shows a
nanoparticle-like morphology with almost no agglomeration. Compared to BOC-1, the
morphology of BOC-3 was more regular with a flower-like shape, and the size of the micro-
flower was about 4 µm (Figure 1c). In addition, BOC-3 was also prepared with different
solvothermal reaction times to understand the microspherical morphology growth and
optimize the reaction time (discussed in Appendix A). BOC-3 synthesized following 6 h of
solvothermal treatment was composed of many ultrathin nanosheets (inset of Figure 1),
which is beneficial for photocatalytic degradation due to the increased specific surface
area. Figure 1d shows the N2 adsorption-desorption isotherms of BOC-1 (dark), BOC-2
(red), and BOC-3 (blue). The isotherm plots showed type-IV isotherm and hysteresis
loop curves [32]. The SBET values of BOC-1, BOC-2, and BOC-3 were 8.914, 8.160, and
15.720 m2/g, respectively, indicating that BOC-3 had the largest specific surface area.
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to the (222) crystal plane of Co3O4. By contrast, the fringe spacings of 0.272 nm and 0.31 
nm, which respectively refer to the (200) and (117) crystal planes of BOC, have also been 
observed. Further, a high-angle annular dark-field (HAADF) image of 20-Co3O4/BOC was 
obtained (Figure 2c), in which the tiny black spots identified across the BOC surface 
indicated Co3O4 NPs; this finding was further confirmed by EDX analysis in Figure 2d,e. 
These results confirmed the 0D/3D morphology of the prepared photocatalyst might be 
conducive to the photocatalytic performance of the Co3O4/BOC heterostructure. 
Moreover, the obtained EDS mapping spectrum (Figure A2 in Appendix B) confirmed the 
presence of bismuth (Bi), oxygen (O), chlorine (Cl), and cobalt (Co) elements in the 20-
Co3O4/BOC sample. The at.% and wt.% of the elements are also shown (inset table in 
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Co3O4/BOC. The estimated SBET using N2 isotherms was found to be 14.873 m2/g, which 
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Figure 1. FESEM images of (a) BOC-1, (b) BOC-2, and (c) BOC-3; insets show the respective SEM
image with high resolution. (d) N2 adsorption–desorption isotherms of all samples.
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Figure 2a shows a FESEM image of the 20-Co3O4/BOC synthesized with 20 mg of
Co3O4 NPs and BOC-3. Its hierarchical morphology was almost identical to that of BOC-3,
and it was not affected by the incorporation of Co3O4 NPs during the synthesis process.
To investigate the existence of the nanosized Co3O4 in the BOC hierarchical morphology,
HRTEM measurements of 20-Co3O4/BOC were performed, as shown in Figure 2b. The
results confirmed that the Co3O4 NPs, which had an approximate diameter of 10 nm, were
decorated on the surface of BOC. In the HRTEM, the fringe spacing of 0.23 nm belonged
to the (222) crystal plane of Co3O4. By contrast, the fringe spacings of 0.272 nm and
0.31 nm, which respectively refer to the (200) and (117) crystal planes of BOC, have also
been observed. Further, a high-angle annular dark-field (HAADF) image of 20-Co3O4/BOC
was obtained (Figure 2c), in which the tiny black spots identified across the BOC surface
indicated Co3O4 NPs; this finding was further confirmed by EDX analysis in Figure 2d,e.
These results confirmed the 0D/3D morphology of the prepared photocatalyst might be
conducive to the photocatalytic performance of the Co3O4/BOC heterostructure. Moreover,
the obtained EDS mapping spectrum (Figure A2 in Appendix B) confirmed the presence
of bismuth (Bi), oxygen (O), chlorine (Cl), and cobalt (Co) elements in the 20-Co3O4/BOC
sample. The at.% and wt.% of the elements are also shown (inset table in Figure A2).
Figure 2f presents the N2 adsorption–desorption isotherm plots for 20-Co3O4/BOC. The
estimated SBET using N2 isotherms was found to be 14.873 m2/g, which was close to the
SBET value of BOC-3. This result shows that the surface area of 20-Co3O4/BOC was slightly
affected by the incorporation of Co3O4 NPs.

The XRD patterns of the pristine BOC-3, Co3O4, and 20-Co3O4/BOC are shown
in Figure 2g. The observed peaks in the XRD patterns of BOC-3 and Co3O4 matched
the BOC and Co3O4 crystallites (JCPDS cards #37-0702 and #42-1467), respectively. The
20-Co3O4/BOC samples showed all characteristic peaks of BOC-3. However, the character-
istic peaks of Co3O4 were not observed in the prepared composite samples. The absence of
Co3O4 characteristic peaks was attributed to the low amount of Co3O4 compared to BOC
in 20-Co3O4/BOC composite samples. The structural properties of 20-Co3O4/BOC were
further investigated using Raman spectroscopy, as shown in Figure 2h. All characteristic
peaks of BOC have been observed in the Raman spectrum of pure BOC-3 [33]. The ob-
served peak at 165.80 cm−1 belonged to the A1g internal stretching of the Bi-Cl bond [33,34].
Because of the oxygen-rich nature of BOC-3, the observed peaks in the range from 200 cm−1

to 500 cm−1 belong to the vibrational modes of Bi and O bonding. Among them, The peak
at 470.51 cm−1 is the characteristic vibrational mode of BOC-3, which belongs to O-Bi-O
bending modes. Further, the peak at 598.80 cm−1 represents Cl-Cl stretching modes [35].
Regarding Co3O4 NPs, all the characteristic peaks of Co3O4 appeared in the Raman spectra,
indicating the successful formation of Co3O4 NPs, along with an extra peak at 481.15 cm−1

from the glass substrate. These observed peaks belonged to the F2g and Eg modes of the
combined vibrations of the tetrahedral site and octahedral oxygen vibrations [36,37]. The
Raman spectra of Co3O4 NPs-decorated BOC were also obtained. The Raman spectra of
20-Co3O4/BOC showed all the characteristic peaks of both Co3O4 and BOC-3 samples,
along with an extra peak at 307.50 cm−1. Since both Co3O4 and BOC-3 are oxygen-rich
compounds, the interconnection of Co3O4 and BOC through oxygen bonding led to a new
peak formation in the 20-Co3O4/BOC sample. The observed intense peak belongs to the
Bi-O(1) rocking and weak O(2) breathing modes in the 20-Co3O4/BOC heterostructures,
thus confirming the successful heterojunction formation [38].

38



Int. J. Mol. Sci. 2022, 23, 15028
Int. J. Mol. Sci. 2022, 23, x FOR PEER REVIEW 6 of 21 
 

 

 
Figure 2. (a) FESEM image, (b) HRTEM image, (c) HAADF image, (d) EDX mapping, and (e) 
elemental EDX mapping of 20-Co3O4/BOC sample, (f) N2 adsorption-desorption isotherm of 20-
Co3O4/BOC, (g) XRD patterns, and (h) Raman spectra of Co3O4, BOC-3, and 20-Co3O4/BOC micro 
flowers. 

To analyze the chemical composition and chemical state of the elements, we 
performed X-ray photoelectron spectroscopy (XPS) of the 20-Co3O4/BOC heterostructure 
photocatalyst (Appendix C). The XPS survey spectrum clearly demonstrated that all peaks 
were attributable to Bi, O, Cl, and Co elements, revealing that the heterostructure 
consisted of Bi, O, Cl, and Co elements, as shown in Figure A3 (See Appendix C). The 
high-resolution XPS spectra of Bi 4f, C 1s, O 1s, and Co 2p for the heterostructure are 
respectively shown in Figure A3b–e. The two strong peaks at 159.63 and 164.93 eV were 
assigned to Bi 4f7/2 and Bi 4f5/2, respectively, which are the features of Bi3+ in BOC (Figure 
A3b). As depicted in Figure A3c, the O 1s profile could be deconvoluted into three peaks, 
thus indicating the existence of three different kinds of O species in the sample. The peaks 
observed at 529.674 and 530.568 eV were assigned to the lattice oxygen metal bonds and 
hydroxyl (•OH) functional groups in 20-Co3O4/BOC, respectively [39]; the peak at 531.592 
eV corresponded to oxygen vacancies in Co3O4 in the 20-Co3O4/BOC composite sample 
[40]. Figure A3d shows the spectrum of Cl 2p, which contained diverse peaks at 198.58 

Figure 2. (a) FESEM image, (b) HRTEM image, (c) HAADF image, (d) EDX mapping, and (e) elemental
EDX mapping of 20-Co3O4/BOC sample, (f) N2 adsorption-desorption isotherm of 20-Co3O4/BOC,
(g) XRD patterns, and (h) Raman spectra of Co3O4, BOC-3, and 20-Co3O4/BOC micro flowers.

To analyze the chemical composition and chemical state of the elements, we performed
X-ray photoelectron spectroscopy (XPS) of the 20-Co3O4/BOC heterostructure photocat-
alyst (Appendix C). The XPS survey spectrum clearly demonstrated that all peaks were
attributable to Bi, O, Cl, and Co elements, revealing that the heterostructure consisted of
Bi, O, Cl, and Co elements, as shown in Figure A3 (See Appendix C). The high-resolution
XPS spectra of Bi 4f, C 1s, O 1s, and Co 2p for the heterostructure are respectively shown
in Figure A3b–e. The two strong peaks at 159.63 and 164.93 eV were assigned to Bi 4f7/2
and Bi 4f5/2, respectively, which are the features of Bi3+ in BOC (Figure A3b). As depicted
in Figure A3c, the O 1s profile could be deconvoluted into three peaks, thus indicating
the existence of three different kinds of O species in the sample. The peaks observed at
529.674 and 530.568 eV were assigned to the lattice oxygen metal bonds and hydroxyl (•OH)
functional groups in 20-Co3O4/BOC, respectively [39]; the peak at 531.592 eV corresponded
to oxygen vacancies in Co3O4 in the 20-Co3O4/BOC composite sample [40]. Figure A3d
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shows the spectrum of Cl 2p, which contained diverse peaks at 198.58 and 200.139 eV,
respectively. These can be attributed to Cl 2p3/2 and Cl 2p1/2 of the Cl− ions in the corre-
sponding 20-Co3O4/BOC sample [41]. In Figure A3e, the Co 2p peak of 20-Co3O4/BOC
showed Co 2p3/2 and Co 2p1/2 spin-orbit doublets. The peaks at 782.25 and 793.50 eV
in 20-Co3O4/BOC corresponded to Co2+ ions, whereas the peaks observed at 779.50 and
792.50 eV were assigned to Co3+ ions, therefore indicating the coexistence of Co2+ and Co3+

in both samples [42].

2.2. Photocatalytic Performance

The photocatalytic performance of BOC-1, BOC-3, 10-Co3O4/BOC, 20-Co3O4/BOC,
and 40-Co3O4/BOC was explored by degrading RhB dye in aqueous solution under visible
light, as shown in Figure 3a,b. Figure 3a indicates that 20-Co3O4/BOC outperformed BOC-3,
10-Co3O4/BOC, and 40-Co3O4/BOC by decomposing RhB dye solution in 140 min. Further,
the degradation rate of RhB in the presence of each photocatalyst could be determined by
the pseudo-first-order kinetic model, as expressed in Equation (1).

ln C/C0 = kt, (1)

where k, C0, and C represent the reaction rate constant, initial concentration, and remaining
concentration at time t, respectively. Figure 3b shows the reaction rate and degradation
efficiency of all photocatalysts used for RhB degradation after 140 min. 20-Co3O4/BOC
had the highest degradation rate of 2.21 × 10−2/min and an efficiency of 97.4%. Moreover,
we compared the RhB photocatalytic degradation performance of the single BOC and
20-Co3O4/BOC photocatalyst with previously reported, similarly structured semiconduct-
ing photocatalysts, as shown in Table A1 (In Appendix E). Both synthesized BOC and
Co3O4/BOC hierarchical microspheres possessed relatively higher degradation perfor-
mance under similar test conditions. This enhanced efficiency might be related to the
high surface area of hierarchically structured BOC and the formation of a Co3O4/BOC
heterojunction with Co3O4 NPs-decoration.

Moreover, the photocatalytic degradation of BPA was performed to evaluate the pho-
tocatalytic activity of BOC and Co3O4/BOC, as shown in Figure 3c,d. The BPA degradation
results showed that 20-Co3O4/BOC efficiently decomposed BPA aqueous pollutant solu-
tion in 170 min. Moreover, the degradation of BPA in the presence of each photocatalyst
followed the 1st-order reaction kinetic model. Figure 3d shows the reaction rate and
degradation efficiency after 110 min for all the photocatalysts used for BPA degradation.
20-Co3O4/BOC had the highest degradation rate of 1.66 × 10−2/min and an efficiency of
88.4%, followed by BOC-3, BOC-1, and BOC-2.

We further conducted a reusability test for the 20-Co3O4/BOC in the presence of
RhB and BPA pollutants, as shown in Figure A4 (in Appendix D). During RhB and BPA
degradation, a consistent decrease in the degradation of RhB and BPA occurred after the
3rd cycle of degradation, and its degradation performance was slightly reduced. This slight
reduction in photocatalytic degradation may be attributable to the adsorption of RhB and
BPA molecules on the surface of the 20-Co3O4/BOC sample.
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rate constant, in the presence of BOC-1, BOC-3, 10-Co3O4/BOC, 20-Co3O4/BOC, and 40-Co3O4/BOC,
(c) photocatalytic degradation of BPA, and (d) its degradation efficiency with reaction rate constant
in the presence of BOC-1, BOC-2, BOC-3, and 20-Co3O4/BOC.

2.3. Analysis of Enhanced Photocatalytic Activity of Co3O4/BOC

Photocatalytic activity is mainly attributed to light absorption capacity and the separa-
tion and transfer efficiency of photoinduced charge carriers. Firstly, photoluminescence
(PL) measurements were conducted to investigate the recombination rate of photo-induced
e−-h+ pairs in BOC-3 and 20-Co3O4/BOC photocatalysts, as shown in Figure 4a. The
PL emission intensity of 20-Co3O4/BOC was lower than that of BOC-3, thus indicating
reduced recombination of e−-h+ pairs in the 20-Co3O4/BOC photocatalyst. The transient
photocurrent response was also measured to provide further support to the efficient separa-
tion of photo-generated charges, as shown in Figure 4b. The 20-Co3O4/BOC had a higher
photocurrent response than BOC-3. The higher photocurrent response of 20-Co3O4/BOC
was attributed to the higher separation efficiency of the excitons and its longer lifetime.
Moreover, the EIS Nyquist plot was obtained to examine the electrode/electrolyte interfa-
cial charge transfer resistance, as shown in Figure 4c. 20-Co3O4/BOC showed a smaller arc
radius than BOC-3. The inset in Figure 4c shows the circuit of the sample-solution in the EIS
measurements. According to the model of the circuit, Rs is related to uncompensated solu-
tion resistance, Rp is related to the porosity of the electrode, and Rct represents the charge
transfer resistance at the interface [43]. The Rct values for BOC and 20-Co3O4/BOC are
1.58 × 10−4 Ω and 82.93 × 10−4 Ω, respectively. The smaller Rct value of 20-Co3O4/BOC
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represents its lower charge transfer resistance, which is beneficial for high redox reactions
during photocatalysis.

Further, the UV-vis DRS of Co3O4, BOC-3, and 20-Co3O4/BOC were measured to
investigate the optical absorption ability, as shown in Figure 4d. Co3O4 showed absorption
throughout the whole UV and visible range. The absorption edges for BOC-3 were located
around 520 nm. In comparison, 20-Co3O4/BOC showed enhanced absorption in the
visible range after loading Co3O4 NPs on BOC. The high absorption of 20-Co3O4/BOC
was attributed to the strong contribution of Co3O4 in 20-Co3O4/BOC to the absorption of
visible light. Ultimately, these results suggest that the formation of the heterojunction in 20-
Co3O4/BOC heterostructure could effectively suppress the recombination of the photoexcited
charge carriers and enhance the visible light absorption ability. Therefore, the photocatalytic
performance could effectively be improved by the 20-Co3O4/BOC heterostructure.
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2.4. Interfacial Charge Transfer Behavior and Photocatalytic Reaction Mechanism

The electronic structures of Co3O4, BOC, and Co3O4/BOC were analyzed by UV-
Vis diffuse reflectance spectra (DRS), the Mott–Schottky (MS) plot, and valence band
(VB) XPS measurements to elucidate the photocatalytic mechanism of the 20-Co3O4/BOC
heterostructure during the photodegradation of RhB and BPA, as shown in Figure 5. First,
the optical bandgap energies of BOC-3 and Co3O4 could be obtained through curve fitting
of the Tauc plot of (αhν)n/2 versus hν (Figure 5a), where n = 4 for the Co3O4 direct band
gap semiconductor and n = 1 for the indirect band gap semiconductor [44,45]. The obtained
bandgap energies were 2.34 and 2.25 eV for BOC-3 and Co3O4, respectively.

Secondly, the Fermi energy (Ef) levels of the prepared Co3O4 and BOC-3 were obtained
using MS analysis, as shown in Figure 5b,c, respectively. The MS plots of Co3O4 and BOC-3
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showed negative and positive slopes, thus indicating p-type and n-type semiconducting
behaviors, respectively [46,47]. Further, by extrapolating MS plots, the flatband potentials
of Co3O4 and BOC-3 were found to be +0.037 and −0.51 V, respectively, vs. the standard
calomel electrode (SCE). Note that the flatband potential (Efb) of the n-type and p-type
semiconductors represents the Ef level. The Ef level vs. the normal hydrogen electrode
(NHE) scale could be calculated using Equation (2). The resultant Ef of Co3O4 and BOC-3
were +0.277 and −0.266 eV vs. NHE, respectively

Efb (vs. NHE) = Efb (vs. SCE) + 0.244 (eV), (2)

Valence band (VB) XPS measurement was conducted to determine the VB potentials
of Co3O4 and BOC-3, as shown in Figure 5d. The VB XPS spectra revealed the VB maxima
of 0.86 and 1.69 eV for Co3O4 and BOC-3, respectively. Thus, the VB potentials with respect
to the Ef level were calculated to be 1.137 and 1.424 eV vs. NHE, respectively (Figure 6a).
The CB minima of Co3O4 and BOC-3 were determined using the following Equation (3).

ECB (vs. NHE) = EVB (vs. NHE) − Eg, (3)

where ECB, EVB, and Eg denote the sample’s CB potential, VB potential, and bandgap,
respectively. As a result, the calculated CB potentials for Co3O4 and BOC-3 were −1.113
and −0.916 eV vs. NHE, respectively.
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Therefore, based on the above analysis, we can obtain the band structures of Co3O4
and BOC in NHE scale before contact, as shown in Figure 6. When Co3O4 and BOC form the
Co3O4/BOC heterojunction after they come into contact, the electrons will spontaneously
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migrate from BOC to Co3O4 through the Co3O4/BOC interface to align with the Fermi level
because BOC has a higher Ef level than Co3O4. The migration of these electrons results in
the band bending upward for BOC and downward for Co3O4, near the interface of BOC and
Co3O4, respectively, as shown in Figure 6b. These band bendings lead to a depletion region
at the Co3O4 and BOC-3 interface, thus resulting in the generation of an internal electric field
(IEF) from BOC toward Co3O4 at the interface. After light is irradiated on the photocatalyst,
the charge carriers simultaneously excite from VB to the CB in Co3O4 and BOC-3 to produce
photo-generated e− and h+ pairs. Then, the photoexcited electrons in the CB of Co3O4
will quickly migrate to the CB of BOC-3, whereas the remaining holes in the VB of BOC-3
will migrate to the VB of Co3O4 because of the IEF directed from BOC to Co3O4 in the
20-Co3O4/BOC, which is a typical charge transport of a type-II heterostructure. As a result,
the e−-h+ recombination is suppressed in the heterostructure system. Moreover, the unique
0D/3D morphology of 20-Co3O4/BOC will provide more active catalytic reaction centers
and increase the active sites. Thus, the developed heterostructure could be suggested to be
beneficial in photocatalytic degradation.
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Finally, photocatalytic active radical detection experiments were conducted to inves-
tigate the photocatalytic reaction mechanism and validate our proposed heterojunction
formation, as depicted in Figure 7. Here, BQ, IPA, and KI were used as scavengers of •O2

−

radicals, •OH radicals, and hole (h+), respectively, which are produced during the photocat-
alytic degradation of RhB [48]. Since 20-Co3O4/BOC composite decomposed the RhB dye
efficiently compared to the other photocatalysts (shown in Figure 3a), a 20-Co3O4/BOC
photocatalyst sample was chosen for active radical detection. As shown in Figure 7, in the
presence of BQ and IPA, the degradation efficiency of RhB was significantly reduced from
98% (no scavenger) to 68.5% and 86.2%, respectively. However, no effect on the degradation
efficiency was observed when using KI as an h+ scavenger. Therefore, •O2

− and •OH
radicals were found to be the reactive species with increased generation of •O2

− during
the photodegradation of RhB.

Based on the radical scavenger experiments, the possible reaction mechanism was
proposed as shown in reaction (4)–(10); the excited electrons on BOC reduced the oxygen
molecule (O2) into •O2

− radicals, and then the •O2
− radicals reacted with e- and hydrogen

ions (H+), ultimately resulting in the generation of hydrogen peroxide (H2O2) radical,
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which was further reduced to •OH and hydroxyl ion (OH−). Then, the •O2
−, •OH, and

OH− finally decomposed RhB and BPA into small chain molecules.

Co3O4 + hν→ Co3O4* (e− + h+) (4)

BOC + hν→ BOC* (h+ + e−) (5)

Co3O4* (e− + h+) + BOC* (h− + e+)→ Co3O4
* (h+) + BOC* (e−) (6)

O2
− + e− → •O2

− (7)

O2
− + e− + 2H+→ H2O2

− (8)

H2O2 + e− + H+ → •OH + OH− (9)

RhB/BPA + •OH/OH−/O2
− → decomposed products (10)

Int. J. Mol. Sci. 2022, 23, x FOR PEER REVIEW 12 of 21 
 

 

BOC + hν  BOC* (h+ + e−) (5) 

Co3O4* (e− +h+) + BOC* (h− + e+) Co3O4* (h+) + BOC* (e−) (6) 

O2− + e−  •O2− (7) 

O2− + e− + 2H+ H2O2- (8) 

H2O2 + e− + H+  •OH + OH− (9) 

RhB/BPA + •OH/OH-/O2-  decomposed products (10) 

 
Figure 7. Active radicals detection in the presence of various scavengers during RhB degradation. 

3. Materials and Methods 
3.1. Chemicals 

Bismuth nitrate pentahydrate (Bi(NO3)3.5H2O, 99%), Cobalt acetate tetrahydrate 
(Co(CH3COO)2.4H2O), Potassium chloride (KCl, 99%), Ethylene glycol (EG) ((CH2OH)2, 
99%), Dimethylformamide (DMF) (C3H7NO), Rhodamine-B (RhB) (C22H24N2O8, 99%), 
Bisphenol-A (BPA) (C15H16O2, 99%), 1,4-benzoquinone (BQ) (C6H4O2, 99%), and Fluorine 
doped tin oxide (FTO) glass were purchased from Sigma Aldrich Inc. (St. Louis, MO, 
USA). Ethanol (EtOH) (C2H5OH, 99%) and Isopropyl alcohol (IPA) (C3H8O, 99%) were 
purchased from DAEJUN Co., Ltd (Daejun, Korea). All reagents were used without any 
further purification. 
3.2. Preparation of Co3O4 Nanoparticles 

The Co3O4 NPs were prepared by the solvothermal method [29]. In a typical 
synthesis, 80 mg of Co(CH3COO)2.4H2O was dissolved in 60 mL of EtOH using a magnetic 
stirrer. The prepared solution was then transferred to a 100 mL Teflon-lined autoclave and 
heated at 150 °C for 4 h in a thermal oven to initiate the solvothermal reaction. After 
completion of the reaction, the autoclave was allowed to cool down to room temperature, 
at which point the raw Co3O4 was washed with EtOH and centrifuged at 15,000 rpm for 
30 min. Following centrifugation, the collected sample was dried at 60 °C overnight to 
obtain the Co3O4 NPs. 

  

Figure 7. Active radicals detection in the presence of various scavengers during RhB degradation.

3. Materials and Methods
3.1. Chemicals

Bismuth nitrate pentahydrate (Bi(NO3)3.5H2O, 99%), Cobalt acetate tetrahydrate
(Co(CH3COO)2.4H2O), Potassium chloride (KCl, 99%), Ethylene glycol (EG) ((CH2OH)2,
99%), Dimethylformamide (DMF) (C3H7NO), Rhodamine-B (RhB) (C22H24N2O8, 99%),
Bisphenol-A (BPA) (C15H16O2, 99%), 1,4-benzoquinone (BQ) (C6H4O2, 99%), and Fluorine
doped tin oxide (FTO) glass were purchased from Sigma Aldrich Inc. (St. Louis, MO,
USA). Ethanol (EtOH) (C2H5OH, 99%) and Isopropyl alcohol (IPA) (C3H8O, 99%) were
purchased from DAEJUN Co., Ltd (Daejun, Korea). All reagents were used without any
further purification.

3.2. Preparation of Co3O4 Nanoparticles

The Co3O4 NPs were prepared by the solvothermal method [29]. In a typical synthesis,
80 mg of Co(CH3COO)2.4H2O was dissolved in 60 mL of EtOH using a magnetic stirrer.
The prepared solution was then transferred to a 100 mL Teflon-lined autoclave and heated
at 150 ◦C for 4 h in a thermal oven to initiate the solvothermal reaction. After completion
of the reaction, the autoclave was allowed to cool down to room temperature, at which
point the raw Co3O4 was washed with EtOH and centrifuged at 15,000 rpm for 30 min.
Following centrifugation, the collected sample was dried at 60 ◦C overnight to obtain the
Co3O4 NPs.
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3.3. Preparation of BOC and Co3O4/BOC

BOC was prepared by a solvothermal method, as shown in Scheme 1a. In a typical
synthesis method, 2.186 g (4.5 mmol) of Bi(NO3)3.5H2O was dissolved in 17.5 mL of
ethanol by ultrasonication, followed by stirring. The resulting solution was referred to
as solution-A. At the same time, 1.5 mmol of KCl was dissolved in 17.5 mL of EG by
ultrasonication, followed by stirring for 30 min. The resulting solution was referred to
as solution-B. Next, solution-B was added dropwise to solution-A and then constantly
stirred for 30 min. Then, the resulting combined solution was transferred to a 50 mL Teflon
autoclave and heated for 6 h at 160 ◦C. The product obtained in this way was washed
and dried overnight at 60 ◦C. Afterward, the gray powder was collected and calcinated
in a muffle furnace at 450 ◦C for 1 h to obtain the targeted BOC hierarchical microspheres.
The Co3O4/BOC samples were prepared using the identical synthesis procedure with the
addition of Co3O4 NPs (10, 20, and 40 mg) into the combined solution (see Scheme 1b).
Moreover, the BOC sample was prepared in pure EG and EtOH solutions to investigate
the roles of EG, EtOH, and EG-EtOH mixed solvents during BOC synthesis. The samples
prepared in EG, EtOH, and EG-ETOH mixed solvents were labeled as BOC-1, BOC-2, and
BOC-3, and the sample prepared with the addition of 10, 20, and 40 mg of Co3O4 NPs were
labeled as 10-Co3O4/BOC, 20-Co3O4/BOC, and 40-Co3O4/BOC, respectively.
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Scheme 1. Synthesis of (a) nanoflower-like BOC, and (b) 0D/3D Co3O4/BOC hierarchical micro flower.

3.4. Characterization of Samples

The crystal structure and phase purity were characterized by powder X-ray diffraction
(XRD) in the 2θ range from 10~80◦ (2◦ min−1) using an X-ray diffractometer (Rigaku
D/MAX-2500) with a Cu Kα irradiation source (λ = 1.54178 Å) and X-ray power of
40 kV/30 mA. Micro-Raman spectroscopy (XperRAM100, Nanobase Inc., Seoul, Korea)
equipped with a monochromatic laser source (wavelength of 532 nm and power of 6 mW)
was used to characterize the crystalline phase. The morphologies were examined using
a field emission scanning electron microscope (SEM) (JSM-6700F, Jeol Ltd., Tokyo, Japan)
and a transmission electron microscope (TEM) (“NEOARM “/JEM-ARM200F, Jeol Ltd.)
equipped with an energy dispersive spectroscope (EDX). X-ray photoemission spectroscopy
(XPS) (Veresprobe II, ULVAC-PHI Inc., Kanagawa, Japan) with a Monochromatic Al Kα

X-ray source was used to examine the chemical compositions of the samples. The specific
surface area was volumetrically assessed by measuring the nitrogen adsorption/desorption
isotherms at 77 K using Microtrac, BELsorp-mini II. UV–vis diffuse reflectance spectra
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(DRS) were obtained using a spectrometer (V-750, Jasco Inc., Tokyo, Japan) equipped with a
60 mm integrating sphere while using BaSO4 as a reference. Photoluminescence spectra (PL)
were collected using a spectrophotometer (FS5 fluorescence, Edinburg, United Kingdom)
with an excitation wavelength of 375 nm. Electrochemical impedance spectroscopy (EIS)
was performed using a three-electrode workstation (VSP Potentiostat, Biologic, Seyssinet-
Pariset, France). A pt square plate (1 × 2 cm2) and a standard calomel were used as counter
and reference electrodes, respectively. A clean fluorine-doped tin oxide (FTO) glass with an
active surface area of 0.8 cm2 was used as a substrate for the working electrode, whereas an
aqueous solution of 0.5 M Na2SO4 (80 mL) was used as the electrolyte. In the preparation
of the working electrode, 0.1 mg of photocatalyst was added to 1 mL of DMF solution
and sonicated for 1 h. Then, 50 µL of the dispersed solution was drop-casted on FTO and
annealed at 160 ◦C for 1 h, which was further used in the electrochemical investigation.

3.5. Photocatalytic Activity Measurements

The photocatalytic characteristics of the samples were examined using a visible light
source with a 300 W Xenon lamp (1000 W/m2) (CEL-HXF300, CEAULIGHT Co., Beijing,
China) equipped with a UV-IR cutoff filter (420 nm > λ > 780 nm). A double wall jacket
beaker with a surface area of 80 cm2 connected to a water chiller was used to perform the
photocatalytic degradation measurement of the photocatalysts. The height from the surface
of the pollutant solution to the light source was kept at 30 cm. In this study, RhB dye and
BPA colorless pollutants were used to evaluate the degradation efficiency of the synthesized
photocatalysts. Briefly, 20 and 40 mg of photocatalyst was used to degrade 40 mL of RhB
dye (20 ppm) and BPA colorless pollutant (10 ppm), respectively. Before initiating the
photocatalytic experiment, the RhB and BPA aqueous solutions were stirred for 60 min and
30 min, respectively, in dark conditions to attain an adsorption–desorption equilibrium of
the photocatalysts. To investigate the photocatalytic degradation rate, 2 mL solution was
taken from the RhB or BPA solution after a specific interval, and this solution was then
centrifuged for 3 min at 5000 rpm to separate the photocatalyst, after which the absorbance
spectrum of the supernatant using UV-visible spectrophotometer was measured. Further,
radical trapping experiments were conducted to determine the dominant radical species
involved in the photocatalytic decomposition of RhB and BPA. IPA, BQ, and KI of 2 mmol
were used as trapping reagents to explore the active species, such as, •O2

−, •OH radicals,
and h+, respectively.

4. Conclusions

In this work, we successfully developed a 3D hierarchical BOC microsphere and
a 0D/3D-Co3O4/BOC heterojunction photocatalyst composed of BOC decorated with
Co3O4 NPs using a simple solvothermal synthesis method. The developed heterostructure
showed a conventional type II charge transport phenomenon across Co3O4 and BOC-3
by forming a p-n heterojunction. The 0D/3D hierarchical morphology of the Co3O4/BOC
could increase active sites because of its high surface area, suppressing e−-h+ recombination,
and improving visible light absorption. The results of mechanistic studies have proven that
the generation of an IEF from BOC-3 to Co3O4 led to a p-n junction and the formation of a
type II heterojunction. Thus, benefiting from the above properties, the Co3O4/BOC sample
demonstrated a higher reaction rate and a higher degradation efficiency than bare Co3O4
and BOC during RhB and BPA degradation. Conclusively, our developed photocatalyst
should be considered a good candidate for pollutant degradation.
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Appendix A

We also prepared BOC-3 in different solvothermal reaction times to explore the for-
mation mechanism of the BOC microspherical morphology. Figure A1 represents the SEM
images of the BOC samples prepared with solvothermal reaction times of 3, 6, 9, 12, and
18 h. The formation of a sphere-like morphology composed of ultrathin nanosheets could be
observed after 3 h of solvothermal reaction (Figure A1a). When the solvothermal reaction
time increased to 6 h, the nanosheets grew further, thus increasing the diameter of the
microspheres with clear visibility of ultrathin nanosheets (Figure A1b). When the reaction
time was increased to 9 h, the microspheres were covered with external BOC nanosheets,
and the nanosheets did not grow further (Figure A1c). The BOC nanosheets were covered
with BOC nanosheets after increasing the hydrothermal reaction time to 12 h and 18 h,
respectively (Figure A1d,e). These results indicate that the formation of BOC microspheres
quickly underwent nucleation, growth, and self-assembly.

Based on the above results, the formation of the BOC samples in the different solvent
ratios proceeded as illustrated in Scheme 1. It could be concluded that Bi(NO3)3·5H2O
will be hydrolyzed into [Bi2O2]2+ after dissolution in EtOH. Secondly, Cl− ions generated
from KCl in EG solution could react with [Bi2O2]2+ to form Cl–Bi–O–Bi–Cl nuclei through
the coulomb force during the solvothermal reaction [49], thus resulting in homogenous
nucleation. As the reaction proceeded in the first 3 h of the solvothermal reaction time
at 160 ◦C, the BOC nanosheets formed. These nanosheets formations could potentially
have occurred due to the bonding of the OH functional group to Bi3+ ions in Cl–Bi–O–Bi–
Cl complex, which grew vertically along the c axis due to its intrinsic crystal structure.
Since BOC has a known silane-type structure with a space group of P4/nmm and lattice
constants of a = 5.4 Å and c = 35.20 Å, which are related to

√
2as ×

√
2bs × cs supercell, its

layered structure was constructed through the combination of the 6-fold metal-oxygen (Bi-
O) layer separated by the Cl layer [50]. Therefore, the formation of the nanosheets and their
regulation with the OH functional group were considered to be favorable [51]. Thirdly, as
the reaction progressed, the obtained nanosheets were assembled into microspheres, which
could decrease the surface energy and achieve a stable structure. Finally, the hierarchical
microspheres grew further and the size of the samples gradually increased.
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Table A1. Comparison of photocatalytic degradation of RhB in the presence of pure BOC and BOC
composite sample with recently reported results.

Photocatalyst Rate Constant
(min−1)

Degradation
Efficiency (%)

Degradation
Time (min) Lamp (C) Amount of

Catalyst (mg)

Solution
Volume

(mL)

Solution
Concentration

(mg/L)
Ref

Bi12O17Cl2 0.0115 min−1 83.5%
140

300 W Xenon lamp,
(420–720 nm) 20 40 20 This

workCo3O4/Bi12O17Cl2 0.021 min−1 97.4%

Bi12O17Cl2 1.93 × 10−3 min−1 40%
240

300 W Xenon lamp,
(420–720 nm) 40 80 15 [52]Ag/Bi12O17Cl2 10.3 × 10−3 min−1 93%

Bi12O17Cl2 1.16 × 10−2 min−1 83%
150

300 W Xenon lamp,
(400–780 nm) 80 80 20 [53]Bi-Bi12O17Cl2 2.19 × 10−2 min−1 99%

Bi12O17Cl2 0.074 min−1 –
20 300 W Xenon lamp,

(400 nm)
10 50 10 [54]Fe(III)-modified

Bi12O17Cl2
0.157 min−1 –

Bi12O17Cl2 0.0613 min−1 78%
20

300 W Xenon lamp,
(400 nm) 30 50 10 [23]Graphene/Bi12O17Cl2 0.160 min−1 –

Bi12O17Cl2 0.102 min−1 83%
20 300 W Xenon lamp,

(400 nm)
30 50 5 [55]2D/2D

g-C3N4/Bi12O17Cl2
0.353 min−1 99%

ZnO/NiO 0.019 min−1 – 120 320 mW/cm2. LED
light 50 50 10 [56]

g-C3N4 1.11 min−1 99% 90 150 watt halogen
lamp 50 100 5 [57]

Carbon dot
implanted g-C3N4

0.48 min−1 – 80 300 W Xenon lamp,
(320–780 nm) 10 30 15 [58]

BiVO4-Ni/AgVO3 0.133 min−1 – 30 300 W Xenon lamp,
(400 nm) 30 50 10 [59]

Fe-BiOBr + H2O2 0.0646 min−1 98.23% 60 350 W xenon lamp
(420 nm) 30 50 20 [60]

SrSnO3/g-C3N4
k1: 0.0083−1

k2: 0.0348−1 97.3 250 Sun Light 100 100 5 [61]
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Abstract: In recent studies, phase junctions constructed as photocatalysts have been found to possess
great prospects for organic degradation with visible light. In this study, we designed an elaborate
rhombohedral corundum/cubic In2O3 phase junction (named MIO) combined with polymeric carbon
nitride (PCN) via an in situ calcination method. The performance of the MIO/PCN composites
was measured by photodegradation of Rhodamine B under LED light (λ = 420 nm) irradiation. The
excellent performance of MIO/PCN could be attributed to the intimate interface contact between MIO
and PCN, which provides a reliable charge transmission channel, thereby improving the separation
efficiency of charge carriers. Photocatalytic degradation experiments with different quenchers were
also executed. The results suggest that the superoxide anion radicals (O2

−) and hydroxyl radicals
(·OH) played the main roles in the reaction, as opposed to the other scavengers. Moreover, the stability
of the MIO/PCN composites was particularly good in the four cycling photocatalytic reactions. This
work illustrates that MOF-modified materials have great potential for solving environmental pollution
without creating secondary pollution.

Keywords: photocatalysis; photodegradation; carbon nitride; phase junction; MOF

1. Introduction

Organic dye pollutants in wastewater have constantly been a concern with the de-
velopment of society [1–3]. Their toxicity and carcinogenicity always threaten ecological
balance and biological health. The processing methods of organic dyes generally include
adsorption, physical/chemical precipitation, biological methods, and photodegradation.
Among them, solar-driven degradation by semiconductor photocatalysts has great poten-
tial in resolving organic dye pollution due to its convenience, eco-friendliness, and low
cost [4,5]. It is well known that the most important part of photocatalysis is the catalysts
because they accelerate the reaction process and improve the degradation efficiency in or-
ganic dye degradation reactions [6,7]. Therefore, photocatalysts working under visible light
irradiation with outstanding photodegradation efficiency still need further exploration.

As an organic representative, polymeric carbon nitride (PCN) is a star material in
photocatalysis owing to its suitable energy band position, excellent stability, and simple syn-
thetic applications [8–11]. The extended π-conjugated systems consisting by sp2-hybridized
C and N atoms have been widely used for studies on energy and the environment [12].
The suitable bandgap of PCN (2.7 eV) enables it to harvest visible light and surmount the
endothermic character of water-splitting reactions (theoretically, 1.23 eV) [13]. However,
as a non-metal photocatalyst, the insufficient capacity of charge carrier transfer results in
the unsatisfactory photocatalytic ability of PCN [12,14]. Many strategies have been used to
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remedy this issue, such as morphological control, element doping, cocatalyst loading, band
structure engineering, and heterojunction construction [15–18]. Among various methods,
heterojunction construction has been proven to be an easy yet effective method to accelerate
the migration of charge carriers [19–21]. Therefore, coupling with proper semiconductors
can also improve the photoactivity of PCN.

Previous reports revealed that the phase junction of polymorph semiconductors plays
a vital role in charge separation [22,23]. Photo-induced charge transfer between two
phases is driven by the built-in electric field in the phase junction, resulting in enhanced
photocatalysis. Taking TiO2 as an example, Li’s group established that the photocatalytic
activity is directly influenced by the surface phase structure [24,25]. And the phase junction
consisting of anatase and rutile particles performed better in photocatalytic H2 evolution.
Hao et al. fabricated a novel CdS phase junction with bonding region-width-control and
resolved photocorrosion and phase exclusion of CdS [26]. The best performance reached
as much as 60-fold that of the single cubic or hexagonal phase. Liu et al. reported a
black/red phase junction phosphorus with faster charge transport properties benefiting
from the appropriate band structures [27]. The theoretical and experimental data have
indicated that different kinds of phase junction materials stand out in photo-to-electron
conversion efficiency.

Recently, a metal organic framework (MOF)-derived rhombohedral/cubic In2O3 phase
junction (named MIO) was reported for solar-driven water splitting [28]. Because it has
no cytotoxicity or cellular ROS generation, and is easy to obtain, MIO has exhibited a
growth potential in photocatalysis, such as H2 production, CO2 reduction, and pollutant
degradation [29]. Theoretical calculations have illustrated that the photo-generated elec-
trons transfer from c-In2O3 to rh-In2O3 was efficient in preventing the recombination of
charge carriers. Previous research has mainly focused on cubic In2O3-based semiconductor
(c-In2O3), but rarely on its phase junction [30,31]. For example, Wang et al. designed
ZnIn2S4-In2O3 nanotubes with good stability for CO2 reduction [32]. Li’s group reported
core-shell In2O3@Carbon nanoparticles for photocatalytic hydrogen evolution [33]. The
improved accessibility between c-In2O3 and carbon nanoparticles not only favored the
efficient separation of charge carriers, but also enhanced the optical absorption. Sun et al.
synthesized G-C3N4/In2O3 composites for effective formaldehyde detection [34]. Xu et al.
reported a carbon-doped In2O3/g-C3N4 heterojunction for photoreduction of CO2 [35].
Jin and Uddin et al. reported c-In2O3 hybridization with boron-doped and oxygen-doped
carbon nitride for photodegradation, respectively [36,37]. Both of them showed a superior
kinetic degradation rate rather than either In2O3 or PCN alone. Although the investigation
of cubic In2O3-heterojunction in photocatalysis has made some progress, the In2O3 phase
junction has not been looked at in detail.

In this study, we designed a MOF-derived phase junction In2O3/PCN (named MIO/PCN,
Scheme 1) heterojunction prepared by an in situ method in which the two precursors of
MIO and PCN were mixed and then calcined at 500 ◦C. The MIO/PCN heterojunctions
exhibited better visible light absorption, more active sites, and faster charge transfer. The
optimal photodegradation activity of MB by MIO/PCN was about 95- and 19-fold that of
the MIO and PCN, respectively. In addition, the MIO/PCN composites exhibited excellent
stability after four-cycle photodegradation. The main active species were determined to
be superoxide anion radicals (O2

−) and hydroxyl radicals (·OH) by adding scavengers to
the degradation reaction, and were further confirmed by EPR analysis. Based on UV-Vis
DRS, PL/TRPL, and photoelectrochemical tests, the possible photodegradation reaction
mechanism of MIO/PCN is discussed. This present strategy may promote new ideas for
exploring the application field of the phase junction oxides and other related materials.
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Scheme 1. Diagram of the MIO/PCN sample.

2. Results and Discussion

The crystal structure of x wt% MIO/PCN composites was confirmed by X-ray diffrac-
tion (XRD) analysis. As observed from the XRD pattern in Figure 1a, the crystal struc-
ture of the MIL-68(In)-NH2 precursor and MIO were in accordance with the previous
report and no other characteristic peak was detected, respectively [31]. MIO calcined
at 500 ◦C is composed of the mixed phase of rh-In2O3 (PDF No. 22-0336) and c-In2O3
(PDF No. 06-0416) [28]. And no other peaks appeared, indicating good purity of the In2O3
phase-junction. In Figure 1b, there were two characteristic diffraction peaks of the pure
PCN sample located at 2θ = 12.8◦ and 27.3◦, which corresponded to the (100) and (002)
planes, respectively (JCPDS card No. 87-1526). The former was assigned to the packing mo-
tif of heptazine units in plane and the latter originated from the stacking of the conjugated
aromatic system in the interlayer [18]. In the XRD patterns of MIO/PCN composites, the
peak intensity of MIO became more muscular while the content of MIO increased. It was
identified that MIO and PCN existed in the MIO/PCN composites. In addition, the peaks
of the pure PCN sample located at 2θ = 27.3◦ moved to high degree, indicating that the
spacing d was reduced according to the Bragg equation. That is because of the interaction
between PCN and MIO and is beneficial to charge transfer [8].
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The FT-IR spectra of PCN, MIO, and MIO/PCN are shown in Figure 2 to illustrate the
information pertaining to functional groups. In the FT-IR spectra of PCN, the broad peaks
located at 3000–3600 cm−1 indicate the stretching vibration of O-H, N-H, and hydrogen-
bonding interactions [38,39]. The characteristic peaks at 1200–1600 cm−1 correspond to
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the C-N skeleton of PCN. The breathing mode of the triazine units appeared at 800 cm−1,
meaning the presence of -NH and -NH2 groups [39]. In that of MIO, the characteristic
peaks at 570 cm−1 were determined to be In-O asymmetric stretching, and the peaks at
3000–3400 cm−1 correspond to the stretching vibration of the -OH hydrogen bond [11,34].
As shown in the FT-IR spectra of MIO/PCN, all the characteristic peaks of PCN appeared,
indicating the main structure of PCN was not changed. Although the In-O peak was
not observed, possibly because of the small amount of MIO in composites and the weak
peak intensity, the characteristic peaks of PCN and MIO appeared simultaneously at
3000–3600 cm−1. The FT-IR spectra further confirmed the formation of MIO/PCN.

Int. J. Mol. Sci. 2022, 23, x FOR PEER REVIEW 4 of 14 
 

 

The FT-IR spectra of PCN, MIO, and MIO/PCN are shown in Figure 2 to illustrate the 

information pertaining to functional groups. In the FT-IR spectra of PCN, the broad peaks 

located at 3000–3600 cm−1 indicate the stretching vibration of O-H, N-H, and hydrogen-

bonding interactions [38,39]. The characteristic peaks at 1200–1600 cm−1 correspond to the 

C-N skeleton of PCN. The breathing mode of the triazine units appeared at 800 cm−1, 

meaning the presence of -NH and -NH2 groups [39]. In that of MIO, the characteristic 

peaks at 570 cm−1 were determined to be In-O asymmetric stretching, and the peaks at 

3000–3400 cm−1 correspond to the stretching vibration of the -OH hydrogen bond [11,34]. 

As shown in the FT-IR spectra of MIO/PCN, all the characteristic peaks of PCN appeared, 

indicating the main structure of PCN was not changed. Although the In-O peak was not 

observed, possibly because of the small amount of MIO in composites and the weak peak 

intensity, the characteristic peaks of PCN and MIO appeared simultaneously at 3000–3600 

cm−1. The FT-IR spectra further confirmed the formation of MIO/PCN. 

4000 3500 3000 2500 2000 1500 1000 500

In
te

n
si

ty
 (

a.
u

.)

Wavenumber (cm-1)

C-N

In-O 

-OH

O-H/N-H

triazine

PCN

MIO

MIO/PCN

 

Figure 2. FT-IR spectra of pure PCN, MIO, and 2.5 wt% MIO/PCN composites. 

SEM and TEM images shown in Figures 3 and S1 are to illustrate the morphology of 

the composites. In Figure S1, the shape of MIL-68(In)-NH2 is a rod with a smooth surface 

and that of PCN is a nanosheet, which was in accordance with the previous reports. After 

in situ calcination loading, the morphology of MIO/PCN had no noticeable change com-

pared with pure PCN, whereas MIO could not be observed. In the TEM images of 

MIO/PCN (Figure 3a–c), the rod-like MIO was surrounded by nanosheets of carbon ni-

tride. This was mainly due to the in situ method, which mixed the two precursors of car-

bon nitride and indium oxide first, which were then calcined together. Moreover, that is 

why only PCN could be observed in the SEM images of MIO/PCN. In Figure 3d, the 

HRTEM image of MIO/PCN, two lattice fringes could be observed in MIO/PCN with layer 

distances of 0.274 nm and 0.292 nm, corresponding to (110) rh-In2O3 crystal planes and 

(222) c-In2O3 crystal planes, respectively. In addition, amorphous PCN nanosheets were 

observed. The EDX mapping in Figure 3e showed that C, N, In, and O were mainly dis-

tributed across the whole nanocomposites. This phenomenon may be caused by the in situ 

method. The analysis of XRD, FT-IR spectra, SEM, and TEM images confirmed the for-

mation of MIO/PCN composites. 
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SEM and TEM images shown in Figures 3 and S1 are to illustrate the morphology of
the composites. In Figure S1, the shape of MIL-68(In)-NH2 is a rod with a smooth surface
and that of PCN is a nanosheet, which was in accordance with the previous reports. After in
situ calcination loading, the morphology of MIO/PCN had no noticeable change compared
with pure PCN, whereas MIO could not be observed. In the TEM images of MIO/PCN
(Figure 3a–c), the rod-like MIO was surrounded by nanosheets of carbon nitride. This was
mainly due to the in situ method, which mixed the two precursors of carbon nitride and
indium oxide first, which were then calcined together. Moreover, that is why only PCN
could be observed in the SEM images of MIO/PCN. In Figure 3d, the HRTEM image of
MIO/PCN, two lattice fringes could be observed in MIO/PCN with layer distances of
0.274 nm and 0.292 nm, corresponding to (110) rh-In2O3 crystal planes and (222) c-In2O3
crystal planes, respectively. In addition, amorphous PCN nanosheets were observed. The
EDX mapping in Figure 3e showed that C, N, In, and O were mainly distributed across
the whole nanocomposites. This phenomenon may be caused by the in situ method.
The analysis of XRD, FT-IR spectra, SEM, and TEM images confirmed the formation of
MIO/PCN composites.

To analyze the chemical components and chemical states in 2.5 wt% MIO/PCN,
XPS research was then conducted. Consistent with the EDX results, In, O, C, and N
elements were all detected in the XPS survey spectra (Figure S2), which further proves
the co-existence of MIO and PCN in the composites. High-resolution XPS spectrum of the
elements in MIO/PCN was also carried out. In Figure 4a, there were three peaks of C 1s
at the binding energy of 288.2, 286.4, and 284.8 eV. The first peak was vested in N-C=N of
the triazine ring, the second peak was attributed to C-O=C bond, while the last ones were
vested in the C=C group of PCN [17,38]. In Figure 4b, the peaks of N 1s were divided into
three characteristic peaks. The characteristic peak at 401.0 eV was caused by uncondensed
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C-N-H groups on the surface of PCN [9,10]. The last two forms of N 1s, located at 400.1 and
398.6 eV, belonged to the tertiary N-(C)3 groups and sp2-hybridized nitrogen (C=N-C) in
aromatic triazine rings, respectively [39]. Both of them and sp2-C constituted the heptazine
C6N7 units of PCN [40]. In Figure 4c, the two XPS peaks located at 444.8 and 452.5 eV
corresponded to the spin-orbit coupling of In 3d5/2 and In 3d3/2 of MIO [41]. The peak in
Figure 4d at 532.0 eV belongs to OC orbitals fitted to chemisorbed oxygen species. The XPS
analysis indicated the co-existence of MIO and PCN in the composites.
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The performance of the MIO/PCN composites was measured by photodegradation
RhB under LED light irradiation (λ = 420 nm). It can be seen in Figure 5a that the adsorption
of RhB on pure PCN, MIO, or x wt% MIO/PCN was faint. In the absence of a catalyst, the
photodegradation of RhB hardly occurred. This further illustrated the crucial importance
of a catalyst in photodegradation of RhB. However, the photocatalytic activity of the pure
MIO sample showed poor degradation capacity (17%) for RhB while that of PCN was 90%
in 60 min. Experimental results indicated that controlling the ratio of MIO in the MIO/PCN
sample was of great importance in achieving optimal photocatalytic degradation [42]. The
2.5 wt% MIO/PCN sample exhibited the best activity, reaching almost 100% degradation
within 50 min under LED light irradiation (λ = 420 nm). The photodegradation efficiency
of MIO/PCN samples was obviously enhanced compared to that of pure MIO. The pho-
tocatalytic stability of the 2.5 wt% MIO/PCN sample was tested by cycle degradation of
RhB (Figure 5b). After four runs of continuous reaction, the 2.5 wt% MIO/PCN sample
still exhibited stable photodegradation efficiency. The experimental results indicate that the
MIO/PCN sample had good stability and the enhanced photodegradation activity of RhB
was due to the introduction of MIO in the composites.
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Figure 5. Photodegradation of RhB under LED light irradiation (λ = 420 nm) (a) by x wt% MIO/PCN
samples, (b) four cycle tests by 2.5 wt% MIO/PCN, (c,d) different scavengers on the degradation of
RhB of 2.5 wt% MIO/PCN, EPR spectra of 2.5 wt% MIO/PCN for the detection of (e) DMPO-·O2

−,
(f) DMPO-·OH.

Photodegradation of RhB occurred because of the active species produced in MIO/PCN
during the reaction. Therefore, the main active species were tested under the same pho-
tocatalytic degradation condition except for adding different scavengers. The scavengers
included 1, 4-benzoquinone (BQ), methyl alcohol (MeOH), and isopropyl alcohol (IPA),
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which capture superoxide radicals (·O2
−), holes (h+), and hydroxyl radicals (·OH), respec-

tively [43]. Figure 5c,d shows that significantly decreased efficiency of the photodegradation
occurred when BQ and IPA were added to the system. Additionally, there was no obvious
change after the addition of MeOH in photocatalytic degradation. The photocatalytic
experiment with scavengers suggested that ·O2

− and OH were the major active species in
the photodegradation reaction of RhB [44].

The generation of the main active species on the MIO/PCN composite under visible-
light irradiation was also probed by a 5,5-dimethyl-1-pyrroline N-oxide (DMPO) spin-
trapping electron paramagnetic resonance (EPR) technique. In Figure 5e, when the light was
off, no EPR signal appeared. When the light was on, a strong EPR signal of DMPO-·O2

− ap-
peared. Additionally, when the light was kept on for another five minutes, the signals were
measurably enhanced. As shown in Figure 5f, the characteristic signals of the DMPO-·OH
radical emerged after visible light irradiation. It can be concluded that both ·O2

− and
·OH are the major reactive species in photodegradation of RhB by 2.5 wt% MIO/PCN
photocatalyst. The EPR spectra is in accordance with the results of the capture experiments
of active species [45]. By the above experimental studies, the possible mechanism was
speculated as follows [46,47]:

MIO/PCN + hv→ e− + h+

e− + O2 →·O2
−

h+ + H2O/OH− →·OH + H+

O2
−, OH + RhB→ products

The optical and photoelectrical properties of MIO/PCN were investigated to explore
the mechanism of enhanced photoactivity. In Figure 6a, there was a red shift of the DRS
curve with increasing content of MIO in MIO/PCN. Broadened visible light absorption is
vitally essential for increasing photocatalytic activity [48,49]. PL and TRPL spectra were
used to explore the charge-carrier separation and migration behavior. It can be observed
from Figure 6b that the fluorescence intensity of 2.5 wt% MIO/PCN was apparently
quenched after being modified by MIO, indicating that the charge recombination was
efficiently suppressed [17]. The average lifetime of PCN and 2.5 wt% MIO/PCN composite
in Figure 6c was 2.54 ns and 1.32 ns. The rapid charge-carrier transfer from MIO to PCN
resulted in a shorter PL lifetime [14,46]. Furthermore, the charge separation was further
explored by the electrochemical impedance spectra (EIS). The evidently decreased Nyquist
radius in Figure 6d illustrates that the resistance of 2.5 wt% MIO/PCN was much smaller
than that of PCN [50,51]. The reduced resistance was conducive to the rapid migration of
charge carriers. These results convincingly prove that the construction of MIO/PCN could
promote charge separation and transfer.

In order to exclude the influence of structural change of the photocatalyst, XRD
analysis was conducted. As shown in Figure 7a, the structure of the MIO/PCN did not
change before or after photodegradation of RhB. This indicates that the impact of structural
changes of photocatalysts on their enhanced photoactivity can be excluded. In Figure 7b,
the BET surface areas of PCN and MIO were determined as 72 and 45 m2g−1, respectively,
while that of the MIO/PCN sample was 65 m2g−1. Compared with pure PCN, the slightly
decreased specific surface areas of MIO/PCN was due to the addition of MIL-68(In)-NH2
by the in situ calcination [7,32]. The combination of the two block substances resulted in the
decrease of BET-specific surface area. Therefore, the MIO/PCN composites performed well
in photodegradation of RhB because of boosting solar absorption, fasting charge transfer,
and being suppressed charge recombination. Based on the above discussion, a possible
mechanism of charge transfer route in the MIO/PCN composites was proposed, as shown
in Scheme 2. Irradiated by visible light, the electrons (e−) excited by light in the valence
band (VB) of PCN transferred to the conduction band (CB) of PCN, and then flowed to the
CB of MIO. Certainly, part of the electrons and holes recombined before the reaction. In
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addition, the electrons that migrated to the surface of photocatalysts reacted with O2 to
form ·O2

−. The holes in the CB reacted with H2O/OH− to generate ·OH. The two active
species, ·O2

−/OH, attacked the RhB pollutants and generated harmless products, even
including water and carbon dioxide.
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3. Materials and Methods

Materials: All chemicals were used without further purification.
Indium nitrate hydrate (In(NO3)3·4H2O), 2-aminoterephthalic acid, N,N-dimethyl

formamide (DMF), indium chloride tetrahydrate (InCl3·4H2O) and urea were purchased
from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). N,N-dimethylformamide
(DMF) was purchased from Macklin Biochemical Co., Ltd. (Shanghai, China). All reagents
were of analytical grade and were used without further purification.

3.1. Preparation of MIL-68(In)-NH2

The precursor MIL-68(In)-NH2 was prepared using a hydrothermal method [26].
Typically, a certain amount of 2-aminoterephthalic acid and In(NO3)3·xH2O were dissolved
in DMF and the hydrothermal reaction occurred in an oven. After the reaction ended, the
obtained products were washed with methanol and dried overnight at 80 ◦C.

3.2. Preparation of MIO/PCN and PCN

MIO/PCN samples were obtained using an in situ method [8]. Different amounts
of MIL-68(In)-NH2 mixed with urea and calcined at 500 ◦C for 2 h in a muffle furnace.
The products were collected and named x wt% MIO/PCN, where x means the calculated
conversion rate of MIO.

Pure PCN was synthesized under the same conditions without the addition of MIL-
68(In)-NH2.

3.3. Characterization

XRD patterns were measured on an X-ray diffractometer (D/MAX-2200, Rigaku
Company) to examine the crystal structure of samples. FT-IR spectra was used to analyze
the functional groups of samples by using an ALPHA-P spectrometer. The morphology
and elemental mapping images of samples were characterized by field-emission scanning
electron microscopy (SEM, JSM-6700F) and transmission electron microscopy (TEM, JEOL
JEM 2100F). The chemical valence of the elements in the samples was obtained using X-ray
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photoelectron spectroscopy (XPS, Thermo ESCALAB 250XI, standard peak is the C 1s peak
at 284.8 eV). Nitrogen adsorption-desorption isotherms and the Brunauer-Emmett-Teller
(BET) surface areas were collected at 77 K using Micromeritics ASAP2010 equipment.
The visible-light absorption of samples was measured by UV-visible diffuse reflectance
spectra (UV-DRS, Cary 500 Scan Spectrophotometer, Varian, Palo Alto, CA, USA). PL
was performed on Varian Cary Eclipse (Agilent, Santa Clara, CA, USA) to research the
recombination of charge carriers of samples. Electrochemical impedance spectroscopy
(EIS) of samples was measured on an electrochemical workstation (Shanghai chenhua)
in a standard three-electrode system in which the working electrode was the FTO glass
with synthesized samples (10 mg catalyst in 1 mL 1% ethanol and 0.5 mL Nafion with an
active area of 1 cm2); the reference electrode was the Ag/AgCl electrode; and the counter
electrode was Pt wire. The electrolyte was 0.4 M Na2SO4 aqueous solution.

3.4. Photocatalytic Rhodamine b Degradation

The photocatalytic performance test was conducted under LED lamp (λ = 420 nm)
irradiation. In the reaction, 10 mg samples were put into 50 mL 20 ppm rhodamine B (RhB)
solution and stirred for 30 min under dark condition. Then the mixture was illuminated
under a LED lamp (λ = 420 nm) for 1h. The original solution concentration was labeled
C0. During the irradiation, the suspension (2–3 mL) was taken from the dispersion every
10 min, and the clarified reaction solution (concentration C) could be obtained by filtering
with a needle filter. The absorbance of the solution at 664 nm was determined using
a Shimazu UV-2600 UV-Vis spectrophotometer. The degradation efficiency of the RhB
solution was calculated according to the formula D = ln (C/C0) × 100%. The absorption
method replaced C0 and C according to the Lambert–Beer law.

4. Conclusions

In conclusion, the MIO/PCN composites were synthesized by a facile in situ method
that tightly combined PCN and MIO. The successful construction of MIO/PCN was de-
termined by XRD, TEM, and XPS analysis. The best-performing sample was determined
to be the 2.5 wt% MIO/PCN composite, which could degrade RhB almost 100% within
50 min under LED light irradiation. The reason for the excellent degradation capability of
MIO/PCN was revealed by DRS, PL/TRPL, and EIS analysis. Experimental data showed
the phase junction MIO provided a reliable electronic transmission channel for charge
transfer and improved the separation efficiency of electron and hole. The active species
were identified as ·O2

− and ·OH by photodegradation reaction containing scavenger and
EPR. Additionally, the durability and stability of the MIO/PCN were upheld to an excellent
degree after four cycle tests. Our work provides an avenue for the application of phase
junction materials in photocatalysis.
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Abstract: The existence of antibiotics in the environment can trigger a number of issues by fostering
the widespread development of antimicrobial resistance. Currently, the most popular techniques for
removing antibiotic pollutants from water include physical adsorption, flocculation, and chemical
oxidation, however, these processes usually leave a significant quantity of chemical reagents and
polymer electrolytes in the water, which can lead to difficulty post-treating unmanageable deposits.
Furthermore, though cost-effectiveness, efficiency, reaction conditions, and nontoxicity during the
degradation of antibiotics are hurdles to overcome, a variety of photocatalysts can be used to degrade
pollutant residuals, allowing for a number of potential solutions to these issues. Thus, the urgent
need for effective and rapid processes for photocatalytic degradation leads to an increased interest
in finding more sustainable catalysts for antibiotic degradation. In this review, we provide an
overview of the removal of pharmaceutical antibiotics through photocatalysis, and detail recent
progress using different nanostructure-based photocatalysts. We also review the possible sources of
antibiotic pollutants released through the ecological chain and the consequences and damages caused
by antibiotics in wastewater on the environment and human health. The fundamental dynamic
processes of nanomaterials and the degradation mechanisms of antibiotics are then discussed, and
recent studies regarding different photocatalytic materials for the degradation of some typical and
commonly used antibiotics are comprehensively summarized. Finally, major challenges and future
opportunities for the photocatalytic degradation of commonly used antibiotics are highlighted.

Keywords: antibiotics; photocatalytic degradation; degradation mechanism; photocatalysts

1. Introduction

Antibiotics are chemotherapeutic agents that cure bacterial infections [1]. Currently,
antibiotics in the environment are attracting increased attention, prompting a widespread
search for possible methods of containment [1,2]. This issue results in the generation
of antibiotic-resistant genes and antibiotic-resistant bacteria, which expedite the spread
of antibiotic resistance, creating a threat to human health and ecological systems [2–4].
Thus, in the 21st century, the threat to the integrity of our water resources from antibiotic
pollutants is deemed to be one of the most serious environmental problems worldwide, not
only because of environmental damage, but due to the potential harm to human health [5].

During the past decade, many strategies have been adopted to address the problem of
wastewater antibiotics [6]. Wastewater treatment is usually considered the main method
for managing these antibiotics, since wastewater collects discharge from hospitals, indus-
try, and agriculture [7]. However, many more studies have confirmed that conventional
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treatments are not highly capable of removing these pollutant compounds, which are pre-
dominantly water-soluble, and are neither volatile nor biodegradable [8]. Biotic elimination
and non-biotic processes, including sorption, hydrolysis, biodegradation by bacteria, and
oxidation, as well as reduction, have attracted a great deal of attention [9]. Yang et al. stud-
ied the adsorption, desorption, and biodegradation performance of sulfonamide antibiotics
in the existence of activated sludge with and without NaN3 biocide [10]. The experimen-
tal results showed that the antibiotics were eliminated by sorption and biodegradation
via the activated sludge. Liu et al. investigated four antibiotics including norfloxacin,
ofloxacin, roxithromycin, and azithromycin as target antibiotics, and adopted UV254 pho-
tolysis, ozonation, and UV/O3 approaches to conduct disposal treatments of nanofiltration,
realizing the highest efficiency (>87%) in eliminating antibiotics [11]. Nevertheless, the
application of these methods was highly restricted due to the high cost, low stability, and
poor recycling ability. Therefore, scientists have been seeking novel methods for degrading
antibiotics in wastewater, making the exploration of high-efficiency degradation techniques
a popular pursuit for environmental and chemistry researchers [4].

As one of the most promising strategies for degrading antibiotic pollutants, photo-
catalysis has received much attention due to its low cost, efficiency, and environmental
friendliness while degrading antibiotics under sunlight and ambient conditions [12,13].
Most antibiotics are resistant to decomposition owing to their robust molecular structures,
thus, the development, design, and fabrication of appropriate photocatalysts with high
photocatalytic activities are urgently needed [14]. Though a few catalytic processes have
been discussed in the literature so far, there have not been enough examples focusing on
the use of appropriate photocatalysts that possess longer wavelength absorption for the
photocatalytic degradation of antibiotics, which would help to inform readers about this
research field.

The photodegradation of antibiotic pollutants has been reviewed recently [5,15].
However, knowledge of the critical degradation mechanisms and underlying reaction
pathways of some typical photodegradation reaction catalysts for antibiotics requires
deeper discussion. Furthermore, a comprehensive overview on the possible sources and
dangers of the antibiotic pollutants released through the ecological chain, particularly
regarding the consequences and damages caused by antibiotic residuals on the environ-
ment and human health, is still missing. Additionally, the overall introduction of some
commonly-used photocatalytic nanomaterials and their application in the degradation of
some typical antibiotics is essential to confirm their practical superiority and effectiveness
as photodegradation catalysts.

This review firstly summarizes the effects of antibiotics on living organisms and
the environment as well as the basic mechanism of the photocatalytic degradation of
antibiotics. Then, commonly used photocatalytic materials for antibiotic degradation are
reviewed. Finally, the recent advances in the use of various photocatalytic materials for the
degradation of antibiotics are discussed.

2. Consequences of Antibiotics in Wastewater on the Environment and Human Health

Pharmaceuticals can largely improve humans’ health and quality of life when used to
treat contagious diseases, however, the misuse of drugs, especially antibiotics, has severe
damage on the environment and human health [6,16]. Some results reported remarkable
changes in sex ratio and fecundity of daphnia manga when exposed to antibiotics such
as sulfamethoxazole and trimethoprim [17]. Meanwhile, a decrease in desire and sexual
motivation was observed in experiments on male rats given cimetidine [18].

In some countries, antibiotics are not only employed for animal treatment but also
to accelerate animal growth and increase production. Thus, antibiotics might be released
from animal waste due to incomplete digestion, and that waste may then be used as
fertilizer in agriculture or dumped into wastewater, generating a possible pathway to
human harm from food or drink exposure, as shown in Figure 1 [19]. A recent study
reported that chlortetracycline antibiotic was, to some extent, uptaken by onions, cabbage,
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and corn [20]. However, those vegetables did not uptake tyrosine antibiotic, probably
due to its large molecular size. Thus, continuous release of these antibiotic pollutants into
water environments and organisms has a severely negative impact on the environment
by causing genetic exchange and activating drug-resistant bacteria. In particular, most
antibiotic pollutants, even under low concentrations, may result in a severe risk to the
ecosystem and human health [21,22].
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On one hand, in terms of micro-organisms, the release of antibiotics into the environ-
ment could lead to chromosomal mutations of native bacteria, triggering the development
of antibiotic-resistant bacterial strains, which may cause environmental threats such as
toxicological effects on non-intended pathogens, alteration of structures, and dissemination
of algal communities [23–25]. On the other hand, consumption of water or agricultural
and sideline products containing antibiotic pollutants may induce symptoms in humans
including, but not limited to, vomiting, tremors, nausea, headache, diarrhea, and ner-
vousness [26]. Furthermore, problems such as restraining spinach growth, physiological
teratogenesis, and human gene toxicity have also been reported due to the presence of
antibiotic pollutants in water or food [3,27].

3. Principle and Fundamental Mechanism of Photocatalytic Degradation of Antibiotics

The steps involved in the photocatalytic degradation of antibiotics are demonstrated
in Figure 2. The predominant mechanisms for antibiotic photocatalytic degradation can be
summarized as three main steps: photon absorption, excitation, and reaction [5,7]. In detail,
once a photocatalyst absorbs photons with an energy higher than its band gap, the electrons
in the valance band (VB) can be excited and jump up into the conduction band (CB), where
a hole (h+

VB) is produced (Equation (1)) [6,26,28,29]. Subsequently, the photogenerated
electrons and holes are efficiently separated and migrate to the surface of the photocatalyst,
triggering secondary reactions with the adsorbed materials. Typically, photogenerated holes
can also attack those antibiotics directly (Equation (2)), theoretically leading to significant
degradation of those toxic antibiotics. In addition, two types of systematic theories about
degradation pathways were proposed and recognized by researchers in this field [26]. One
is a reductive pathway that happens if the CB potential of the semiconductor is negative
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compared to that of the O2/•O2
− redox potential (−0.13 eV vs. reference hydrogen

electrode (RHE)), wherein the photoexcited electrons can react with electron acceptors such
as O2 deposits on the catalyst surface or dissolved in water, thereby reducing it to form
superoxide radical anion •O2

− (Equation (3)) [6,26]. In contrast, another pathway referring
to the oxidative pathway was initiated when the holes migrated to the photocatalyst surface,
accompanied by hydroxyl radical (•OH) generation upon the oxidation of H2O/OH−

depending on the alkalinity or acidity of the media (Equation (4)) [6,26]. After being excited,
hydrogen ions could recombine with the electrons and generate heat energy (Equation (5)),
which would decrease the efficiency of the photodegradation. It is noted that the standard
redox potential of photocatalysts should be higher than that of •OH/OH− (+1.99 eV vs.
RHE) in this case [6,26]. Then, both of these reactive radicals (•OH and •O2

−) are highly
active oxidizing agents in the photocatalytic process [30]. They can effectively mineralize
any antibiotics and their intermediates to form water and carbon dioxide under prolonged
exposure to high-energy UV irradiation, and eventually decompose into CO2 and H2O
(Equation (6)) [28,29,31,32]. Many studies demonstrated that both pathways (reductive and
oxidative) should synergistically occur to largely prevent the accumulation of electrons
in the CB and significantly decrease the possibility of the recombination of electrons and
positive holes compared to the pathway of direct interaction between photogenerated holes
and antibiotics [33].

Photocatalyst + hυ→ photocatalyst + h+ + e− (1)

h+ + antibiotics→ H2O + CO2 + degradation products (2)

O2 + e− → •O2
− (3)

H2O/OH− + h+ → •OH + H+ (4)

H+ + e− → energy (5)

Antibiotics + •OH or •O2
− → CO2 + H2O + degradation products (6)

Int. J. Mol. Sci. 2022, 23, x FOR PEER REVIEW 5 of 20 
 

 

 
Figure 2. General photocatalytic mechanism on the degradation of antibiotics by the formation of 
photo-induced charge carriers (e−/h+) on the photocatalysts’ surface. 

Considering the prediction of application and efficiency of a type of photocatalytic 
material, optical bandgap (Eg) is a very important factor for evaluating photoabsorption 
ability and photocatalytic efficiency. Mehrorang et al. put forward a method and criterion 
for bandgap measurement, and divided the concept of the bandgap into the two catego-
ries of photonic and electrochemical bandgap facing polyfluorene co-polymers as pho-
tocatalysts [34,35]. In addition, They concluded that, the prevention of charge recombi-
nation would accordingly lead to a higher lifetime of the active holes, thereby upgrading 
their antibiotic degradation activity. This proved to be a great strategy for enhancing the 
activity of photocatalysts under visible light, relating to the interfacial charge transfer 
from a separate energy surface to a molecular continuous surface from solids [34,35]. 

All in all, the mechanism of photocatalysis for the degradation of antibiotics can be 
divided into five main steps: (1) transfer of antibiotics in the fluid phase to the surface; (2) 
adsorption of the antibiotics; (3) reaction in the adsorbed phase; (4) desorption of the 
products; and (5) removal of products from the interface region [36,37]. However, pho-
tocatalytic degradation suffers the problem of electron-hole recombination in the photo-
catalyst when the electrons that had been excited to CB rapidly recombine with the sep-
arated holes in the VB before creating free radicals [37]. Although this depends on many 
flexible options such as tuned experimental conditions, the adoption of specific photo-
catalysts with a low CB–VB bandgap energy and photocatalyst modifications are con-
sidered as solutions for these challenges [38,39]. 

4. Common Photocatalytic Materials for Antibiotic Degradation 
4.1. Semiconducting Metal Oxides-Based Photocatalysts 

Metal oxide semiconductors have been utilized as pristine photocatalysts or as hy-
brids, or have been coupled/doped with other materials to facilitate the degradation of 
organic pollutants such as pesticides, dyes, and polycyclic aromatic hydrocarbons [40]. 
More importantly, the application of metal oxide-based photocatalysts for antibiotic 
degradation has recently drawn more interest and attention from researchers due to their 
good light absorption under UV, visible light, or both, combined with their biocompati-
bility, safety, and stability when exposed to different conditions [3,41,42]. Generally, 
metal oxides encounter some challenges regarding ineffectiveness or non-absorbance of 

Figure 2. General photocatalytic mechanism on the degradation of antibiotics by the formation of
photo-induced charge carriers (e−/h+) on the photocatalysts’ surface.

Considering the prediction of application and efficiency of a type of photocatalytic
material, optical bandgap (Eg) is a very important factor for evaluating photoabsorption
ability and photocatalytic efficiency. Mehrorang et al. put forward a method and criterion
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for bandgap measurement, and divided the concept of the bandgap into the two categories
of photonic and electrochemical bandgap facing polyfluorene co-polymers as photocata-
lysts [34,35]. In addition, They concluded that, the prevention of charge recombination
would accordingly lead to a higher lifetime of the active holes, thereby upgrading their an-
tibiotic degradation activity. This proved to be a great strategy for enhancing the activity of
photocatalysts under visible light, relating to the interfacial charge transfer from a separate
energy surface to a molecular continuous surface from solids [34,35].

All in all, the mechanism of photocatalysis for the degradation of antibiotics can be
divided into five main steps: (1) transfer of antibiotics in the fluid phase to the surface;
(2) adsorption of the antibiotics; (3) reaction in the adsorbed phase; (4) desorption of the
products; and (5) removal of products from the interface region [36,37]. However, photocat-
alytic degradation suffers the problem of electron-hole recombination in the photocatalyst
when the electrons that had been excited to CB rapidly recombine with the separated holes
in the VB before creating free radicals [37]. Although this depends on many flexible options
such as tuned experimental conditions, the adoption of specific photocatalysts with a low
CB–VB bandgap energy and photocatalyst modifications are considered as solutions for
these challenges [38,39].

4. Common Photocatalytic Materials for Antibiotic Degradation
4.1. Semiconducting Metal Oxides-Based Photocatalysts

Metal oxide semiconductors have been utilized as pristine photocatalysts or as hybrids,
or have been coupled/doped with other materials to facilitate the degradation of organic
pollutants such as pesticides, dyes, and polycyclic aromatic hydrocarbons [40]. More im-
portantly, the application of metal oxide-based photocatalysts for antibiotic degradation
has recently drawn more interest and attention from researchers due to their good light ab-
sorption under UV, visible light, or both, combined with their biocompatibility, safety, and
stability when exposed to different conditions [3,41,42]. Generally, metal oxides encounter
some challenges regarding ineffectiveness or non-absorbance of photocatalytic activity
because of their wide band gap (Figure 3) and faster electron–hole pair recombination [43].
For example, TiO2 is the most popular metal oxide for photocatalysis because of its good
optical and electronic properties, chemical stability and reusability, non-toxicity, and low
cost [44]. Additionally, ZnO is another semiconducting material that has a better quantum
efficiency and higher photocatalytic efficiency compared to TiO2, particularly if used for
photocatalytic antibiotic degradation at a neutral pH, however, the high recombination
rate of the photogenerated electron–hole pairs limits the utilization of ZnO without any
functionalization [45]. Several studies demonstrated that doping with metals like Ag and
Fe, or non-metals like N and C, into ZnO enhanced the activity of photocatalytic antibiotic
degradation [46,47]. WO3 is another promising metal oxide that has received remarkable
attention due to its abundance, cost-effectiveness, and non-toxicity [48,49]. Furthermore,
W18O49 was also considered a superior photocatalyst with a higher photocatalytic degra-
dation efficiency compared to WO3 [3,50]. Nevertheless, it is prone to oxidization to WO3
in spite of its superior photocatalytic performance. Thus, the construction of a hybrid of
W18O49 and other metal oxides can overcome this oxidization barrier [3,51]. There are
many other metal oxides that play important roles in photocatalytic materials for antibiotic
degradation, and we may introduce more in the next section.
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4.2. Bismuth-Based Photocatalysts

Bismuth, possessing an atomic electron configuration of 6s26p3, is a metallic element
from the fifth group of the sixth period in the periodic table, and is usually present in
the form of Bi3+ [26,52]. A class of novel processes along with bismuth-based catalysts
have been developed for antibiotic degradation, as shown in Figure 4 [26]. Bi oxides
display a narrower bandgap due to the overlap of O 2p and Bi 6s orbitals in the valence
band and lone-pair distortion of the Bi 6s orbital, resulting in the mobility of photoexcited
charges, enhancing the visible light response performance [53]. Interestingly, the Bi5+

valence state from the oxidation of Bi3+ has good absorption of visible light once the 6s
orbital is empty [54]. Basically, Bi-based photocatalysts mostly have a bandgap of less than
3 eV. There are some typical Bi-based photocatalysts attracting more attention recently,
such as Bi2O3 and BiVO4 [55]. Bi2O3 is one of the most common photocatalysts, showing
excellent photocatalytic performance on water-splitting and water treatment from organic
wastes [56]. Bi2O3 has a bandgap ranging from 2.1 to 2.8 eV, making its utilization for
visible light absorption more efficient. Bi2O3 has five different configurations: α, β, γ, δ,
andω-Bi2O3 [26]. Additionally, BiVO4, with superior physicochemical properties like ferro-
elasticity and ionic conductivity, has a theoretical bandgap of 2.047 eV, which maximizes its
visible light utilization [57]. BiVO4 was widely used in photocatalytic reactions for organic
waste treatment and water splitting in past years [58]. Although it has been confirmed that
bismuth-based photocatalysts have good photocatalytic performance and use visible light
efficiently, it should be noted that some parameters, such as stability and solubility, need to
be emphasized [59].

4.3. Silver-Based Photocatalysts

The application of photocatalytic degradation of silver-based photocatalysts such
as AgX (X = Cl, Br, I), Ag2O, Ag3PO4, and Ag2CO3 have been reported by various re-
searchers [60–62]. In the case of pristine Ag2CO3, the challenge is that pristine Ag2CO3 is
unstable and photocorrosive due to its possible transformation from Ag+ to metallic Ag
on account of accepted photoelectrons during the photocatalytic processes [63]. Moreover,
pristine Ag2O also exhibits poor stability and rapid electron-hole recombination [64]. Their
superior photocatalytic performance on antibiotic degradation depends not only on the
reduced electron-hole recombination but may also be from broad and strong absorption
ranges in the visible region due to the localized surface plasmon resonance effects induced
by Ag nanoparticles [3,7,65].
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4.4. Metal-Organic Frameworks (MOFs)-Based Photocatalysts

Metal-organic frameworks (MOFs) are a new class of coordination polymers with
periodic network structures formed by the self-assembly between metal ions/metal clusters
and organic ligands [66]. By modifying linkers employing functional groups, highly
porous structures with remarkable surface areas could be obtained with tuned surface
structures [67]. MOFs were first discovered in the mid-1990′s by Omar Yaghi, and the
invention of novel MOFs promised long-lived influence in the areas of chemistry, physics,
biology, and the material sciences, particularly used extensively in photocatalysis due
to their high surface area, adjustable porosity and pore volume [67–69]. Thus, MOFs
promise to be highly-effective materials for the photocatalytic degradation of antibiotics in
a solution [66,70]. Although various MOF-based materials have been utilized to remove
antibiotics, the development of more efficient degradation agents remains a key problem
facing more active MOF-based photocatalytic degradation materials with more active sites
and large surface areas with group functionalization [66,67]. According to the previous
report, the organic linker serves as the VB, while the metallic cluster acts as CB. Under
exposure to light, MOFs behave like semiconductors, and can thus be deemed as a potential
photocatalyst for highly effective degradation of antibiotics due to their superior high
thermal and mechanical stability and their excellent structural characteristics [66].

4.5. Graphitic Carbon Nitrides-Based Photocatalysts

Graphitic carbon nitride (g-C3N4), a new class of polymeric semiconducting material,
is another kind of promising material for photo-driven catalytic applications [26,71]. On
one hand, the past report implied that the g-C3N4 has a bandgap of around 2.7 eV, and the
CB–VB can also meet the requirement of overall water splitting, as demonstrated in Figure 5,
which made it more popular for photocatalytic water splitting in the past decades [72].
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photoproduced electrons and holes due to the excellent capacity of electron capture by 
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Ciprofloxacin is a second-generation fluoroquinolone antibiotic used to kill bacteria 
to prevent severe infection [77]. The chemical structure of ciprofloxacin is exhibited in 
Figure 6a [1]. Notably, ciprofloxacin dominates 73% of the total consumption, with a 
daily dose between 0.39 and 1.8 per 1000 patients, and has a broad antimicrobial spec-
trum that has impact on the DNA gyrase and topoisomerase IV of various Gram-positive 
and Gram-negative bacteria, thus preventing cell replication [78,79]. It has been consid-
ered a good therapy for treating digestive infections, complicated urinary tract infections, 
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Figure 5. Crystal structure and optical properties of graphitic carbon nitride: (a) Schematic diagram
of a perfect graphitic carbon nitride sheet constructed from melem units, (b) Experimental XRD
pattern of the polymeric carbon nitride, revealing a graphitic structure with an interplanar stacking
distance of aromatic units of 0.326 nm and (c) Ultraviolet-visible diffuse reflectance spectrum of the
polymeric carbon nitride. Inset: Photograph of the photocatalyst. (Reproduced with permission
from [72], copyright 2009, Springer Nature).

On the other hand, g-C3N4 can also be used for the photocatalytic degradation of an-
tibiotic pollutants under visible light. However, pure g-C3N4 exhibited a low degradation
rate due to negative position, resulting in a weak oxidation ability [26,73,74]. Therefore,
surface modification is necessary to overcome these limitations [26]. Researchers found
that doping with noble metal ions optimized the photocatalytic performance according to
several reports in the literature as a result of the higher separation of the photoproduced
electrons and holes due to the excellent capacity of electron capture by the noble metallic
ions [26,75]. A great deal of research is ongoing regarding g-C3N4 modification for fabri-
cating and designing nanomaterials with different properties in order to obtain the best
possible photocatalytic performance for the removal of antibiotics [76].

5. Recent Advances in Photocatalytic Degradation of Antibiotics
5.1. Photocatalytic Degradation of Ciprofloxacin

Ciprofloxacin is a second-generation fluoroquinolone antibiotic used to kill bacteria
to prevent severe infection [77]. The chemical structure of ciprofloxacin is exhibited in
Figure 6a [1]. Notably, ciprofloxacin dominates 73% of the total consumption, with a
daily dose between 0.39 and 1.8 per 1000 patients, and has a broad antimicrobial spectrum
that has impact on the DNA gyrase and topoisomerase IV of various Gram-positive and
Gram-negative bacteria, thus preventing cell replication [78,79]. It has been considered a
good therapy for treating digestive infections, complicated urinary tract infections, sexually
transmitted diseases, pulmonary diseases, and skin infections. However, the presence of
ciprofloxacin limits photosynthetic pathways and even leads to morphological deformities
in higher plants. It also leads to severe damage to human health [78]. In the past, vari-
ous studies reported the use of modified photocatalysts to meet the demand for higher
photocatalytic efficiency in the degradation of ciprofloxacin [80].
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Yu et al. [80] prepared Zn-doped Cu2O particles by a solvothermal method to achieve
photocatalytic degradation of ciprofloxacin. The photocatalytic results demonstrated that
Zn-doped Cu2O has better photocatalytic performance and reusability compared to the
undoped Cu2O. 94.6% of ciprofloxacin was degraded in presence of Zn-doped Cu2O, even
after 5 cycles, the degradation percentage still remains 91% due to the significantly en-
hanced absorption intensity in the visible light range, and the increased band gap than
that of the undoped Cu2O (Figure 7a,b). In addition, a novel Z-scheme CeO2–Ag/AgBr
photocatalyst was fabricated by Malakootian et al. [77] using in situ interspersals of AgBr
on CeO2 for subsequent photoreduction process. The results also exhibited largely en-
hanced photocatalytic activity for the photodegradation of ciprofloxacin under visible light
irradiation due to the faster interfacial charge transfer process and the largely enhanced
separation of the photogenerated electron-hole pairs. Furthermore, Pattnaik et al. [81]
adopted exfoliated graphitic carbon nitride into photocatalytic degradation of ciprofloxacin
under solar irradiation and catalytic data have shown that photocatalytic activities of
g-C3N4 have enhanced after its exfoliation because of its efficient charge separation, low
recombination of photogenerated charge carriers and high surface area. They found that
1 g/L exfoliated nano g-C3N4 can degrade up to 78% of a 20 ppm solution exposed to solar
light for lasted 1 h (Figure 7c,d).
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5.2. Photocatalytic Degradation of Tetracycline

Tetracyclines are a series of broad-spectrum antibiotics that were first adopted in 1940,
and their structures are shown in Figure 6b [1,82]. All tetracyclines have anti-inflammatory
and immunosuppressive effects, and were previously used to treat rheumatism [83]. Due to
the additional effect of tetracyclines against lipases and collagenases, these antibiotics were
also initially used for the intrapleural treatment of malignant effusions [84,85]. Although
tetracycline plays a significant role in medicine, the existence of tetracycline in aquatic
media is of great concern because of its ecological impact, including carcinogenicity and
toxicity to the environment [84,85]. A number of studies related to the removal or degrada-
tion of tetracycline through the use of different photocatalytic materials have been reported
in past years [86]. For example, a novel TiO2/g-C3N4 core-shell quantum heterojunction
prepared by a feasible strategy of polymerizing the quantum trick graphitic carbon nitride
(g-C3N4) onto the surface of anatase titanium dioxide nanosheets was put forward by
Wang et al. to be employed as a tetracycline degradation photocatalyst, and this catalyst
exhibited the highest tetracycline degradation rate: 2.2 mg/min, which is 36% higher than
that of the TiO2/g-C3N4 mixture, 2 times higher than that of TiO2, and 2.3 times higher than
that of bulk g-C3N4 (Figure 8a,b) [87]. Moreover, Wang et al. synthesized a novel C–N–S
tri-doped TiO2 using a facile and cost-effective sol–gel method with titanium butoxide as
titanium precursor and thiourea as the dopant source, which can be used for photocatalytic
degradation of tetracycline under visible light [86]. The catalytic results exhibited the
highest photocatalytic degradation efficiency of tetracycline under visible light irradia-
tion which is associated with the synergistic effects of tetracycline adsorption due to its
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high surface area, narrow band gap causing C–N–S tri-doping, presence of carbonaceous
species functioning as a photosensitizer, and well-organized anatase phase. Additionally,
Chen et al. synthesized a novel heterostructured photocatalyst AgI/BiVO4 by an in situ
precipitation procedure, and the results exhibited excellent photoactivity for tetracycline
decomposition under visible light irradiation, the tetracycline molecules were apparently
eliminated (94.91%) within 60 min, and degradation efficiency was remarkably superior
to those of bare BiVO4 (62.68%) and AgI (75.43%) under same experimental conditions
(Figure 8c,d) [88].
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5.3. Photocatalytic Degradation of Norfloxacin

Norfloxacin is another antibiotic within the fluro-quinolones group, and is widely
used for curing urinary tract infections [89]. Figure 6c indicates the chemical structure of
norfloxacin [1]. Currently, the presence of norfloxacin in wastewater (especially in hospitals)
contains high concentrations and is deemed to be one of the potential pollutants in the
aquatic environment. In the past few years, fluoroquinolone antibiotics have triggered
tremendous concern due to their widespread use and environmental toxicity [89,90]. There
are several reports on the degradation of norfloxacin by photocatalysis using different
materials [91]. Sayed et al. [92] prepared a novel immobilized TiO2/Ti film with exposed
{001} facets via a facile one-pot hydrothermal route to use in the degradation of norfloxacin
from aqueous media, and the experimental results demonstrated excellent photocatalytic
performance toward the degradation of norfloxacin in various water matrices, with the

79



Int. J. Mol. Sci. 2022, 23, 8130

observation that •OH is mainly involved in the photocatalytic degradation of norfloxacin
by {001} faceted TiO2/Ti film (Figure 9a). Additionally, Tang et al. [93] realized excellent
visible-light-driven photocatalytic performance for the degradation of norfloxacin by an
as-prepared novel Z-scheme Ag/FeTiO3/Ag/BiFeO3 using a sol–gel method followed
by a photo-reduction process. The results showed the photocatalytic degradation extent
reaches 96.5% within 150 min when using Ag/FeTiO3/Ag/BiFeO3 at 2.0 wt.% Ag (FeTiO3:
BiFeO3 = 1.0:0.5) which can be reused with excellent photocatalytic stability (Figure 9b–d).
Moreover, Lv et al. [94] synthesized copper-doped bismuth oxybromide (Cu-doped BiOBr)
using a solvothermal method, and assessed their ability to degrade norfloxacin under
visible light. The as-prepared Cu-doped BiOBr showed high activity with a photocatalytic
degradation constant of 0.64 ×10−2 min−1 in the photocatalytic degradation of norfloxacin
under visible-light irradiation due to its enhanced light-harvesting properties, enhanced
charge separation, and interfacial charge transfer, as well as a retention of 95% of its initial
activity, even after 5 constant catalytic cycles. Similarly, Bi2WO6, another bismuth-based
catalyst, was put forward by Tang et al. [95] and applied to the photodegradation of
norfloxacin in a nonionic surfactant Triton-X100 (TX100)/Bi2WO6 dispersion under visible
light irradiation. The results found that the degradation of barely insoluble norfloxacin
could be strongly enhanced with the addition of TX100. TX100 was adsorbed strongly
on the Bi2WO6 surface and promoted norfloxacin photodegradation at the critical micelle
concentration (CMC = 0.25 mM).
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significant impact on amoxicillin degradation (Figure 10a) [97]. The efficiency of amoxi-
cillin degradation collection was measured to be more than 99% at specific conditions, 
including a pH of 6, a GO/TiO2 dosage of 0.4 g/L, an amoxicillin concentration of 50 mg/L, 
and an intensity of 36 W. Additionally, Mirzaei et al. [98] synthesized a new fluorinated 
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(Reproduced with permission from [93], copyright 2018, Elsevier).
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5.4. Photocatalytic Degradation of Amoxicillin

Amoxicillin is a penicillin-type antibiotic medicine extensively used for the treatment
of various bacterial infections such as dental infections, chest infections, and other infections
(ear, throat, and sinus). Figure 6d exhibits the chemical structure of amoxicillin [1]. However,
amoxicillin in water or in the ecological environment is considered an emerging pollutant
because it can cause several health effects to aquatic life in the presence of solved molecules
in water [16]. There are some reports regarding the use of different photocatalytic materials
to degrade amoxicillin [96]. For instance, the photocatalytic degradation of amoxicillin
by as-prepared titanium dioxide nanoparticles loaded on graphene oxide (GO/TiO2) by
the chemical hydrothermal method was evaluated under UV light by Balarak et al., and
the experimental data exhibited that key indexes such as initial pH, GO/TiO2 dosage, UV
intensity, and initial amoxicillin concentration all had a significant impact on amoxicillin
degradation (Figure 10a) [97]. The efficiency of amoxicillin degradation collection was
measured to be more than 99% at specific conditions, including a pH of 6, a GO/TiO2 dosage
of 0.4 g/L, an amoxicillin concentration of 50 mg/L, and an intensity of 36 W. Additionally,
Mirzaei et al. [98] synthesized a new fluorinated graphite carbon nitride photocatalyst with
magnetic properties by a gentle hydrothermal method that can be used for the degradation
of amoxicillin in water. Compared to the bulk g-C3N4, magnetic fluorinated Fe3O4/g-C3N4
with a high specific surface area (243 m2g−1) resulted in improved photocatalytic activity
regarding amoxicillin degradation and the mineralization of the solution. Furthermore,
Huang et al. [99] also prepared novel carbon-rich g-C3N4 nanosheets with large surface
areas by a facile thermal polymerization method, which displayed superior photocatalytic
activity for amoxicillin degradation under solar light (Figure 10b–d). Meanwhile, the
catalyst showed high stability and amoxicillin degradation ability under various media
conditions, indicating its high applicability for amoxicillin treatment.

Int. J. Mol. Sci. 2022, 23, x FOR PEER REVIEW 14 of 20 
 

 

and the mineralization of the solution. Furthermore, Huang et al. [99] also prepared 
novel carbon-rich g-C3N4 nanosheets with large surface areas by a facile thermal 
polymerization method, which displayed superior photocatalytic activity for amoxicillin 
degradation under solar light (Figure 10b–d). Meanwhile, the catalyst showed high sta-
bility and amoxicillin degradation ability under various media conditions, indicating its 
high applicability for amoxicillin treatment. 

 
Figure 10. (a) Possible mechanism of amoxicillin degradation at GO/TiO2 surface. (Reproduced 
with permission from [97], copyright 2021, Springer Nature). Photocatalytic degradation kinetics of 
amoxicillin by the synthesized materials under (b) visible light and (c) simulate solar light. (d) 
amoxicillin degradation rate constants under solar and visible light. (Reproduced with permission 
from [99], copyright 2021, Elsevier). 

Finally, we list a table to compare the different photocatalysts discussed above, and 
note that the information in Table 1 shows most of the catalysts can easily and effectively 
remove the antibiotic contaminations within 2 h with relatively high degradation effi-
ciency, which fully proves the superiority of rapid and effective antibiotic removal by 
photodegradation. 

Table 1. Comparison of the photocatalytic activity of different photocatalysts for antibiotic degra-
dation. 

Antibiotic Catalyst Results Degradation Mechanism Ref. 

Ciprofloxacin Zn-doped Cu2O 94.6% Ciprofloxacindegraded in 240 min 
Mechanism by the •OH 

radical and h+ 
[80] 

Ciprofloxacin Exfoliated g-C3N4 78% Ciprofloxacindegraded in 60 min 
Mechanism by the •O2− 

radical and h+ 
[81] 

Tetracycline 
Heterostructured 

AgI/BiVO4 
94.91% Tetracycline degraded in 60 min 

Mechanism by the •OH, 
•O2-radical and h+ 

[88] 

Tetracycline 
Heterostructured 

TiO2/g-C3N4 
100 mg TiO2/g-C3N4can decompose 2 mg Tet-

racycline in 9 min (2.2 mg/min) 
Mechanism by the •O2− 

radical and h+ 
[87] 

Figure 10. (a) Possible mechanism of amoxicillin degradation at GO/TiO2 surface. (Reproduced with
permission from [97], copyright 2021, Springer Nature). Photocatalytic degradation kinetics of amoxi-
cillin by the synthesized materials under (b) visible light and (c) simulate solar light. (d) amoxicillin
degradation rate constants under solar and visible light. (Reproduced with permission from [99],
copyright 2021, Elsevier).
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Finally, we list a table to compare the different photocatalysts discussed above, and
note that the information in Table 1 shows most of the catalysts can easily and effectively
remove the antibiotic contaminations within 2 h with relatively high degradation effi-
ciency, which fully proves the superiority of rapid and effective antibiotic removal by
photodegradation.

Table 1. Comparison of the photocatalytic activity of different photocatalysts for antibiotic degradation.

Antibiotic Catalyst Results Degradation Mechanism Ref.

Ciprofloxacin Zn-doped Cu2O 94.6% Ciprofloxacindegraded in 240 min Mechanism by the •OH radical and h+ [80]
Ciprofloxacin Exfoliated g-C3N4 78% Ciprofloxacindegraded in 60 min Mechanism by the •O2

− radical and h+ [81]
Tetracycline Heterostructured AgI/BiVO4 94.91% Tetracycline degraded in 60 min Mechanism by the •OH, •O2

-radical and h+ [88]

Tetracycline Heterostructured TiO2/g-C3N4
100 mg TiO2/g-C3N4can decompose

2 mg Tetracycline in 9 min (2.2 mg/min) Mechanism by the •O2
− radical and h+ [87]

Tetracycline C–N–S-TiO2 >99% Tetracycline degraded in 360 min Mechanism by the •O2
− radical and h+ [86]

Norfloxacin Cu-doped BiOBr 96.5% Norfloxacin degraded in 150 min Mechanism by the h+ [94]

Norfloxacin Z-scheme
Ag/FeTiO3/Ag/BiFeO3

Photocatalytic degradation rate of
Norfloxacin is 0.64 × 10−2 min−1 Mechanism by the •OH radical and h+ [93]

Amoxicillin Graphene Oxide/TiO2 91.25% Amoxicillin degraded in 60 min Mechanism by the h+ [97]

Amoxicillin Carbon-rich g-C3N4 nanosheets
Photocatalytic degradation rate of
Amoxicillin is 0.47 × 10−2 min−1 Mechanism by the •O2

− radical [99]

6. Conclusions and Future Perspective

In this review, the photocatalytic degradation of antibiotics was summarized. Firstly,
the mechanism of photocatalytic degradation of antibiotics depending on the formation of
free radicals and active oxygen species, and the consequences of antibiotics in wastewater
on the environment and human health were reviewed. Some widely used antibiotics were
then analyzed, and a number of commonly used photocatalysts were introduced. Het-
eroatom doping is generally used as a strategy to enhance the photocatalytic performance
of a photocatalyst, particularly metal atoms as dopants. However, it should be noted that
metal dopants could serve as recombination centers at higher concentrations, which can
reduce the efficiency of a photocatalyst. Consequently, future research should also focus
on other options, including doping with non-metals such as nitrogen, boron, sulfur, and
phosphorus. Meanwhile, the formation of a heterojunction with other semiconductors
can also play a significant role in the modification of photocatalysts on the degradation of
antibiotics due to other semiconductors possibly serving as photosensitizers while simulta-
neously inhibiting electron-hole recombination. Thus, these methods can achieve visible
light-driven photocatalysts with enhanced photocatalytic activity by narrowing the band
gap of the photocatalyst or by increasing the activity of charge separation.

Physicochemical properties such as morphology and surface areas are also very critical
factors in the performance of catalysts during photodegradation studies. As mentioned
above, further studying photocatalysts with different morphologies and surface areas can ef-
fectively enhance the performance of catalysts. Furthermore, the degradation pathway also
provides a clear introduction to the fate and transformation of antibiotics during the photo-
catalytic degradation process. Thus, exploring the photocatalytic degradation mechanism
at the atomic level is also necessary for accelerating the efficiency of antibiotic degradation.

The utilization of solar radiation and visible light sources to activate photocatalysts
during the photodegradation of antibiotics such as ciprofloxacin, tetracycline, norfloxacin,
and amoxicillin is still limited. Therefore, the exploration and development of photodegra-
dation induced by UV light sources are still in urgent demand.

Firstly, in the long term, although the removal rate of antibiotics is still being opti-
mized, the removal rate of the chemical oxygen demand is still relatively high during the
degradation of antibiotics by photocatalysts, and thus it confirms that the mineralization
degree of antibiotics needs to be optimal. There are many intermediates during the process
of photodegradation, therefore a deep study into intermediates is also critical for improving
the performance of catalysts. Secondly, most experiments involve regular and constant
stirring to prevent the agglomeration of materials in media during the degradation of
antibiotics by photocatalysts, which requires additional energy consumption. Thirdly, the
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problems of antibiotics are not only induced by water quality but also by the accumulation
of antibiotics in water, which lead to the generation of microbial resistance genes. There is
currently still a lack of research on photocatalysts’ limited resistance genes. Finally, The
recycling ability of a photocatalyst is a significant index for evaluating its cost-effectiveness
and feasibility for practical application in the degradation of antibiotics. To minimize any
possible waste, the design of photocatalysts with quasi-same photoactivity during each
cycle is preferred. Also, it is important to design photocatalysts that are easier to separate
and recycle in order not to avoid losing any worthy materials during the photocatalytic
reaction. Thus, the separation of photocatalysts from the aqueous phase is crucial from an
economic standpoint. It is noted that the operating cost of a photocatalytic reaction mainly
originates from its being a single-use photocatalyst, unable to be recycled. Regarding the
repetitive usage of photocatalysts, deep research on how to sustainably use recyclable
photocatalysts for antibiotic degradation is still urgently needed.
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Abstract: Electrochemical CO2 reduction (CO2RR) to produce high value-added chemicals or fuels is
a promising technology to address the greenhouse effect and energy challenges. Formate is a desirable
product of CO2RR with great economic value. Here, nitrogen-doped bismuth nanosheets (N-BiNSs)
were prepared by a facile one-step method. The N-BiNSs were used as efficient electrocatalysts for
CO2RR with selective formate production. The N-BiNSs exhibited a high formate Faradic efficiency
(FEformate) of 95.25% at −0.95 V (vs. RHE) with a stable current density of 33.63 mA cm−2 in
0.5 M KHCO3. Moreover, the N-BiNSs for CO2RR yielded a large current density (300 mA cm−2) for
formate production in a flow-cell measurement, achieving the commercial requirement. The FEformate

of 90% can maintain stability for 14 h of electrolysis. Nitrogen doping could induce charge transfer
from the N atom to the Bi atom, thus modulating the electronic structure of N-Bi nanosheets. DFT
results demonstrated the N-BiNSs reduced the adsorption energy of the *OCHO intermediate and
promoted the mass transfer of charges, thereby improving the CO2RR with high FEformate. This study
provides a valuable strategy to enhance the catalytic performance of bismuth-based catalysts for
CO2RR by using a nitrogen-doping strategy.

Keywords: electrocatalysis; electronic structure; flow cell; large current density

1. Introduction

With rapid economic development and the extensive use of fossil fuels, carbon dioxide
(CO2) in the atmosphere continues to increase. Excessive amounts of CO2 emissions will
cause severe global warming and sea levels to rise. Therefore, the necessary measures
to reduce the environmental impact of CO2 are of great importance. Among the various
existing CO2 conversion technologies, the electrochemical CO2 reduction reaction (CO2RR)
is a prospective strategy to produce fuels or value-added chemicals. Electrochemical
CO2RR can convert CO2 into CO [1], formate [2], methanol [3], ethanol [4,5], and hydrocar-
bons [6–8] under room temperature and atmospheric pressure. Among the CO2 reduction
products, formate has attracted great interest because of its commercial value. Mainly,
formate is an essential feedstock for the pharmaceutical and chemical industries. Therefore,
it is significant to develop an efficient way to produce formate.

The practical application of electrochemical CO2RR to formate production is con-
strained owing to the following factors, such as high overpotential, colossal cost, low
selectivity, and poor stability [9]. In addition, since electrochemical CO2RR usually occurs
in an aqueous solution, it will be accompanied by a hydrogen evolution reaction (HER),
resulting in low Faradaic efficiency (FE) of the product. So far, many metal-based catalysts,
including Pb [10], In [11], Sb [12,13], Sn [14], Co [15], Cu [16,17], Bi [18], and Pd [19] were
designed and developed to improve the efficiency and selectivity of CO2RR to produce
the formate in an aqueous solution. Bi-based catalysts are popular because of the selective
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production of formate, low cost, and ability to inhibit the occurrence of adverse reaction
HER in an aqueous solution [20]. In addition, Bi-based catalysts tend to stabilize *OCHO,
an essential intermediate in formate formation [21]. However, the catalytic efficiency and
selectivity of Bi-based nanomaterials are far from meeting the requirements of CO2RR [22].
Therefore, there is an urgent need to develop effective and straightforward pathways to
improve catalytic efficiency and selectivity. As demonstrated recently, plenty of studies
have exhibited that the properties of CO2RR were improved by changing the structure of
the catalyst, such as size and morphology [23–25]. Two-dimensional (2D) nanostructures
with high conductivity and abundant active sites have been extensively studied as potential
electrocatalysts, which hold a key to enhanced CO2RR activity [26,27]. Meanwhile, the
FE of target products was improved via surface modification, doping hetero-atoms, and
defects [28,29]. Especially for doping hetero-atoms, such as N, S, or O, this tactic would
optimize the electronic structure of the catalyst and provide more active sites. For instance,
Wu et al. [30] used this strategy to prepare the nitrogen-doped Sn(S) nanosheets. It can
reach the highest FE of formate of 93.3% at −0.7 V versus reversible hydrogen electrode
(vs. RHE). Liu et al. [31] prepared a Bi2O3-NGQDs catalyst and achieved the FE of formate
was nearly 100% at −0.71 V (vs. RHE). Besides, Kang et al. [32] prepared nitrogen-doped
SnO2/C material that could enhance electrocatalytic CO2RR activity, showing high FE
(90%) for formate at –0.65 V vs. RHE. Therefore, doping hetero-atoms can increase the
amounts of active sites and optimize the electronic structure to achieve high formate current
density and selectivity.

Herein, we developed a one-step activation and nitrogen-doping combination method
using bismuth citrate as the Bi precursor, and the combination of Ca(OH)2 and NH4Cl
as an activator and a nitrogen source to prepare the nitrogen-doped bismuth nanosheets
(N-BiNSs). The N-BiNSs can be used to electrocatalyze CO2RR to produce formate with
high efficiency. N-doping improved the electrical conductivity, which will make up for
the poor conductivity of bismuth-based materials. The theoretical study shows that the
outstanding selectivity could be attributed to the change in the electronic structure of
bismuth after doping N atoms. At the same time, N-BiNSs reduced the adsorption energy
of *OCHO intermediate and promoted the mass transfer of charge. The optimal adsorp-
tion *OCHO intermediate promoted formate formation while inhibiting the CO product
pathway, thereby enhancing the selectivity of CO2RR for formate.

2. Results and Discussion
2.1. Morphology and Structure Analysis

In this work, nitrogen-doped bismuth nanosheets (N-BiNSs) were prepared by a
simple and rapid one-pot method. A series of N-BiNSs-X was successfully constructed
by adjusting the amount of Ca(OH)2 and NH4Cl in different proportions to provide an
activating agent and a nitrogen source (Figure 1). To study the phase composition of
N-BiNSs, the catalyst was determined by X-ray diffraction (XRD) measurement. It can be
drawn from the XRD pattern in Figure 2a, the N-BiNSs exhibited different peaks at 27.12◦,
37.95◦, and 39.62◦, which were indexed to the (012), (104), and (110) planes of tripartite
crystal system Bi (PDF#85-1329). Compared with BiNSs catalyst, the N-BiNSs had stronger
(110) and (012) crystal planes. The morphologies of the BiNSs and N-BiNSs were studied
by scanning electron microscopy (SEM), as shown in Supplementary Figure S1a,c and
Figure 2b. It can be seen that the BiNSs showed the stacked flakiness morphology of bulk Bi
(Supplementary Figure S1c), while the N-BiNSs showed a uniform 2D nanosheet structure
with a large thin layer area (Figure 2b). This 2D nanostructure was very beneficial for
increasing surface area and abundant active sites. Additionally, the transmission electron
microscopy (TEM) observations (Figure 2c) revealed the ultrathin feature of N-BiNSs.
These nanosheets were ubiquitously present. Besides, the high-resolution transmission
microscopic (HRTEM) images of N-BiNSs display a lattice spacing of about 0.272 nm that
corresponds to the (110) crystal plane of the tripartite crystal system Bi. The lattice band
gap of the material was very uniform. As shown in Figure 2e, the high-angle annular dark
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field scanning TEM (HAADF-STEM) images also exhibited the morphology of nanosheets.
Moreover, the N-BiNSs structure was confirmed again by the dispersive energy X-ray (EDX)
elemental mapping. The Bi (red) and N (green) elements were well distributed on the
whole surface of N-BiNSs (Figure 2f–h). Meanwhile, the EDS elemental mapping and line
scan (Supplementary Figure S1b) were first recorded to demonstrate Bi and N distribution
on N-Bi nanosheets accompanied by a disparate atomic ratio of 97.85% (Bi) and 2.85% (N).
The above results suggested that nitrogen had been triumphantly incorporated into the
BiNSs catalyst.
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X-ray photoelectron spectroscopy (XPS) was also used to characterize the surface
chemical constituents of the specimens and the valence state of the nanomaterials. The
position of the C(sp2) peak in the C1s spectrum was taken as the reference value of 284.8 eV,
and the obtained XPS spectrum was calibrated. Figure 3a,b reveals the detailed Bi 4f spectra
by comparing the XPS spectra of BiNSs and N-BiNSs. For the BiNSs catalyst, binding
energies at 165 eV and 159.6 eV were belong to the Bi3+ 4f5/2 and 4f7/2 [23], respectively.
However, binding energies for Bi3+ 4f5/2 and 4f7/2 in N-BiNSs shifted to 164.5 and 159.11 eV,
respectively. These could be caused by the charge transfer from the N to the Bi atom, thus
optimizing the electronic structure of N-BiNSs. Furthermore, the N1s peaks of N-BiNSs
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can be split into three peaks (Figure 3c), pyridinic-N (397.6 eV), N-oxidized (404.6 eV), and
Nitrate (405.4 eV) [12,33–35], respectively. XPS analyses showed that the atomic ratio of
N was 0.41% and pyridinic N accounted for the largest proportion, it indicated that the N
element was doped successfully in BiNSs.
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2.2. Electrocatalytic Perfomance

To estimate the CO2 reduction performance of BiNSs, N-BiNSs, N-BiNSs-1, and N-
BiNSs-2, the catalytic reactions are applied in a proton exchange membrane (PEM) sep-
arated two-compartment cell. Linear sweep voltammetry (LSV) curves (Supplementary
Figure S3) of N-BiNSs were measured in both CO2-saturated and Ar-saturated 0.5 M
KHCO3 electrolytes. The N-BiNSs catalyst exhibited a larger current in the CO2-saturated
electrolyte than in N2. The current density increases sharply from −0.6 V (vs. RHE),
reaching about 30 mA cm−2 at −0.8 V (vs. RHE) to about 50 mA cm−2 at −1.2 V (vs. RHE).
The polarization curves stated that the catalyst has higher activity to CO2RR. Meanwhile,
the LSV curves (Figure 4a) were tested in the CO2-saturated 0.5 M KHCO3 electrolyte.
Strikingly, for the N-BiNSs catalyst, the current density in the CO2-saturated atmosphere
was higher than the BiNSs catalysts, indicating the introduction of N could improve the
electrocatalytic activity of Bi on CO2RR. Moreover, comparing the three samples with
different N doping amounts, the N-BiNSs show the highest current with the optimized
Nitrogen amount of 2.85%.

To evaluate the selectivity of CO2RR, electrolysis was performed in a CO2-saturated
0.5 M KHCO3 aqueous solution at various applied potentials. The gaseous and liquid
products were quantitatively analyzed via gas chromatography (GC) and ion chromatog-
raphy (IC) (Supplementary Figure S2), respectively. As shown in Figure 4b, the FEformate
of N-BiNSs was higher than BiNSs, N-BiNSs-1, and N-BiNSs-2 at all applied potentials.
To investigate the catalytic activity of N-BiNSs, the CO2RR was carried out at different
potentials between −0.4 V and −1.3 V (vs. RHE). As the applied potential changes, the FE
of the CO2RR products was displayed in Figure 4c. The N-BiNSs also showed that formate
was the main product of CO2RR. The FE value of CO was lower than 20% in the whole
potential window, and the FE value of H2 decreased significantly from 60% at −0.5 V to
2–3% at −1.0 V (vs. RHE), the FEformate at −0.95 V (vs. RHE) was 95.25%. In contrast, for
the BiNSs without nitrogen element, as shown in Supplementary Figure S4a, the FE values
of formate, CO, and H2 at −0.95 V (vs. RHE) were 81.54%, 3.09%, and 10.56%, respectively.
This indicated that the nitrogen-doped bismuth catalyst was beneficial to improve the se-
lectivity of formate. Meanwhile, in the N-BiNSs-1 catalyst with a small amount of nitrogen,
the FEformate could reach 88.94% at −0.95 V (vs. RHE) in Supplementary Figure S4b. For the
catalyst N-BiNSs-2 with a higher amount of doping nitrogen, the maximum FE of formate
in the H-shaped cell reached 78.63% in Supplementary Figure S4c. It could be concluded
that varying N doping amounts lead to the formation of different catalyst morphologies,
resulting in different activities. Supplementary Figure S4d showed the constant potential
electrolysis of CO2 under a series of potentials. The stable current density showed that
the N-BiNSs catalyst had good electrochemical stability in the CO2RR test. Furthermore,
the formate partial current densities (jformate) of the N-BiNSs were measured in the whole
potential region in Figure 4d, with a maximum value of jformate = 45 mA cm−2 at −1.2 V
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(vs. RHE). To better understand the activity and kinetics of N-BiNSs materials for CO2RR,
the Tafel diagram of the catalyst was obtained in the low current density area. In Supple-
mentary Figure S5a, the slope value obtained by the N-BiNSs catalyst was 184.13 mV dec−1,
indicating that the electron transfer rate of this catalyst was relatively fast, thus facilitating
the adsorption and desorption of CO2* intermediate on the N-BiNSs catalyst surface [36].
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voltammetry curves in 0.5 M KHCO3 aqueous solutions with saturated gases CO2, sweeping speed
of 5 mV s−1; (b) the product FEformate at different applied potentials; (c) corresponding FE of N-
BiNSs at various potentials; (d) the N-BiNSs of jformate recorded at different potentials in 0.5 M
KHCO3; (e) the BiNSs and N-BiNSs the relationship between charge current density difference (∆J)
and scanning rate; (f) stability test of N-BiNSs in the H-type electrolytic cell and Faraday efficiency
test of formate production.

More importantly, the CO2RR activity was also related to the electrochemical active
surface area (ECSA) of the catalyst. To evaluate the ECSA of BiNSs, N-BiNSs, N-BiNSs-
1, and N-BiNSs-2, the double-layer capacitance (Cdl) was calculated. According to the
cyclic voltammograms (CVs) of BiNSs, N-BiNSs, N-BiNSs-1, and N-BiNSs-2 at different
sweep speeds in the potential region of 0.12 V–0.22 V (vs. RHE) (Supplementary Figure
S6a–d). It can be seen from Figure 4e and Supplementary Figure S5c that the capacitance
values of BiNSs, N-BiNSs, N-BiNSs-1, and N-BiNSs-2 were 0.43 mF cm−2, 22.2 mF cm−2,
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0.56 mF cm−2, and 0.075 mF cm−2, respectively. These results indicated that the Cdl of
N-BiNSs electrocatalyst was highest, which can provide abundant catalytic active sites for
increasing the electrocatalytic performance of CO2RR. At the same time, we measured the
impedance of some different catalysts at open circuit voltage and obtained the Nyquist
diagram (Supplementary Figure S5b) to explore the kinetic processes among the catalyst
interfaces. The N-BiNSs material corresponds to the most minor semicircle among the three.
The results showed that the interfacial charge could be transferred rapidly to improve the
catalytic activity in the reaction process, which was consistent with our inferred results.

We further studied the long-term durability of the material for CO2RR, as shown in
Figure 4f. The material was tested for electrolysis at −0.95 V (vs. RHE) for about 20 h, and
the FE of formate remained very stable, basically around 95%, indicating that the N-BiNSs
material had significant durability to CO2RR. A comparison of the performance of N-Bi
nanosheets in electrocatalytic CO2RR with other representative electrocatalysts is in the
literature (Supplementary Table S1). It was noteworthy that the N-BiNSs catalyst showed
the morphology of the nanosheets was maintained and became thinner after a period
of electrolysis process (Supplementary Figure S7a). The crystal shape of the nanosheets
remained after prolonged electrolysis (Supplementary Figure S7b). It was proved that the
catalyst had excellent morphology stability.

To eliminate CO2 mass transfer constraints in the H-cell and achieve a commercially
viable high current density (≈200 mA cm−2), a flow cell reactor was assembled using
catalysts coated on the gas diffusion layer, carbon paper of 2 × 3 cm size, and commercial
mercury oxide anion exchange membrane (Supplementary Figure S8). In this unit, carbon
dioxide gas can react at the gas-liquid-solid three-phase boundary. Peristaltic pumps
and gas-liquid mixed flow pumps are installed on the cathode and anode to remove
liquid or gas products, keeping the pH of the electrolyte constant and fully contacting
the electrode surface. Then, we systematically evaluated the CO2RR performance of the
N-BiNSs catalyst on a carbon-based gas diffusion layer (C-GDL) substrate, as shown in
Figure 5a,b. 1.0 M KOH aqueous solution was used as a flow-electrolyte. The alkaline
electrolyte not only effectively inhibits HER, but also effectively reduces the activation
energy barrier. Through the LSV curve, it can be displayed very clearly that the current
density of the catalyst has met the commercial requirements, as shown in Figure 5a. Notably,
the catalyst was maintained for more than 14 h at a high current density of ~300 mA cm−2

at a potential of −1.2 V (vs. RHE) in Figure 5b. The catalyst had significant durability at
high current density, with the average selectivity of the catalyst being about 89.30%. After
14 h of electrolysis, due to the existing structure of the flow tank, flooding, seepage, and
other problems occurred. Therefore, the optimization of the flow tank structure is still an
urgent problem to be solved.

The two-electrode electrolyzer was assembled by utilizing the N-BiNSs loaded car-
bon paper as a cathode for CO2RR and IrO2 loaded on carbon paper as an anode for
the oxygen evolution reaction (OER). As shown in Figure 5c, the polarization curve of
the N-BiNSs||IrO2 cell exhibits electrocatalytic performance, with a current density of
6.19 mA cm−2 at 3.0 V, capable of delivering 10 mA cm−2 at 3.4V. It was worth noting that
the initial current density was maintained at 6 mA cm−2. After 11 h of continuous reaction,
the current density was maintained at 5.4 mA cm−2, the current density decreased by about
9.3%, and the stability was pretty, as shown in Figure 5d. The OER electrocatalyst IrO2 may
also be replaced by non-noble metal-based materials [37].
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Figure 5. (a) The LSV curve in a flow cell under CO2 atmosphere; (b) Stability test of the material
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(c) Polarization curve of N-BiNSs||IrO2 couple in the two-electrode system; (d) Chronoamperometry
measurement of N-BiNSs||IrO2 couple at 3 V.

2.3. Catalytic Mechanisms Revealed by DFT Computations

All the above electrochemical performance studies proved that the N-BiNSs catalysts
had excellent activity and selectivity compared with pure BiNSs. In order to further explore
the reasons why the catalyst improves CO2RR activity and selectivity, and determine the
reaction mechanism of formate, the density functional theory (DFT) calculation was used
to simulate and compare the CO2RR pathway on N-BiNSs and BiNSs surfaces. Figure 6a,b
depicts the optimized adsorption geometries and their energy distributions for *OCHO
(intermediate to formate) on N-BiNSs and BiNSs surfaces, respectively. As shown in
Figure 6b, the total reaction pathway for the electrochemical reduction of CO2 to formate
was two protons, and two electrons were transferred through the *OCHO intermediate
and adsorbed by HCOOH (aq) [38]. Both N-BiNSs and BiNSs displayed a great energy
barrier for *OCHO formation, confirming the original proton-coupled electron transfer is
the potential limiting procedure [31] and that the optimally adsorbed *OCHO intermediate
promotes formate production. Obviously, on the N-BiNSs (012) surface, the calculated
Gibbs free energy ∆G for the formation of *OCHO was +0.36 eV, and the ∆G for the
formation of *OCHO from BiNSs was +0.65 eV. Thus, the N-Bi nanosheets had a more
negative Gibbs free energy than that of the Bi nanosheets site, indicating that *OCHO
formation and protonation were more spontaneous.
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3. Materials and Methods
3.1. Synthesis of Nitrogen-Doped Bismuth Nanosheets (N-BiNSs)

The synthesis method was improved according to the literature [39], and the synthesis
of the specific process was as follows. Firstly, 5 g of C6H5BiO7, 3.7 g of Ca(OH)2, and 5.4 g
of NH4Cl were weighed and placed in a sample vial the reagents were thoroughly mixed.
Then the mixed reagents were transferred to a porcelain boat and placed in a tube furnace.
Subsequently, the tube furnace was vacuumed, and N2 was pumped into it. The tube
furnace was activated at 450 ◦C for 1 h in the N2 atmosphere, and then the temperature
was increased to 800 ◦C for 2 h. During the whole synthesis process, the heating rate was
5 ◦C min−1 in the tube furnace. At the end of the reaction, the samples were cooled to room
temperature, the samples were first repeatedly cleared with 2.0 M hydrochloric acid (HCl),
and the inorganic salts of the samples were removed entirely. The samples were repeatedly
cleared with deionized water until the pH value was neutral. Finally, the samples were
dried under vacuum at 60 ◦C for 24 h. The samples were named nitrogen-doped bismuth
nanosheets (N-BiNSs). For comparison, samples prepared at different Ca(OH)2 and NH4Cl
were denoted as N-BiNSs-1 and N-BiNSs-2. The N-BiNSs-1 catalyst was prepared by
adding Ca(OH)2 (1.85 g) and NH4Cl (2.7 g), and the N-BiNSs-2 was prepared by adding
Ca(OH)2 (5.55 g) and NH4Cl (8.1 g). Moreover, the bismuth nanosheets (BiNSs) sample
was prepared on the basis of the same procedure as introduced above, but without added
Ca(OH)2 and NH4Cl.

3.2. Preparation of Working Electrode

Generally, 10 mg of as-prepared N-BiNSs-X were mixed with 600 µL of deionized
water, 350 µL ethanol, and 50 µL of Nafion D-521 dispersion within a 2 mL vial in an
ultrasonic bath for 2 h to become a homogeneous catalyst ink suspension; 10 µL of the
catalyst ink was dropped onto a carbon paper (1 mg cm−2), and the catalyst-covered
electrode was dried in a desiccator before use.

3.3. Electrochemical Measurements

In this work, all electrochemical properties were tested at an electrochemical work-
station (Shanghai Chenhua, CHI760E). The electrocatalytic CO2RR was performed in an
H-type electrolytic cell with the two chambers isolated by a Nafion 117 proton exchange
membrane to stop reoxidation of the cathode generated to the anode. The prepared cat-
alyst, the Ag/AgCl(saturated KCl), and the platinum sheet were used as the working
electrodes, reference electrodes, and counter electrodes, respectively. All potential values
were measured with Ag/AgCl and then converted to RHE. All electrode potentials were
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converted to electrode potentials relative to RHE by the Nernst equation: E (vs. RHE) = E
(vs. Ag/AgCl) + 0.0591 × pH + 0.222 V. Each electrode chamber contained 35 mL of 0.5 M
KHCO3 electrolyte. Before the test, the above electrolyte was continuously bubbled with
high-purity CO2 or N2 for at least 30 min to saturate the electrolyte with N2 (pH = 8.5) or
CO2 (pH = 7.2). The electrochemical reduction of CO2 on BiNSs and N-BiNSs-X electrodes
were performed in N2-saturated 0.5 M KHCO3 or CO2-saturated 0.5 M KHCO3 at ambient
temperature and pressure. Double-layer capacitance (Cdl) was obtained from cyclic voltam-
metry (CV) curves surveyed at unlike scan rates (10, 30, 50, 70, 90, 110, and 130 mV s−1) in
the scope of +0.12 V to +0.22 V (vs. RHE). Electrochemical impedance spectroscopy (EIS)
was employed to understand the charge mass transfer resistance in the electrocatalytic
CO2RR course. The frequency range was 10 kHz–1.0 Hz and the amplitude was 5 mV s−1.
The durability of the catalyst was obtained by using the current-time curve method (i-t). At
the end of each potential test, the liquid products generated at each potential were collected
and detected by ion chromatography.

3.4. Product Analysis

Faraday efficiency test method: Control potential electrolytic Coulomb method was
used for the CO2 saturated solution, and the electrolytic reduction products were analyzed
and calculated 0.5 h later. The flow rate of CO2 was mastered at 20 mL min−1 during
electrolysis. The liquid products after electrolysis were detected by ion chromatography
(AS-DV, Thermo Scientific, New York City, MA, USA). The Faraday efficiency (FE) of
liquid-phase products was calculated as follows:

FE =
NnF

Q
× 100%

where N is the number of electrons transferred, n is the total mole fraction of the gas
measured by gas chromatography, F is the Faraday constant (96,485 C mol−1), and Q is the
total electric charge passed through the electrode.

The gaseous products were quantified by gas chromatography (GC7900, Tianmei,
China), and the H2 and CO were detected by a thermal conductivity detector (TCD), and
flame ionization detector (FID), respectively, and ultra-pure N2 (>99.99%) was used as
carrier gas. The calculation method of Faraday efficiency (FE) was as follows:

FE =
n × C × v × F

Vm × j
× 100%

where ν is the gas flow rate of supplied CO2, C is the concentration of the gaseous product,
n is the number of electrons for producing a molecule of CO or H2, F is the Faraday constant
(96,485 C mol−1), Vm is the molar volume of gas at 298 K, j is the recorded current (A).

4. Conclusions

In summary, we successfully prepared nitrogen-doped bismuth nanosheets (N-BiNSs)
through a simple one-step activation and nitrogen-doping connective way. The N-Bi
nanosheets exhibited very high activity, selectivity, and stability for formate production to
BiNSs. The results showed that the selectivity of formate was 95.25% at −0.95 V (vs. RHE).
Meanwhile, the N-BiNSs catalyst also showed excellent stability, and no apparent catalyst
deactivation occurred after 20 h of electrolysis. Importantly, we also optimize the CO2RR
activity by flow-cell. The N-BiNSs catalyst possessed high durability at a current density
of 300 mA cm−2 at a potential of -1.2 V (vs. RHE), and the average FE of formate was
about 90.30%. The DFT simulation suggested that compared with other catalysts, N-
BiNSs had the active site to adsorb CO2 more easily. The free energy barrier for forming
the critical intermediate *OCHO was reduced by nitrogen doping. This electrocatalyst
with high catalytic activity, durability, and selectivity has great potential to improve the
technical and economic feasibility of CO2 to formate conversion. In addition, this study
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provides a reasonable catalyst design for CO2RR studies by proposing a simple method for
synthesizing nanostructured catalysts.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ijms232214485/s1. References [40–59] are cited in Supplementary
Materials.

Author Contributions: Conceptualization, J.P.; methodology, S.L., Y.K. and J.P.; formal analysis, S.L.,
Y.K. and C.M.; investigation, S.L., Y.K. and C.M.; resources, H.M. and J.P.; data curation, S.L., and
Y.K.; writing—original draft preparation, S.L., C.M., Y.P., H.M. and J.P.; writing—review and editing,
S.L., Y.P. and J.P.; visualization, S.L. and K.Y; project administration, J.P.; funding acquisition, Y.P. and
J.P. All authors have read and agreed to the published version of the manuscript.

Funding: This work was funded by the support from the National Natural Science Foundation
of China (No. 22262027), Ningxia leading scientific and technological innovation talents projects
(No. KJT2018002), Ningxia Natural Science Foundation (No. 2022AAC03103, 2022AAC03113), and
National First-rate Discipline Construction Project of Ningxia (NXYLXK2017A04). This paper was
also supported by College Students’ Innovative and Entrepreneurship Training Program of Ningxia
University (No. S202210749054).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: All data in this study can be found in public data bases and Supplementary
Materials, as described in the Material and Methods section (Section 3).

Conflicts of Interest: The authors declared that there was no competing financial interest.

References
1. Kumar, B.; Asadi, M.; Pisasale, D.; Sinha-Ray, S.; Rosen, B.A.; Haasch, R.; Abiade, J.; Yarin, A.L.; Salehi-Khojin, A. Renewable and

metal-free carbon nanofibre catalysts for carbon dioxide reduction. Nat. Commun. 2013, 4, 2819. [CrossRef]
2. Feng, X.; Zou, H.; Zheng, R.; Wei, W.; Wang, R.; Zou, W.; Lim, G.; Hong, J.; Duan, L.; Chen, H. Bi2O3/BiO2 Nanoheterojunction

for Highly Efficient Electrocatalytic CO2 Reduction to Formate. Nano Lett. 2022, 22, 1656–1664. [CrossRef] [PubMed]
3. Boutin, E.; Wang, M.; Lin, J.C.; Mesnage, M.; Mendoza, D.; Lassalle-Kaiser, B.; Hahn, C.; Jaramillo, T.F.; Robert, M. Aqueous

Electrochemical Reduction of Carbon Dioxide and Carbon Monoxide into Methanol with Cobalt Phthalocyanine. Angew. Chem.
Int. Ed. 2019, 58, 16172–16176. [CrossRef] [PubMed]

4. Guo, C.; Guo, Y.; Shi, Y.; Lan, X.; Wang, Y.; Yu, Y.; Zhang, B. Electrocatalytic Reduction of CO2 to Ethanol at Close to Theoretical
Potential via Engineering Abundant Electron-Donating Cu(delta+) Species. Angew. Chem. Int. Ed. 2022, 134, e202205909.
[CrossRef]

5. Liu, B.; Yao, X.; Zhang, Z.; Li, C.; Zhang, J.; Wang, P.; Zhao, J.; Guo, Y.; Sun, J.; Zhao, C. Synthesis of Cu2O Nanostructures
with Tunable Crystal Facets for Electrochemical CO2 Reduction to Alcohols. ACS Appl. Mater. Interfaces 2021, 13, 39165–39177.
[CrossRef]

6. Gao, Y.; Wu, Q.; Liang, X.; Wang, Z.; Zheng, Z.; Wang, P.; Liu, Y.; Dai, Y.; Whangbo, H.M.; Huang, B. Cu2O Nanoparticles with
Both {100} and {111} Facets for Enhancing the Selectivity and Activity of CO2 Electroreduction to Ethylene. Adv. Sci. 2020,
7, 1902820. [CrossRef]

7. Jung, H.; Lee, S.Y.; Lee, C.W.; Cho, M.K.; Won, D.H.; Kim, C.; Oh, H.S.; Min, B.K.; Hwang, Y.J. Electrochemical Fragmentation of
Cu2O Nanoparticles Enhancing Selective C-C Coupling from CO2 Reduction Reaction. J. Am. Chem. Soc. 2019, 141, 4624–4633.
[CrossRef]

8. Tan, X.; Yu, C.; Zhao, C.; Huang, H.; Yao, X.; Han, X.; Guo, W.; Cui, S.; Huang, H.; Qiu, J. Restructuring of Cu2O to Cu2O@Cu-
Metal-Organic Frameworks for Selective Electrochemical Reduction of CO2. ACS Appl. Mater. Interfaces 2019, 11, 9904–9910.
[CrossRef]

9. Wang, Y.-H.; Jiang, W.-J.; Yao, W.; Liu, Z.-L.; Liu, Z.; Yang, Y.; Gao, L.-Z. Advances in electrochemical reduction of carbon dioxide
to formate over bismuth-based catalysts. Rare Met. 2021, 40, 2327–2353. [CrossRef]

10. Pander, J.E.; Lum, J.W.J.; Yeo, B.S. The importance of morphology on the activity of lead cathodes for the reduction of carbon
dioxide to formate. J. Mater. Chem. A 2019, 7, 4093–4101. [CrossRef]

11. Yang, Y.; Fu, J.J.; Tang, T.; Niu, S.; Zhang, L.B.; Zhang, J.N.; Hu, J.S. Regulating surface In–O in In@ InOx core-shell nanoparticles
for boosting electrocatalytic CO2 reduction to formate. Chin. J. Catal. 2022, 43, 1674–1679. [CrossRef]

12. Jiang, Z.; Wang, T.; Pei, J.; Shang, H.; Zhou, D.; Li, H.; Dong, J.; Wang, Y.; Cao, R.; Zhuang, Z.; et al. Discovery of main group single
Sb–N4 active sites for CO2 electroreduction to formate with high efficiency. Energy Environ. Sci. 2020, 13, 2856–2863. [CrossRef]

98



Int. J. Mol. Sci. 2022, 23, 14485

13. Wen, G.; Lee, D.U.; Ren, B.; Hassan, F.M.; Jiang, G.; Cano, Z.P.; Gostick, J.; Croiset, E.; Bai, Z.; Yang, L.; et al. Orbital Interactions in
Bi-Sn Bimetallic Electrocatalysts for Highly Selective Electrochemical CO2 Reduction toward Formate Production. Adv. Energy
Mater. 2018, 8, 1802427. [CrossRef]

14. Cheng, Y.; Hou, J.; Kang, P. Integrated Capture and Electroreduction of Flue Gas CO2 to Formate Using Amine Functionalized
SnOx Nanoparticles. ACS Energy Lett. 2021, 6, 3352–3358. [CrossRef]

15. Gao, S.; Jiao, X.C.; Sun, Z.T.; Zhang, W.H.; Sun, Y.F.; Wang, C.M.; Hu, Q.T.; Zu, X.L.; Yang, F.; Yang, S.Y.; et al. Ultrathin Co3O4
layers realizing optimized CO2 electroreduction to formate. Angew. Chem. Int. Ed. 2016, 55, 698–702. [CrossRef] [PubMed]

16. Peng, L.; Wang, Y.; Wang, Y.; Xu, N.; Lou, W.; Liu, P.; Cai, D.; Huang, H.; Qiao, J. Separated growth of Bi-Cu bimetallic
electrocatalysts on defective copper foam for highly converting CO2 to formate with alkaline anion-exchange membrane beyond
KHCO3 electrolyte. Appl. Catal. B Environ. 2021, 288, 120003. [CrossRef]

17. Tao, Z.X.; Wu, Z.S.; Yuan, X.L.; Wu, Y.S.; Wang, H.L. Copper–gold interactions enhancing formate production from electrochemical
CO2 reduction. ACS Catal. 2019, 9, 10894–10898. [CrossRef]

18. Fan, J.; Zhao, X.; Mao, X.; Xu, J.; Han, N.; Yang, H.; Pan, B.; Li, Y.; Wang, L.; Li, Y. Large-Area Vertically Aligned Bismuthene
Nanosheet Arrays from Galvanic Replacement Reaction for Efficient Electrochemical CO2 Conversion. Adv. Mater. 2021,
33, e2100910. [CrossRef]

19. Xie, L.; Liu, X.; Huang, F.; Liang, J.; Liu, J.; Wang, T.; Yang, L.; Cao, R.; Li, Q. Regulating Pd-catalysis for electrocatalytic CO2
reduction to formate via intermetallic PdBi nanosheets. Chin. J. Catal. 2022, 43, 1680–1686. [CrossRef]

20. Han, N.; Wang, Y.; Yang, H.; Deng, J.; Wu, J.; Li, Y.; Li, Y. Ultrathin bismuth nanosheets from in situ topotactic transformation for
selective electrocatalytic CO2 reduction to formate. Nat. Commun. 2018, 9, 1320. [CrossRef]

21. Wu, J.; Yu, X.; He, H.; Yang, C.; Xia, D.; Wang, L.; Huang, J.; Zhao, N.; Tang, F.; Deng, L.; et al. Bismuth-Nanosheet-Based Catalysts
with a Reconstituted Bi0 Atom for Promoting the Electrocatalytic Reduction of CO2 to Formate. Ind. Eng. Chem. Res. 2022,
61, 12383–12391. [CrossRef]

22. Wu, Z.; Wu, H.; Cai, W.; Wen, Z.; Jia, B.; Wang, L.; Jin, W.; Ma, T. Engineering Bismuth-Tin Interface in Bimetallic Aerogel with a
3D Porous Structure for Highly Selective Electrocatalytic CO2 Reduction to HCOOH. Angew. Chem. Int. Ed. 2021, 60, 12554–12559.
[CrossRef] [PubMed]

23. Zhang, W.; Hu, Y.; Ma, L.; Zhu, G.; Zhao, P.; Xue, X.; Chen, R.; Yang, S.; Ma, J.; Liu, J.; et al. Liquid-phase exfoliated ultrathin Bi
nanosheets: Uncovering the origins of enhanced electrocatalytic CO2 reduction on two-dimensional metal nanostructure. Nano
Energy 2018, 53, 808–816. [CrossRef]

24. Yi, L.; Chen, J.; Shao, P.; Huang, J.; Peng, X.; Li, J.; Wang, G.; Zhang, C.; Wen, Z. Molten-Salt-Assisted Synthesis of Bis-
muth Nanosheets for Long-term Continuous Electrocatalytic Conversion of CO2 to Formate. Angew. Chem. Int. Ed. 2020,
59, 20112–20119. [CrossRef] [PubMed]

25. Xing, Z.; Hu, X.; Feng, X. Tuning the microenvironment in gas-diffusion electrodes enables high-rate CO2 electrolysis to formate.
ACS Energy Lett. 2021, 6, 1694–1702. [CrossRef]

26. Fan, K.; Jia, Y.; Jia, Y.F.; Ji, Y.F.; Kuang, Y.P.; Zhu, B.C.; Liu, X.Y.; Yu, J.G. Curved surface boosts electrochemical CO2 reduction to
formate via bismuth nanotubes in a wide potential window. ACS Catal. 2019, 10, 358–364. [CrossRef]

27. Huang, J.; Guo, X.; Yang, J.; Wang, L. Electrodeposited Bi dendrites/2D black phosphorus nanosheets composite used for boosting
formic acid production from CO2 electroreduction. J. CO2 Util. 2020, 38, 32–38. [CrossRef]

28. Li, W.; Bandosz, T.J. Analyzing the effect of nitrogen/sulfur groups’ density ratio in porous carbons on the efficiency of CO2
electrochemical reduction. Appl. Surf. Sci. 2021, 569, 151066. [CrossRef]

29. Zhao, M.; Gu, Y.; Gao, W.; Cui, P.; Tang, H.; Wei, X.; Zhu, H.; Li, G.; Yan, S.; Zhang, X.; et al. Atom vacancies induced electron-rich
surface of ultrathin Bi nanosheet for efficient electrochemical CO2 reduction. Appl. Catal. B: Environ. 2020, 266, 118625. [CrossRef]

30. Cheng, H.; Liu, S.; Zhang, J.; Zhou, T.; Zhang, N.; Zheng, X.S.; Chu, W.; Hu, Z.; Wu, C.; Xie, Y. Surface Nitrogen-Injection
Engineering for High Formation Rate of CO2 Reduction to Formate. Nano Lett. 2020, 20, 6097–6103. [CrossRef]

31. Chen, Z.; Mou, K.; Wang, X.; Liu, L. Nitrogen-Doped Graphene Quantum Dots Enhance the Activity of Bi2O3 Nanosheets for
Electrochemical Reduction of CO2 in a Wide Negative Potential Region. Angew. Chem. Int. Ed. 2018, 57, 12790–12794. [CrossRef]
[PubMed]

32. Li, Q.; Wang, Z.; Zhang, M.; Hou, P.; Kang, P. Nitrogen doped tin oxide nanostructured catalysts for selective electrochemical
reduction of carbon dioxide to formate. J. Energy Chem. 2017, 26, 825–829. [CrossRef]

33. Dong, W.; Zhang, N.; Li, S.; Min, S.; Peng, J.; Liu, W.; Zhan, D.; Bai, H. A Mn single atom catalyst with Mn–N2O2 sites integrated
into carbon nanosheets for efficient electrocatalytic CO2 reduction. J. Mater. Chem. A 2022, 10, 10892–10901. [CrossRef]

34. Guo, Y.; Yang, H.J.; Zhou, X.; Liu, K.L.; Zhang, C.; Zhou, Z.Y.; Wang, C.; Lin, W.B. Electrocatalytic reduction of CO2 to CO with
100% faradaic efficiency by using pyrolyzed zeolitic imidazolate frameworks supported on carbon nanotube networks. J. Mater.
Chem. A 2017, 5, 24867–24873. [CrossRef]

35. Varela, A.S.; Sahraie, N.R.; Steinberg, J.; Ju, W.; Oh, H.S.; Strasser, P. Metal-doped nitrogenated carbon as an efficient catalyst for
direct CO2 electroreduction to CO and hydrocarbons. Angew. Chem. Int. Ed. 2015, 54, 10758–10762. [CrossRef]

36. Kwon, I.S.; Debela, T.T.; Kwak, I.H.; Seo, H.W.; Park, K.; Kim, D.; Yoo, S.J.; Kim, J.-G.; Park, J.; Kang, H.S. Selective electrochemical
reduction of carbon dioxide to formic acid using indium–zinc bimetallic nanocrystals. J. Mater. Chem. A 2019, 7, 22879–22883.
[CrossRef]

99



Int. J. Mol. Sci. 2022, 23, 14485

37. Tian, W.L.; Zhang, J.; Feng, H.; Wen, H.; Sun, X.; Guan, X.; Zheng, D.C.; Liao, J.; Yan, M.L.; Yao, Y.D. Fuels, A hierarchical CoP@
NiCo-LDH nanoarray as an efficient and flexible catalyst electrode for the alkaline oxygen evolution reaction. Sustain. Energy
Fuels 2021, 5, 391–395. [CrossRef]

38. Yoo, J.S.; Christensen, R.; Vegge, T.; Norskov, J.K.; Studt, F. Theoretical Insight into the Trends that Guide the Electrochemical
Reduction of Carbon Dioxide to Formic Acid. ChemSusChem 2016, 9, 358–363. [CrossRef]

39. Peng, H.; Ma, G.; Sun, K.; Mu, J.; Lei, Z. One-step preparation of ultrathin nitrogen-doped carbon nanosheets with ultrahigh pore
volume for high-performance supercapacitors. J. Mater. Chem. A 2014, 2, 17297–17301. [CrossRef]

40. Kresse, G.; Furthmuller, J. Efficient iterative schemes for ab initio total-energy calculations using a plane-wave basis set. Phys. Rev.
B Condens Matter. 1996, 54, 11169–11186. [CrossRef]

41. Kresse, G.; Hafner, J. Ab initio molecular-dynamics simulation of the liquid-metal-amorphous-semiconductor transition in
germanium. Phys. Rev. B Condens Matter. 1994, 49, 14251–14269. [CrossRef] [PubMed]

42. Blochl, P.E. Projector augmented-wave method. Phys. Rev. B Condens Matter. 1994, 50, 17953–17979. [CrossRef] [PubMed]
43. Perdew, J.P.; Burke, K.; Ernzerhof, M. Generalized Gradient Approximation Made Simple. Phys. Rev Lett. 1996, 77, 3865–3868.

[CrossRef] [PubMed]
44. Zhang, Y.; Yang, W. Comment on “Generalized Gradient Approximation Made Simple”. Phys. Rev Lett. 1998, 80, 890. [CrossRef]
45. Hammer, B.; Hansen, L.B.; Nørskov, J.K. Improved adsorption energetics within density-functional theory using revised Perdew-

Burke-Ernzerh of functionals. Phys. Rev. B 1999, 59, 7413–7421. [CrossRef]
46. Monkhorst, H.J.; Pack, J.D. Special points for Brillouin-zone integrations. Phys. Rev. B 1976, 13, 5188–5192. [CrossRef]
47. Nørskov, J.K.; Rossmeisl, J.; Logadottir, A.; Lindqvist, L.; Kitchin, J.R.; Bligaard, T.; Jónsson, H. Origin of the Overpotential for

Oxygen Reduction at a Fuel-Cell Cathode. J. Phys. Chem. B 2004, 108, 17886–17892. [CrossRef]
48. Xing, Y.; Kong, X.; Guo, X.; Liu, Y.; Li, Q.; Zhang, Y.; Sheng, Y.; Yang, X.; Geng, Z.; Zeng, J. Bi@Sn Core-Shell Structure with

Compressive Strain Boosts the Electroreduction of CO2 into Formic Acid. Adv Sci. 2020, 7, 1902989. [CrossRef]
49. Li, F.; Xue, M.; Li, J.; Ma, X.; Chen, L.; Zhang, X.; MacFarlane, D.R.; Zhang, J. Unlocking the electrocatalytic activity of antimony

for CO2 reduction by two-dimensional engineering of the bulk material. Angew. Chem. Int. Ed. 2017, 129, 14910–14914. [CrossRef]
50. Watanabe, M.; Shibata, M.; Kato, A.; Azuma, M.; Sakata, T. Design of alloy electrocatalysts for CO2 reduction: III. The selective

and reversible reduction of on Cu alloy electrodes. J. Electrochem. Soc. 1991, 138, 3382. [CrossRef]
51. Sreekanth, N.; Nazrulla, M.A.; Vineesh, T.V.; Sailaja, K.; Phani, K.L. Metal-free boron-doped graphene for selective electroreduction

of carbon dioxide to formic acid/formate. Chem. Commun. 2015, 51, 16061–16064. [CrossRef] [PubMed]
52. Won, D.H.; Choi, C.H.; Chung, J.; Chung, M.W.; Kim, E.H.; Woo, S.I. Rational design of a hierarchical tin dendrite electrode for

efficient electrochemical reduction of CO2. ChemSusChem 2015, 8, 3092–3098. [CrossRef] [PubMed]
53. Zheng, X.; De Luna, P.; García de Arquer, F.P.; Zhang, B.; Becknell, N.; Ross, M.B.; Li, Y.; Banis, M.N.; Li, Y.; Liu, M.; et al.

Sulfur-modulated tin sites enable highly selective electrochemical reduction of CO2 to formate. Joule 2017, 1, 794–805. [CrossRef]
54. He, S.; Ni, F.; Ji, Y.; Wang, L.; Wen, Y.; Bai, H.; Liu, G.; Zhang, Y.; Li, Y.; Zhang, B.; et al. The p-Orbital delocalization of main-group

metals to boost CO2 electroreduction. Angew. Chem. Int. Ed. 2018, 130, 16346–16351. [CrossRef]
55. Kumar, B.; Atla, V.; Brian, J.P.; Kumari, S.; Nguyen, T.Q.; Sunkara, M.; Spurgeon, J.M. Reduced SnO2 porous nanowires with a

high density of grain boundaries as catalysts for efficient electrochemical CO2-into-HCOOH conversion. Angew. Chem. Int. Ed.
2017, 56, 3645–3649. [CrossRef]

56. Liang, C.; Kim, B.; Yang, S.; Yang Liu, Y.L.; Francisco Woellner, C.; Li, Z.; Vajtai, R.; Yang, W.; Wu, J.; Kenis, P.J.A.; et al. High
efficiency electrochemical reduction of CO2 beyond the two-electron transfer pathway on grain boundary rich ultra-small SnO2
nanoparticles. J. Mater. Chem. A 2018, 6, 10313–10319. [CrossRef]

57. Lee, C.W.; Hong, J.S.; Yang, K.D.; Jin, K.; Lee, J.H.; Ahn, H.-Y.; Seo, H.; Sung, N.-E.; Nam, K.T. Selective Electrochemical Production
of Formate from Carbon Dioxide with Bismuth-Based Catalysts in an Aqueous Electrolyte. ACS Catal. 2018, 8, 931–937. [CrossRef]

58. Zhang, Y.; Li, F.; Zhang, X.; Williams, T.; Easton, C.D.; Bond, A.M.; Zhang, J. Electrochemical reduction of CO2 on defect-rich Bi
derived from Bi2S3 with enhanced formate selectivity. J. Mater. Chem. A 2018, 6, 4714–4720. [CrossRef]

59. Zhao, Y.; Liang, J.; Wang, C.; Ma, J.; Wallace, G.G. Tunable and efficient tin modified nitrogen-doped carbon nanofibers for
electrochemical reduction of aqueous carbon dioxide. Adv. Energy Mater. 2018, 8, 1702524. [CrossRef]

100



Citation: Long, W.; Chen, Z.; Huang,

Y.; Kang, X. Selective Oxidation of

Toluene to Benzaldehyde Using

Co-ZIF Nano-Catalyst. Int. J. Mol. Sci.

2022, 23, 12881. https://doi.org/

10.3390/ijms232112881

Academic Editor: Luísa

Margarida Martins

Received: 3 September 2022

Accepted: 21 October 2022

Published: 25 October 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

 International Journal of 

Molecular Sciences

Article

Selective Oxidation of Toluene to Benzaldehyde Using
Co-ZIF Nano-Catalyst
Wei Long 1,2,*, Zhilong Chen 1, Yinfei Huang 3 and Xinping Kang 1

1 College of Chemistry, Guangdong University of Petrochemical Technology, Maoming 525000, China
2 Guangdong Provincial Key Laboratory of Petrochemical Pollution Process and Control, Guangdong

University of Petrochemical Technology, Maoming 525000, China
3 College of Electromechanical Engineering, Guangdong University of Petrochemical Technology,

Maoming 525000, China
* Correspondence: longwei@gdupt.edu.cn; Tel.: +86-0668-2337639

Abstract: Nanometer-size Co-ZIF (zeolitic imidazolate frameworks) catalyst was prepared for selective
oxidation of toluene to benzaldehyde under mild conditions. The typical characteristics of the metal-
organic frameworks (MOFs) material were affirmed by the XRD, SEM, and TEM, the BET surface area
of this catalyst was as high as 924.25 m2/g, and the diameter of particles was near 200 nm from TEM
results. The Co metal was coated with 2-methyl glyoxaline, and the crystalline planes were relatively
stable. The reaction temperatures, oxygen pressure, mass amount of N-hydroxyphthalimide (NHPI),
and reaction time were discussed. The Co-ZIF catalyst gave the best result of 92.30% toluene conversion
and 91.31% selectivity to benzaldehyde under 0.12 MPa and 313 K. The addition of a certain amount
of NHPI and the smooth oxidate capacity of the catalyst were important factors in the high yield of
benzaldehyde. This nanometer-size catalyst showed superior performance for recycling use in the
oxidation of toluene. Finally, a possible reaction mechanism was proposed. This new nanometer-size
Co-ZIF catalyst will be applied well in the selective oxidation of toluene to benzaldehyde.

Keywords: selective oxidation; benzaldehyde; nanometer-size catalyst; MOFs material

1. Introduction

As the industry rapidly grows, volatile organic compounds (VOCs) are known as
organic carbon-based chemicals that evaporate easily, causing serious human health and
environmental pollution problems [1]. The relationship between many major environmen-
tal problems, such as global warming, photochemical ozone formation, stratospheric ozone
depletion, and VOCs, is distinct and serious [2]. As significant air pollutants, VOCs are
controlled at low concentrations when they are discharged from a chimney. However, the
maximum emission concentration of VOCs is different in varied countries or regions [3].
Among the carbon-based VOCs, toluene, xylene, and benzene are found to be endocrine-
disrupting chemicals, exerting severe toxicity to animals or humans [4]. They are the major
source of very fine particulate matter or ozone that produces heavy, smoggy, unfriendly,
harmful, and hazy weather [5]. Hence, it is essential to develop the technology level of
VOCs transition.

Catalytic total oxidation has been considered the most appropriate method and eco-
nomical route for VOCs removal, and many efforts have been made to design catalysts
with suitable activity and selectivity [6–8]. Catalytic oxidation is an effective technology
to completely convert VOCs into CO2 and H2O without any by-products at low temper-
atures [9]. The total oxidation of airborne VOCs into carbon dioxide and water at room
temperature can be performed in the presence of a semiconductor catalyst [10]. However,
the total oxidation of VOCs only can reduce pollution emissions and convert them directly
into usable chemical material reuse wastes, which has great significance [11]. Selective
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oxidation products of VOCs are commonly used in various applications, including ad-
hesives, paints, rubbers, leather tanning processes, and as chemical solvents to dissolve
many organic substances [12]. Catalytic selective oxidation has been considered the most
appropriate method for VOC removal, and many efforts have been made to design catalysts
with suitable activity and selectivity [13–15].

The commercial catalysts for oxidation of VOCs can be classified into three categories:
(1) supported noble metals [16,17]; (2) metal oxides or supported metals [18,19]; (3) mixtures
of noble metals and metal oxides [20,21]. Noble metal catalysts generally show higher
activity and selectivity to organic acid, transition metal oxides are one alternative to the
noble metal-containing catalysts due to their resistance to halogens, low cost and high
catalytic activity and selectivity to aldehyde [22]. As the high value chemicals and suitable
chemical raw materials, aldehyde are very popular to chemical engineering researchers.
Selective oxidation of VOCs is very suitable channel to reuse waste, but this process is
difficult to unify considering the purification and separation of products [23]. As a typical
example, selective oxidation of toluene to benzaldehyde have been received many attempts
and reports from researchers in different areas of the world [24–27].

Many new catalysts have been invented and verified for this selective oxidation reac-
tion, and many catalytic reaction mechanisms were proposed [28]. Xie et al. [29] prepared
three-dimensionally ordered macroporous supported gold-palladium alloy catalyst (Au-
Pd/3DOM Co3O4) which performed highly active and suitable stable for toluene oxidation,
stronger noble metal-3DOM Co3O4 interaction was the key factor, but the catalyst cost is
too high. New MnO2 sample (MnO2-P) exhibited the higher content of oxygen vacancy,
which could enhance reducibility and mobility of lattice oxygen, so higher activity and
best catalytic performance were obtained in selective oxidation reaction of toluene [30].
Yuan et al. [31] collected much experimental results with a wide range of conditions from
low to high temperatures, normal atmospheric to high pressures, very lean to pyrolysis
conditions and developed kinetic model of selective oxidation of toluene. Nevertheless, the
ideal catalyst, which can show the properties as high product selectivity, suitable recycling
use capacity, low cost, mild reaction conditions, and fast reaction speed has not been found.
Hence, there is still space for the development of a catalyst that has higher activity and
better selective to benzaldehyde in the oxidation of toluene.

Recently, MOF materials have shown a great advantage for CO2 capture and sepa-
ration [32], and Ni-MOF can exhibit great catalytic capacity in heterogeneous catalytic
reactions such as CO2 hydrogenation [33]. Usman et al. [34] proposed that MOF/g-C3N4
composites will be important photocatalysts for prospective applications in energy har-
vesting and controlling environmental pollution. Shafiq et al. [35] found the imidazole
framework-95 (ZIF-95) MOF could be dispersed in polysulfone polymer to form mixed
matrix membranes, so gas separation performance and selectivity of polysulfone mem-
brane were enhanced greatly. Hence, Large surface area, tunable pore size and window,
and tailored functionalities are the great advantages of MOFs, which can be used for the
efficient catalyst.

In the present study, the selective catalytic oxidation process of toluene was shown
by Scheme 1 [36]. Toluene can be oxidated to benzyl alcohol, and it is oxidated easily
to benzaldehyde. The final oxidation product is benzoic acid. Recently, metal-organic
frameworks (MOFs) materials have been used widely in the field of catalysis, and it
shows obvious feature as high surface area, complex porous structure, and obvious cavity
coordination [36]. As the stable catalyst, Co-ZIF is prepared and used in this oxidation
process of toluene. Considering the control of selective oxidation of reactant, NHPI as the
reaction initiator is added to the solution. The optimized reaction conditions are found, and
better catalytic performance results are confirmed, so the advantages of this MOF catalyst
are true and reliable.
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Scheme 1. The catalytic oxidation process of toluene [36].

2. Results
Characterization of Catalysts

FT-IR spectra of catalyst samples are shown in Figure 1, and there are some charac-
teristic adsorption peaks of MOFs material in the curves. The obvious peak at 3407.5 and
3133.4 cm−1 are ascribed to the stretching vibration of the O-H bond of the crystal wa-
ter molecule and the C-H bond of MOFs material, respectively. Many small peaks near
1467.3 cm−1 and 1141.6 cm−1 belong to the stretching vibration of the C-N bond in the
MOFs material (Figure 1a). The acute peak at 1483.2 cm−1 belongs to the bending vibration
of the C-N bond in the MOFs material. The distinct peaks near 1681.2 cm−1 are ascribed to
the stretching vibration of the N-H bond in the 2-methyl glyoxaline molecule. Two overlap
peaks at 755.0 cm−1 and 692.6 cm−1 are attributed to the bending vibration of the N-H bond.
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Figure 1. FT-IR spectrum of Co-ZIF catalyst. (a) fresh, (b) after reaction.

The characteristic adsorption peak at 1846.2 cm−1 is the important signal of the
coordinate bond [37]. There are no peaks near 1846.2 cm−1, indicating the coordinate bond
of Co-N has been established successfully. Obviously, there are no apparent changes or
weaknesses in the curve of the used catalyst (Figure 1b), so the Co-ZIF catalyst exhibits
suitable stability.

The XRD spectra of the samples (Co-ZIF catalyst, fresh and after reaction) are shown
in Figure 2. The characteristic diffraction peaks at 2θ = 10.4◦, 12.7◦, 13.3◦, 14.8◦, 16.5◦, 18.0◦,
22.1◦, 24.5◦, 25.5◦, 26.7◦, 29.5◦, 30.6◦, 31.6◦, and 32.5◦ are ascribed to crystalline planes of
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Co-ZIF material, which are different with crystalline planes of Co3O4 particles [38]. As the
typical MOFs material, the crystallinity of the Co-ZIF catalyst was low, so the intensity of
many characteristic diffraction peaks was low (Figure 2a). Two apparent peaks at 2θ = 12.7◦

and 18.0◦ might are ascribed to miller indices of Co3O4 [211] and Co3O4 [111], respectively.
This strange phenomenon might be elucidated because there was trace cobalt oxide (Co3O4)
in the catalyst sample, but there are no other evident diffraction peaks of Co3O4 particles,
so it is not pure cobalt oxide, and the MOFs constituent is affirmed.
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Figure 2. X-ray diffraction (XRD) patterns of Co-ZIF catalyst. (a) fresh, (b) after reaction.

We can see similar XRD signals for the used catalyst sample in Figure 2b, so the
crystalline planes are relatively stable, and the stability of this MOF material maybe is
suitable. These strange phenomena in the XRD spectra might be due to the forceful
coordinate effect in the MOFs material. The average particle size of Co-ZIF species was
approx. 18.4 nm, which was calculated from the XRD data based on the Scherrer equation.

TG curves of the Co-ZIF catalyst are shown in Figure 3, and there are two obvious
weightlessness stages in the curve. The first weightlessness rate is 20.67% since the temper-
ature reaches 120 ◦C due to the loss of crystal water in catalyst powder. The reason might
be ascribed to the drying temperature being low in the preparation processing. The second
weightlessness rate is 55.08% since the temperature reaches 380 ◦C due to the deformation
or decomposition of MOFs material. This weightlessness occurs from 300 ◦C to 380 ◦C, so
the stability of the Co-ZIF catalyst is poor, and it only is used in the reaction under 300 ◦C.
The curve shows very flat from 400 ◦C to 700 ◦C might indicate that the microstructures of
the catalyst have collapsed, and cobaltous oxide and carbide is the major constituent. These
results are consistent with the typical characteristics of MOFs materials, and the reaction
temperature should be controlled below 300 ◦C in the oxidizing reaction of toluene.
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Figure 3. TG curves of Co-ZIF catalyst.

The high specific surface area and lots of homogeneous pores are the typical features
of MOFs materials, so the BET characterization can be used for the textural properties of
this catalyst. N2 adsorption-desorption isotherms of the Co-ZIF catalyst are displayed in
Figure 4, and the pore size distributions of the Co-ZIF catalyst are shown in Figure S1.
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Figure 4. N2 adsorption-desorption isotherms of the Co-ZIF catalyst.

Obviously, the N2 isothermal adsorption-desorption curve is of type II according to
the Brunauer–Deming–Deming–Teller classification, which means the strong interaction
between adsorbate and surface. The hugeous multi-layer adsorption exists when the
vapor pressure reaches saturation. The hystersis loop is of type H3 according to the
IUPAC classification, which means the catalyst has the feature of irregular pores. The
initial isotherm curvatures of the prepared catalyst sample are assigned to micro- and
mesopores, while the ascending curvature of the plateau in the high relative pressure
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range (P/P0 = 0.85–1.00) is inherent to macropores [39]. This strange phenomenon might
be ascribed to the slit holes by cumulus of MOF flaky structures, and adsorption saturation
does not occur at higher pressure.

The BET surface area of this catalyst is 924.25 m2·g−1, the pore volume data are
0.429 cm3·g−1, and there is a little solvent blocking the pore in the preparation process, and
it does not affect the reaction. The pore diameter distribution is relatively concentrated in
Figure S1, and the homogeneous pores of this MOF catalyst are affirmed, and this structure
might be beneficial for the reaction. However, a wide pore size distribution ranging
from ~2.0 nm to ~22.0 nm in Figure S1 further confirms the microporous-dominated
structure of this catalyst. The obtained BJH adsorption average pore width of this catalyst
is 4.0 nm. In contrast, the wider range of pore size distribution, BJH average pore width,
and higher adsorbed volume indicate partial mesopores in this catalyst [40]. The presence
of simultaneous micro-, meso-, and macropores in this catalyst indicate the formation of
the hierarchical porous structure. Such a combination of the assessable porous structure is
advantageous for capturing reactant molecules through the micropores, while the meso-
and macropores play an effective role in developing contact probability between the reactant
molecule and active centers of the catalyst.

The SEM images of the Co-ZIF catalyst are displayed in Figure 5. The microparticle
shape of the catalyst is clear and has apparent coral characteristics in Figure 5a. After
further magnification, the particles of the MOFs catalyst are piled, and there are many
pores on the surface. The diameter of major particles is less than 1 µm, and many dark
channels might be the overlap of particles. This result is consistent with the BET results,
and the typical characteristics of the MOFs material are confirmed.
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Figure 5. SEM images of the Co-ZIF catalyst. (a) fresh catalyst at magnification of 2000; (b) fresh
catalyst at magnification of 10,000.

The TEM images of the Co-ZIF catalyst are displayed in Figure 6, and there are many
circular dark balls shown in Figure 6a. There is a certain gap among the ball’s site, and
the arrangement model is not uniform. In addition, we can measure the particle size in
Figure 6b and the diameter near 200 nm, so the nano-scale catalyst has been confirmed.
There are many rough convex objects and dark ditches on the surface of particles, so the Co
metal might be coated with 2-methyl glyoxaline tightly.
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Figure 6. TEM images of the Co-ZIF catalyst. (a) fresh catalyst at magnification of 100,000; (b) fresh
catalyst at magnification of 400,000.

The EDS spectra of the Co-ZIF catalyst and elemental mapping are shown in Figure 7.
The elemental peaks correspond to C, N, Co, and Au. The major contribution of the C, N,
and Co EDS peaks suggests the well surface element distribution. The obvious peaks of Au
in Figure 7 are not evitable due to the conventional preparation method used. The uniform
distribution of the major elements as C, N, and Co can reflect the successful combination of
MOFs materials.
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3. Discussion
3.1. Catalytic Performance

The reaction temperature is the important factor for the selective oxidation of toluene,
and the effects of the reaction temperature are shown in Figure 8. It is clearly found that
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reaction temperature has a great effect on this catalytic performance, and the selectivity of
products is different at different temperatures. The conversion of toluene increases distinctly
from 60.72% to 92.30% since the reaction temperature rises from 303 K to 318 K, and the
selectivity to benzaldehyde increases from 75.64% to 91.31%. However, this increasing trend
slows down since the reaction temperature exceeds 318 K, and the selectivity to benzaldehyde
decreases clearly. The selectivity to benzoic acid increases rapidly, so the higher reaction
temperature may promote the transformation of benzaldehyde to benzoic acid. The optimum
temperature is 313 K, and the maximum yield of benzaldehyde reached 84.28%.
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Figure 8. Effect of reaction temperature. Reaction conditions 0.20 g Co-ZIF, 0.500 mmol toluene,
20 mL HFIP, 0.004 g NHPI, 0.12 MPa O2 and 240 min.

The effects of O2 pressure are listed in Table 1, and the effect of the O2 pressure is not
as obvious as the reaction temperature. The conversion of toluene and the selectivity to
benzoic acid increase with the increment of O2 pressure, but the selectivity to benzaldehyde
reach the maximum value (91.31%) when the O2 pressure is 0.12 MPa. The selectivity to
benzyl alcohol is significantly reduced distinctly from 8.14% to 2.67%, so the higher O2
pressure may benefit the deep oxidation of toluene. The selectivity to others reaches the
lowest value when the O2 pressure is 0.12 MPa, so the inevitable side reaction maybe can
not be neglected in this reaction system.

Table 1. Effects of the O2 pressure.

O2 Pressure
(MPa)

Conversion
(%)

Selectivity (%)

Benzyl
Alcohol Benzaldehyde Benzoic

Acid Others

0.06 79.35 8.14 82.17 2.17 7.52
0.08 86.32 6.42 86.58 3.24 3.76
0.10 90.11 4.13 89.32 4.39 2.16
0.12 92.30 3.42 91.31 5.13 0.14
0.14 92.56 2.98 89.14 6.57 1.31
0.16 92.88 2.67 86.34 8.46 2.53

Reaction conditions 0.20 g Co-ZIF, 0.500 mmol toluene, 20 mL HFIP, 0.004 g NHPI, 313 K and 240 min.

The effects of toluene concentrations are listed in Table 2. We can identify that the con-
version capacity of the catalyst is limited. When the toluene concentration was 25.0 mmol/L,
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the conversion of toluene was not as high as 100%. The conversion of toluene cut down with
the increment of toluene concentrations, so the appropriate initialized toluene concentra-
tions were an important factor in developing the yield of major products. The selectivity of
benzyl alcohol increased clearly with the increment of the initialized toluene concentrations,
which indicated that the oxidation reaction was insufficient. The maximum selectivity of
benzaldehyde was 91.31% when the initialized toluene concentration was 25.0 mmol/L,
and the corresponding yield of benzaldehyde was as high as 84.28%.

Table 2. Effects of the initialized toluene molar.

Toluene Concentration
(mmol/L)

Conversion
(%)

Selectivity (%)

Benzyl
Alcohol Benzaldehyde Benzoic

Acid Others

6.25 100.00 1.03 72.69 22.46 3.82
12.5 100.00 2.37 83.79 12.37 1.47
25.0 92.30 3.42 91.31 5.13 0.14
37.5 73.48 12.49 80.49 4.16 2.86
50.0 52.87 23.17 70.34 3.38 3.11

Reaction conditions 0.20 g Co-ZIF, 20 mL HFIP, 0.004 g NHPI, 0.12 MPa O2, 313 K and 240 min.

The effects of the mass of the catalyst are listed in Table S1. The conversion of toluene
increased clearly with the increment of the catalyst. The selectivity of benzaldehyde reached
maximum since the mass of the catalyst was 0.20 g. Too much catalyst can develop the
selectivity of benzoic acid, so the content of benzaldehyde was obviously reduced. Hence,
the suitable mass of the catalyst in this reaction was 0.20 g.

The effects of the mass of NHPI are shown in Figure 9. It is obvious that the addition
of NHPI can develop the catalytic activity of the catalyst, which is proved by the variation
tendency of selectivity of benzoic acid. The conversion of toluene is as low as 6.74%, and
benzoic acid is the major product when the NHPI is not added to this reaction system. The
catalytic activity of the catalyst was low without the NHPI. As the role of initiator, the
addition of NHPI is necessary. The suitable mass of NHPI in this reaction was 0.004 g, and
the selectivity of benzaldehyde reached the maximum.
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Although NHPI and toluene can be oxidized by nanocatalysts, the further oxidation
of benzyl alcohol and benzaldehyde maybe occur at the same time. Too much NHPI also is
not suitable in Figure 9. The selectivity of benzoic acid increases rapidly, and the selectivity
of benzyl alcohol decreases distinctly with the increment of NHPI mass. This strange
phenomenon might be ascribed to the activity of an intermediate compound that was
affected by NHPI.

The effects of reaction time are displayed in Figure 10. It is obvious that the conversion
of toluene increases rapidly with the prolonged reaction time. The conversion of toluene can
reach 90% since the reaction time is 240 min, but the variation tendency of the conversion
of toluene is not obvious since the reaction time is greater than 240 min. So the catalytic
reaction reached a dynamic equilibrium since the reaction time was 240 min.
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Figure 10. Effect of the reaction time. Reaction conditions 0.20 g Co-ZIF, 0.500 mmol toluene, 20 mL
HFIP, 0.004 g NHPI, 0.12 MPa O2 and 313 K.

For the selectivity of products, the reaction time might be an important factor. We saw
the selectivity of benzaldehyde cut down since the reaction time was more than 240 min.
The selectivity to benzoic acid increased as the reaction time went on. We also found that the
selectivity of benzyl alcohol cut down clearly with the increment of reaction time. Toluene
was oxidized to benzyl alcohol, and the benzyl alcohol was oxidized to benzaldehyde or
benzoic acid. Hence, proper oxidation is beneficial to the formation of benzaldehyde and
the suitable reaction time for selective oxidation of toluene over a nanometer-size Co-ZIF
catalyst is 240 min under 313 K and 0.12 MPa.

Many nano catalysts containing Mn or Co were prepared for the oxidation of toluene,
and permanganate was used for the oxidation of toluene as early as 1975 [41]. The ability
of permanganate to abstract a hydrogen atom is rationalized on the basis of the strong O-H
bond formed on H· addition to permanganate, which is a key step of C-H bond oxidations.
A comparison of the oxidation of toluene catalyzed by various catalysts is listed in Table 3.
Different Mn or Co metal catalysts are better for the oxidation of toluene, and the major
products are different. A complete oxidation process also can be performed to generate
carbon dioxide, which is significant for the removal of toluene. The catalytic activity and
advantage of the Co-ZIF catalyst are clear in Table 3, and this oxidation by the Co-ZIF
catalyst belonged to selective oxidation. Benzaldehyde was the major product, and the
yield (84.3%) was higher than other catalysts.
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Table 3. Comparison of oxidation of toluene catalyzed by various catalysts.

Catalysts w (%) Major Product Si (%) Years Ref.

Co(OAc)2·4H2O 91.0 Benzaldehyde 90.0 2002 [42]
Mn0.67-Cu0.33 99.0 Carbon dioxide - 2004 [43]

Cobalt tetraphenylporphyrin 8.9 Benzaldehyde and benzyl alcohol 60.0 2005 [44]
Fe2O3-Mn2O3 100.0 Carbon monoxide and carbon dioxide - 2009 [45]

CoOx/SiO2 91.2 Benzaldehyde 68.8 2019 [46]
ZIF-67-24 87.9 Benzaldehyde 66.9 2020 [47]

Au/γ-Al2O3 99.0 Carbon dioxide - 2022 [48]
Co-ZIF 92.3 Benzaldehyde 91.3 in this work

The results of the reusability of the Co-ZIF catalyst are shown in Figure 11. Typically,
the catalysts are separated by filtration, washed and dried in vacuum, and then used in the
next run. NHPI is the important initiator in this reaction system, which is added in every
new cycle of the process (0.004 g). The catalytic performance decreases a little until the
fourth recycle. Nevertheless, the toluene conversion decreases to 86.53%, and the selectivity
to benzaldehyde decreases to 87.46% for the fifth time. Hence, the catalytic activity of
Co-ZIF is very stable, and it is suitable for recycling use in the oxidation of toluene.
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Figure 11. The recycling of Co-ZIF catalyst. Reaction conditions 0.20 g Co-ZIF, 0.500 mmol toluene,
20 mL HFIP, 0.004 g NHPI, 0.12 MPa O2, 313 K and 240 min.

Additionally, the effects of solvent over the Co-ZIF catalyst are shown in Supplemen-
tary Table S2. It can be seen that the polar solvent is helpful for the selective oxidation of
toluene, and the high polar solvent of HFIP gives the best catalytic performance of 92.30%
conversion and 91.31% selectivity to benzaldehyde. As the strong polar solvent, HFIP is
beneficial to the oxidation of the C-H bond, and the dehydrogenation reaction is easier
to proceed by the action of free radicals. So benzyl alcohol is easier to produce. Another
important factor is that the hydrogen bond between benzaldehyde and HFIP can inhibit the
further oxidation of benzaldehyde, so the yield of benzaldehyde can be improved clearly.

3.2. Probable Catalytic Mechanism

Based on the results from this work and the literature [38,49], a possible reaction path
for the oxidation of toluene over the Co-ZIF catalyst was proposed and shown in Figure 12.
The free radical reaction mechanism maybe is a popular reasonable explanation. PINO
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can be generated by the deprotonation of NHPI. It also is related to the participation of a
catalyst. CoIIILn represents the elementary unit of the Co-ZIF catalyst, and it is oxidized
to the strong oxidation active intermediate as LnCoIIIOOCoIIILn by oxygen [47]. PINO can
be generated by the deproton reaction under this strong oxidation active intermediate. The
dehydrogenation of toluene is the first step of the main chain reaction, so the attractive proton
capacity of PINO is the decisive influence in these steps, which indicates that NHPI can be
restored. Another way is the oxidation of LnCoIIIOH, which can transform NHPI to PINO.
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Toluene radical can be generated from toluene by the strong proton attraction of PINO,
and it is oxidized by oxygen into the peroxide intermediate (benzyl peroxy radical). Then,
benzyl alcohol can be formed by the transformation of benzyl peroxy radical with a free
proton from NHPI [50]. In the step of chain termination, benzyl alcohol is oxidized to
benzaldehyde and further oxidized to benzoic acid. The intermediate products of toluene
radical, PINO and benzyl peroxy radical were testified by GC-MS. Considering the boiling
point of PINO is much higher than the others, vacuum distillation or rectification can be
used for the further separation of products and the PINO radical. Hence, the yield of
benzaldehyde is affected by the mass amount of NHPI, but the catalytic activity of NHPI is
affected by the Co-ZIF catalysts.

4. Materials and Methods
4.1. Materials

Co(NO3)2·6H2O, 2-methyl glyoxaline, dimethylformamide (DMF), toluene, benzyl alcohol,
benzaldehyde were purchase from Shanghai Macklin Biochemical Co., Ltd. (Shanghai, China)
N-hydroxyl phthalimide (NHPI), benzoic acid, 1,1,1,3,3,3-hexafluoroisopropanol (HFIP),
ethanol, and methanol were analytical grade and purchased from Sinopharm Chemical
Reagent Co., Ltd (Tianjin, China). As an internal standard in the meteorological chromato-
graphic analysis procedure, acetophenone were chromatographically pure and purchased
from Shanghai Macklin Biochemical Co., Ltd (Shanghai, China). O2 (99.99%) was provided
by Maoming Deyuan Gas Company (Maoming, China).

4.2. Catalyst Preparation

The hydrothermal synthesis method [51] was chosen for the preparation of catalysts.
Firstly, 1.478 g of 2-methyl glyoxaline was dispersed in 20 mL of DMF solution with stirred
continuously for 1 h. Then, a certain amount of Co(NO3)2·6H2O crystal was added to this
mixture solution and stirred continuously for 2 h. All liquid reactants were transferred into
the crystallization autoclave and stayed in the cabinet dryer at 140 ◦C for 24 h. After being
cooled to room temperature, the product powder was washed with distilled water and
methanol several times. The purple crystalline powder was dried in air overnight at 80 ◦C
and labeled as Co-ZIF.
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4.3. Catalyst Characterization

Fourier transform infrared (FT-IR) spectra of the catalysts were recorded on a PerkinElmer
spectrum One (C) spectrometer in the wave number range of 500–4000 cm−1. TG/DTG curves
of the catalyst were recorded by Netzsch 210C thermogravimetric using air as purge gas
(40 mL/min) over a temperature range of 35–800 ◦C with a heating rate of 10 ◦C/min.
Powder X-ray diffraction (XRD) patterns of catalysts were recorded by the Bruker D/max
2515TC diffractometer device with Cu Kα radiation (λ = 1.535 Å). The scan range was
5–90◦with with a scanning rate of 2◦/min, and the tube voltage and current were 45 kV and
35 mA, respectively. The specific surface area, pore volume, and pore size distribution of the
catalysts were analyzed by the nitrogen adsorption-desorption on a Quantachrome NOVA-
2301D automated gas sorption system. Specific surface areas were calculated by Brunauer–
Emmett–Teller (BET), and pore size distributions were calculated by Barrett-Joyner-Halenda
(BJH) methods. The morphologies of the catalysts were observed by scanning electron
microscope (SEM, JEOL 6510 ED) device. The microstructure of the catalyst was observed
by transmission electron microscopy (TEM, TecnaiG350 SE) device, the working voltage at
less than 200 kV, and the catalyst powder was deposited on a copper grid.

4.4. Catalytic Test Method

The catalytic oxidation process of toluene was performed in a 50 mL Teflon-lined stain-
less steel autoclave with a magnetic stirrer at 600 rpm. Typically, 20 mL HFIP, 0.500 mmol
toluene, and 0.04 g NHPI were mixed into the quartz lining, 0.20 g catalyst powder was
added into the mixture solution, and the quartz lining was transferred into the autoclave.
The reactor was sealed and purged with O2 to exclude air three times, and then it was
pressurized to 0.12 MPa with O2 under continuous stirring after the designed temperature
was reached.

After a certain reaction time, the catalysts were separated by filtration carefully, and the
gas phase products and the liquid phase products were analyzed by GC-MS. The gas phase
products include oxygen, carbon dioxide, carbon monoxide, benzene, etc. The liquid phase
products and contents of the reactants were analyzed by gas chromatography (Agilent
Technologies, 8960B) equipped with a DB-7501 capillary column (diameter 0.60 mm, length
28 m) and a flame ionization detector (FID) using acetophenone as the internal standard
substance (sample was diluted by ethanol). The major product was benzaldehyde, and
by-products were benzyl alcohol, benzoic acid, benzyl benzoate, biphenyl, etc.

Considering the gas phase products are rare and the liquid phase products are impor-
tant, all the concerned products contain an aromatic nucleus. We can ignore the carbon
proportion. The toluene conversion (w) and product selectivity (Si) were calculated by the
following equations [47].

w (%) =
Mol(toluene)in − Mol(toluene)out

Mol(toluene)in
× 100 (1)

Si(%) =
Moli

Molreacted·toluene
× 100 (2)

5. Conclusions

In summary, nanometer-size Co-ZIF catalyst was prepared and characterized [37,38].
The catalyst presents a suitable catalytic performance in the selective oxidation of toluene
to benzaldehyde under mild conditions. The typical characteristics of the MOFs material
were affirmed by the SEM and TEM. The diameter of particles is near 200 nm, and the
BET surface area of this catalyst is as high as 924.25 m2/g. The Co metal is coated with
2-methyl glyoxaline, and the crystalline planes are relatively stable. The addition of a
certain amount of NHPI and the smooth oxidate capacity of the catalyst is in favor of a
high yield of benzaldehyde. Under the optimized reaction conditions, the best catalytic
performance of 92.30% conversion of toluene and the selectivity to benzaldehyde is up to
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91.31%. This nanometer-size catalyst showed superior performance for recycling use in the
selective oxidation of toluene. The possible reaction path is proposed based on GC-MS and
the works of other researchers.
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Abstract: PtSn catalysts were synthesized by incipient-wetness impregnation using a dendritic
mesoporous silica nanoparticle support. The catalysts were characterized by XRD, N2 adsorption–
desorption, TEM, XPS and Raman, and their catalytic performance for propane dehydrogenation was
tested. The influences of Pt/Sn ratios were investigated. Changing the Pt/Sn ratios influences the
interaction between Pt and Sn. The catalyst with a Pt/Sn ratio of 1:2 possesses the highest interaction
between Pt and Sn. The best catalytic performance was obtained for the Pt1Sn2/DMSN catalyst with
an initial propane conversion of 34.9%. The good catalytic performance of this catalyst is ascribed to
the small nanoparticle size of PtSn and the favorable chemical state and dispersion degree of Pt and
Sn species.

Keywords: propane dehydrogenation; dendrimer-like silica nanoparticle support; Pt/Sn ratios

1. Introduction

Propene is an important raw material that is widely used in the production of
polypropene, propene oxide, acrylonitrile, etc. Currently, it is mainly obtained by steam
cracking of naphtha, and the fluid catalytic cracking process. Due to the restriction of the
oil price and storage and the growing demand for propene, some alternative methods,
including the methanol-to-olefins (MTO) reaction and the dehydrogenation of propane
(PDH) process, have been used to increase its production [1]. Among them, PDH is ad-
vantageous because of the price gap between propene and propane and the abundant
resources of shale gas and natural gas. The PDH process is endothermic. In order to obtain
a desirable yield of propene, the PDH process operates at a high temperature, above 450 ◦C.
The high temperature is favorable for coke formation and hydrocarbon cracking, which
increase the deactivation of catalysts. Therefore, the development of PDH catalysts with
high catalytic activity and stability is key. Two main types of catalysts are used for PDH:
noble metal-based and non-noble metal-based catalysts. Cr-based catalysts, as the most
prominent example of non-noble metal-based catalysts with high catalytic activity for PDH,
have been commercialized. Other non-noble metal-based catalysts including Zn [2], Mo [3],
V [1,4], Co [5], Ga [6,7], Fe [8,9], Cu [10], etc. [11–13] also show catalytic activity for PDH.
As the extensively investigated precious metal catalyst for PDH, Pt-based catalysts are
also used in commercial processes. However, Pt-based catalysts still face the challenge of
deactivation due to coke deposition and Pt nanoparticle sintering. In order to improve
the stability of Pt-based catalysts, many strategies have been adopted, including adding
metal promoters. Sn is the most effective promoter for the Pt catalyst in PDH [14–18].
The role of Sn is mainly explained in terms of geometric effects and electronic effects [19].
It can assist in the separation of large Pt ensembles into small clusters, which can sup-
press structure-sensitive side reaction. The electron transfer between Sn and Pt atoms can
change the Pt electron density, thereby affecting the adsorption–desorption of reactants
and products, promoting the selectivity and stability. Sexton et al. [20] found that Sn(II)
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is a surface modifier of γ-Al2O3 and the change of electronic interactions between Pt and
Sn(II)-γ-Al2O3 changes the reactivity. Motagamwala et al. [21] reported a silica-supported
Pt1Sn1 nanoparticle catalyst with excellent stability during PDH. Xiong et al. [22] found that
the formation of small PtSn clusters allows the catalyst to achieve high propene selectivity
due to the facile desorption of propene. Wang et al. [23] described the structural evolution
of Pt–Sn bimetallic nanoparticles for PDH and found the recovery of Pt–Sn alloy by Sn
segregation important for sustaining the high catalytic performance of PDH. Liu et al. [24]
also investigated the evolution of Pt and Sn species during high-temperature treatments.
Gao et al. [25] reported that Pt clusters that were partially modified by reduced Sn exhibited
higher activity than PtSn alloy counterparts for PDH. Although Sn as the promoter has been
widely studied, the nature of the PtSn active sites still needs further research. Moreover,
Zn [26,27], Cu [28], Fe [29,30], Co [31], Ga [32], In [33,34] and Mn [35,36] are also used as
promoters in PDH. The other strategy is to improve metal–support interactions so as to
increase the catalytic performance. Many supports have been used, including Al2O3, SiO2
and zeolites [37–41]. Compared with Al2O3 and zeolites, SiO2 shows chemical inertness
and is suitable for use as a support to study the relationship between active components
and catalytic performance.

Dendritic mesoporous silica nanoparticles (DMSNs) are attractive materials as support
due to their unique feature. They show high surface area, which mainly originates from
their dendrimer-like morphology, not from their mesoporous channels as with SBA-15
or MCM-41 [42]. This unique feature shows the usefulness compared to conventional
ordered mesoporous silica for some catalytic reactions [43]. Moreover, the monodispersed
nanoparticles with a short diffusion length as the support might promote the diffusion
of reactants and products and influence the catalytic behavior. It has been reported that
support with suitable physical morphology is of fundamental importance for PDH. Com-
pared with SBA-15 or MCM-41, the diffusion distance in the pores is shortened on DMSN
support (radius of the nanoparticle about 100 nm for DMSN and usually several µm for
SBA-15 or MCM-41) [44]. This makes the PtSn nanoparticles in the pores easily accessible
for reactants and makes the products easy to diffuse to avoid further reaction. Compared
with the zeolites of micropores, the PtSn nanoparticles are usually loaded on the exter-
nal surface area rather than in the microporous area of zeolites, which will decrease the
confined effect of the pores. Therefore, in this paper, DMSNs are prepared as the support
and used in a PDH reaction. Catalysts with different ratios of Pt and Sn were prepared
by the impregnation method and were characterized by means of various techniques to
investigate the dispersion and state of Pt and Sn species on different ratios of Pt and Sn.
The catalytic performances were tested with PDH to investigate the influence of a PtSn
active component on the catalytic performance.

2. Results and Discussion
2.1. Analysis of Physico-Chemical Properties

Nitrogen sorption measurements were conducted to characterize the pore parameters
of the catalysts with different ratios of Pt and Sn. The corresponding nitrogen adsorption–
desorption isotherms and pore size distributions are shown in Figure 1A,B, respectively.
All the catalysts showed typical type IV adsorption–desorption isotherms with H4-like
hysteresis loops at values of P/P0 ranging from 0.40 to 1.00, which indicated the presence
of mesopores. The similarity of the catalysts demonstrated that the loading of metals did
not cause damage to the porous structure of the support. Figure 1B shows the pore size
calculated according to the BJH method. The pore sizes of these samples through Pt/DMSN
to Pt1Sn4/DMSN catalyst were found to be consistent with the value of 3.1 or 3.2 nm. This
may be caused by the low metal loading amounts or the high dispersion of the metals.
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Figure 1. (A) N2 adsorption–desorption isotherms and (B) pore size distributions of the calcined 

PtSn/DMSN catalysts with different ratios of Pt and Sn: (a) Pt/DMSN, (b) Pt1Sn1/DMSN, (c) 
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Figure 1. (A) N2 adsorption–desorption isotherms and (B) pore size distributions of the cal-
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According to the adsorption–desorption isotherms, the textural properties of these
samples were calculated by specific algorithms, and the results are shown in Table 1.
The Pt/DMSN sample showed a surface area and total pore volume of 1091.8 m2/g and
0.79 cm3/g, respectively. The high surface area could be attributed to the fine features in
dendritic spheres in the form of wrinkles or lamellar structures [45], and the pore volume
was due to the plentiful pore construction in the DMSN support. With the increasing
of Sn loadings, the BET surface area of the catalysts decreased from 1091.8 m2/g on the
Pt/DMSN catalyst to 1005.5 m2/g on the Pt1Sn4/DMSN catalyst. The decrease in surface
area with the increasing of Sn loadings indicated that the metals entered into the mesopores,
which hindered the nitrogen molecule diffusion into the pore, leading to a decrease in
the BET surface area. It also was demonstrated by the decrease in total pore volume and
mesoporous volume, which decreased from 0.79 cm3/g to 0.71 cm3/g and 0.55 cm3/g to
0.49 cm3/g, respectively. The gradual reduction in the surface area, total pore volume
and mesoporous volume from the Pt/DMSN catalyst to the Pt1Sn4/DMSN catalyst may
have been due to the increasing of the total loading amounts of the metals. Moreover,
the pore sizes of these catalysts were nearly unchanged, which implies the formation of
nanoparticles in the mesopores.

Table 1. Textural properties of the calcined PtSn/DMSN catalysts with different ratios of Pt/Sn.

Samples S BET
a (m2·g−1) V t

b (cm3·g−1) V mes
c (cm3·g−1) d BJH

d (nm)

Pt/DMSN 1091.8 0.79 0.55 3.2
Pt1Sn1/DMSN 1061.9 0.75 0.53 3.1
Pt1Sn2/DMSN 1042.1 0.74 0.52 3.2
Pt1Sn3/DMSN 1018.6 0.72 0.51 3.1
Pt1Sn4/DMSN 1005.5 0.71 0.49 3.2

a Calculated by the BET method. b The total pore volume was obtained at a relative pressure of 0.98. c The
mesoporous volume was calculated using the BJH method. d Mesopore diameter was calculated using the
BJH method.

To investigate the influence of the ratios of Pt and Sn on the crystalline structure of Pt
and Sn, XRD characterization was carried out; the results are shown in Figure 2. It can be
seen that the catalysts with different ratios of Pt and Sn showed similar diffraction peaks
in the range of 10◦ to 90◦, and the intensity of these peaks was considerable. The broad
diffraction peak at around 23.5◦ was a typical reflection of amorphous silica. The weak
peaks at 2θ of 39.8◦, 46.4◦, 67.7◦ and 81.4◦ were assigned to the (111), (200), (220) and (311)
reflections of cubic Pt, respectively [46]. The similar intensity of these peaks indicated the
similar crystallinity of Pt, which indicated that the ratio of Pt and Sn (the amounts of Sn)
had a negligible influence on the size of Pt. Moreover, there were no apparent diffraction
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peaks attributed to SnOx in the XRD patterns, indicating high dispersion of SnOx or the
formation of amorphous SnOx phases.
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Raman spectra of fresh catalysts with different Pt and Sn ratios are presented in
Figure 3. It can be seen that the spectra of PtSn/DMSN samples showed typical vibrations
of SiO2 in the range of 100–1200 cm−1 [47]. For the Pt/DMSN catalyst, there was no
diffraction peaks attributed to Pt species, indicating the Pt species existing in the form of
the metallic state. For the catalysts with high ratios of Pt and Sn (Pt/Sn < 1/4), the Raman
spectra for the PtSn/DMSN catalysts showed no obvious changes, which may have been
caused by the low metal loading amounts. However, for Pt1Sn4/DMSN, a slight redshift
of about 12 cm−1 was noticed for the band at 980 cm−1, which suggests the incorporation
of Sn in the framework of silica. This redshift could be due to an appreciable decrease in
the bond strength and/or bond angle caused by the formation of oxygen–metal–oxygen
(O–Sn–O) bridges in the silica framework [48]. Li et al. [49] reported that the band at
about 960 cm−1 was associated with Si–O–Si linkages next to M–O–Si bonds and identified
contributions attributed to transition-metal ions bonded to the framework. It can be seen
from the Raman spectra that Sn incorporated into the framework of silica resulted in a
strong interaction between Sn and the support. The strong interaction between Sn and the
support can favor the interaction between Pt and the support so as to increase the stability
of the PtSn/DMSN catalyst during the PDH reaction.

The chemical state of Pt and Sn species on the catalysts were examined by XPS. The
XPS spectra of Pt4f and Sn3d5/2 are presented in Figure 4. As shown in Figure 4A, the Pt4f
spectra of all the PtSn/DMSN catalysts could be deconvoluted into two peaks that could
be assigned to metallic Pt (Pt◦) [50], which indicated that the Pt species existed in a metallic
state on the PtSn/DMSN catalysts. This was also in agreement with the XRD results.
Moreover, the binding energy for Pt/DMSN was 71.0 eV, while the binding energy for
PtSn/DMSN was 71.2 eV. The slight shift to high binding energy in PtSn/DMSN catalysts
indicated the electronic effects between Pt and Sn [51]. Figure 4B shows the Sn3d5/2 XPS
spectra of calcined samples. There were three peaks at 485.8, 486.6 and 487.3 eV after
deconvolution, corresponding to the Sn◦, Sn2+ and Sn4+ species, respectively [52]. This
indicated that the Sn species on the catalysts existed both in a metallic state and in the form
of SnOx. Figure 4C shows the Sn3d5/2 XPS spectra of reduced samples. It can be seen that
the Sn species still existed both in a metallic state and in the form of SnOx after reduction
treatment. Furthermore, the fraction of metallic Sn species increased compared with the
calcined samples. According to the XPS results, it can be seen that the state of Pt species on
PtSn/DMSN catalysts with different ratios of Pt and Sn was a metallic state, while the state
of Sn species was both an oxidation state and a metallic state.
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(e) Pt1Sn4/DMSN.

To investigate the morphology of PtSn/DMSN and to provide evidence for the distri-
bution of Pt and Sn, TEM analyses were carried out. Figure 5A1 shows the TEM images of
the Pt1Sn2/DMSN catalyst. It can be seen that the morphology of the DMSN was porous
spheres with a dendritic pore structure arranged in three dimensions to form spheres.
The unique hierarchical pore structures gave such DMSN material potential as a catalyst
support. There were some nanoparticles that appeared in the DMSN support, which may
be assigned to PtSn nanoparticles. The EDS elemental mapping in Figure 5A2 shows
that Si, O and Sn species were uniformly dispersed on the DMSN support. In order to
investigate the interaction between metal and the support, the high loading PtSn/DMSN
catalyst was prepared and characterized by TEM. Figure 5B1 shows the TEM images of
Pt3Sn9/DMSN with the loading amounts of 3 wt% of Pt and 9 wt% of Sn. It can be seen
that the sizes of the nanoparticles were larger than those of Figure 5A1 because of the
increasing of Pt and Sn loading amounts. In order to investigate the dispersion of Pt and
Sn, EDS elemental mapping was carried out. The EDS elemental mapping in Figure 5B3
of Pt apparently showed a hot spot, indicating the aggregation of Pt. It can be seen from
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Figure 5B3 that the Pt elemental mapping showed corresponding dispersion with the STEM
image, while Sn elemental mapping showed more uniform dispersion with no apparent hot
spot shown corresponding to the nanoparticles in the STEM images. It was indicated that
the dispersions of Pt and Sn were different. Sn species possessed strong interactions with
the support so as to show highly dispersion, which was demonstrated by the Raman results
that some of Sn species were incorporated into the framework of the silica. Pt species, by
contrast, possessed weak interactions with the support so as to show lower dispersion
than Sn species. Furthermore, the strong interaction of Sn and the support may have been
favorable to the interaction of Pt and the support so as to increase the dispersion of Pt.
Figure 5B2 is Figure 5B1 under several minutes of high voltage exposure. It can be seen
that a large amount of small nanoparticles are shown (the red circle). This indicates that
there were both highly dispersed small nanoparticles and nanoparticles (yellow circle) in
the Pt3Sn9/DMSN sample. Therefore, there were both Pt and Sn element dispersions on
the DMSN support except the hot spot. Furthermore, the uniform dispersal of Pt and Sn in
Figure 5A2 indicates the high dispersion of both Pt and Sn, which may have been caused
by the strong interactions of Sn and the support.
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2.2. Catalytic Performance of Propane Dehydrogenation

The PtSn/DMSN catalysts were subjected to the propane dehydrogenation reaction.
Figure 6 shows the catalytic performances of PtSn/DMSN catalysts with different ratios of
Pt and Sn. As shown in Figure 6A, the initial conversion of propane over the Pt/DMSN
catalyst was 15.6%, indicating that Pt works to activate propane. Compared with Pt/DMSN,
the catalysts loading both Pt and Sn showed higher initial propane conversion. The initial
propane conversion was 27.3% for the Pt1Sn1/DMSN catalyst, and it increased to 34.9% for
the Pt1Sn2/DMSN catalyst. It decreased to 32.2% for the Pt1Sn3/DMSN catalyst. With a
further increase in the amount of Sn, the initial propane conversion decreased to 27.6% for
the Pt1Sn4/DMSN catalyst. The lowest initial propane conversion and fast deactivation
rate (kd = 0.21) were obtained for the Pt1Sn1/DMSN catalyst. As shown in Figure 6A, the
Pt1Sn2/DMSN catalyst showed the highest propane conversion, even after 6 h of reaction.
Compared with high initial propane conversions, high stabilities are more favorable for
non-oxidative dehydrogenation, and high selectivity is essential for high stability. Figure 6B
shows the propene selectivity for the PtSn/DMSN catalysts. Of these PtSn/DMSN catalysts,
the lowest propene selectivity was obtained for the Pt/DMSN catalyst. Compared with
Pt/DMSN, all PtSn/DMSN catalysts showed high propene selectivity. This indicates
that the Sn promoter could increase the propene selectivity. As shown in Figure 6B, the
selectivity of propene was below 90% for the Pt1Sn1/DMSN catalyst, while the selectivity
of propene was higher than 95% for the Pt1Sn2/DMSN, Pt1Sn3/DMSN and Pt1Sn4/DMSN
catalysts. This indicates that the low Sn loading catalyst showed lower propene selectivity
compared with the high Sn loading catalyst. Moreover, the selectivity decreased from the
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Pt1Sn2/DMSN catalyst to the Pt1Sn4/DMSN catalyst. One reason for this tendency may be
the excess Sn results in the side reaction.
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catalysts; (C) the deactivation rate constant (kd) of PtSn/DMSN catalysts. 
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In order to analyze the effect of the Pt/Sn ratio on the PDH catalytic performance, the
relationship of Pt/Sn ratios over deactivation rate constant kd was investigated and can
be seen in Figure 6C. It can also be seen that kd was 0.21 for the Pt1Sn1/DMSN catalyst,
indicating fast deactivation. When the ratio of Sn to Pt increased to 2, kd apparently
decreased. The catalyst with a Pt/Sn ratio of 1/2 showed a kd of 0.09, indicating high
stability among these catalysts. Compared with the Pt1Sn1/DMSN catalyst, the catalysts
with high loading amounts of Sn showed high stability.

Table 2 lists the catalytic data of PtSn/SiO2 catalysts used in the PDH reaction. It can
be seen that the reaction conditions were different over the PtSn/SiO2 catalysts. Because
the propane dehydrogenation reaction is an endothermic reversible reaction, the reaction
temperature and feed composition resulted in different equilibrium conversions of propane.
Table 2 lists the equilibrium conversion over the different conditions. It can be seen that
the initial propane conversion was lower than the equilibrium conversion, and the initial
propane conversion was about 85% of the equilibrium conversion in this work, indicating
high activity of the Pt1Sn2/DMSN catalyst. On the other hand, the kd of the Pt1Sn2/DMSN
catalyst seemed high because of the feed composition of pure propane.

Table 2. Catalytic data of PtSn/SiO2 catalysts used in the PDH reaction.

Catalyst Reaction
Temperature (◦C)

WHSV
(h−1) Feed Composition Equilibrium

Conversion (%)
Initial

Conversion (%)
Initial

Selectivity (%)
kd

(h−1) Ref

Pt/Sn-MFI 600 3.2 Pure C3H8 49.3 42 95 0.012 [17]
Pt1Sn1/SiO2 580 4.7 C3H8:He = 4:21 67 66.5 ~99 0.008 [21]

Pt-Sn/SBA-15 600 16.5 C3H8:H2:N2 = 14:14:72 60.8 ~40 ~92 ~0.09 [23]
K-PtSn@MFI 650 29.5 C3H8:N2 = 5:16 83.5 ~55 ~99 ~0.006 [24]
4SnPt/SiO2 500 17.7 C3H8:H2:N2 = 2:3:95 45.7 ~11 99 0.004 [53]

Pt-Sn/xAlSBA-15 600 11.8 C3H8:N2 = 3:10 52.7 25.5 ~97 0.22 [54]

Pt1Sn2/DMSN 590 2.4 Pure C3H8 40.8 34.9 96.7 0.09 This
work

2.3. Characterization Results of the Spent Catalysts

To provide evidence for the distribution of Pt and Sn species before and after the PDH
reaction, HRTEM analyses were carried out on the spent Pt1Sn2/DMSN catalyst. Figure 7
shows the HRTEM images of the EDS elemental mapping of the spent Pt1Sn2/DMSN cata-
lyst. Compared with Figure 5A1, the morphological structure of the spent Pt1Sn2/DMSN
catalyst was similar to that of the calcined sample after a 6 h PDH reaction, indicating
the high stability of the DMSN support. No significant aggregation occurred on the PtSn
nanoparticles compared with the calcined sample.
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Figure 7. HRTEM images and EDS elemental mapping of spent Pt1Sn2/DMSN catalyst.

In order to investigate the influence of coke deposition on the PDH catalytic perfor-
mance, the amount of coke on the spent catalysts was investigated by TG characterization.
As shown in Figure 8, the Pt1Sn1/DMSN catalyst had a mass loss of 4.7%, which was the
highest among the PtSn/DMSN catalysts, indicating the largest amount of coke deposition.
This is because of the occurrence of side reactions that demonstrated the low propene
selectivity of this sample. The Pt1Sn2/DMSN catalyst showed higher mass loss than that
of Pt1Sn3/DMSN and Pt1Sn4/DMSN catalysts. This indicates that both the dehydrogena-
tion reaction and the coke deposition were enhanced compared to Pt1Sn3/DMSN and
Pt1Sn4/DMSN catalysts. Furthermore, the Pt1Sn3/DMSN catalyst showed the lowest mass
loss, indicating the lowest amount of coke deposition on the sample.
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Figure 8. TG profiles of the spent PtSn/DMSN catalysts with different ratios of Pt and Sn.

Pt-based catalysts have been widely used in the PDH process. As the most effective
promoter, Sn is usually combined with Pt in PDH. The promoting effect of Sn has been
understood both geometrically and electronically. Therefore, the ratio of Pt/Sn will show
some influence on the geometric and electronic effects, as confirmed by the DFT calcu-
lations [55]. The catalyst with a Pt/Sn ratio of 2 showed the best catalytic performance
with propane initial conversion of 34.9%, and the deactivation rate constant on the high Sn
loading PtSn/DMSN catalysts was lower. The coke analysis shown in Figure 8 indicates
the inhibition by Sn of coke formation.
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3. Materials and Methods
3.1. Catalyst Preparation

DMSN support was prepared by the emulsion method as described previously [30].
PtSn/DMSN catalysts were prepared by the incipient-wetness impregnation method.
SnCl4·5H2O and H2PtCl6·6H2O precursors were dissolved in deionized water to form
a solution, and powder DMSN was impregnated in the solution. After that, the mixture
was sonicated for 30 min and dried at 25 ◦C for 24 h. After being completely dried, the
catalysts were calcined at 500 ◦C for 4 h and reduced with H2 at 500 ◦C for 4 h. The
composition of the catalyst with different ratios of Pt/Sn were 1 wt% Pt and 0, 1, 2, 3 and
4 wt% Sn. For the sake of brevity, these catalysts were named as Pt/DMSN, Pt1Sn1/DMSN,
Pt1Sn2/DMSN, Pt1Sn3/DMSN and Pt1Sn4/DMSN.

3.2. Characterization

Nitrogen adsorption/desorption isotherms at −196 ◦C were recorded using a Mi-
cromeritics TriStar II 3020 porosimetry analyzer. The samples were degassed at 300 ◦C
for 8 h prior to the measurements. Wide-angle XRD patterns were obtained by a powder
X-ray diffractometer (Shimadzu XRD 6000, Kyoto, Japan) using Cu Kα (λ = 0.15406 nm)
radiation with a nickel filter operating at 40 kV and 40 mA in the 2θ range of 10–90 ◦ at
a scanning rate of 4◦/min. Transmission electron microscopy (TEM) images were taken
on a JEOL JEM 2100 electron microscope equipped with a field emission source at an
acceleration voltage of 200 kV. The TEM samples were sonicated and well suspended in
ethanol. Drops of the suspension were applied, and after drying the fine particles were well
dispersed on a copper grid coated with carbon. X-ray photoelectron spectra (XPS) were
recorded on a Perkin-Elmer PHI-1600 ESCA spectrometer using an Mg Kα (hv = 1253.6 eV,
1 eV = 1.603 × 10−19 J) X-ray source. The binding energies were calibrated using the C1s
peak of contaminant carbon (BE = 284.6 eV) as an internal standard. Raman spectra were
performed on a Renishaw inVia Reflex Raman spectrometer with a 325 nm laser at room
temperature under ambient conditions. The amount of coke deposited was determined by a
NETZSCH STA 449 F5 thermogravimetric (TG) analyzer. The samples were exposed to 20%
O2/N2 flowing and oxidized from ambient temperature to 600 ◦C at a rate of 10 ◦C min−1.

3.3. Catalytic Activity Test

The PDH reaction was carried out in a conventional quartz tubular micro-reactor.
Then, 0.2 g of the catalyst was placed in the center of the reactor and reduced under 10%
H2/Ar at 500 ◦C for 4 h. Subsequently, the pure C3H8 with a weight hourly space velocity
(WHSV) of 2.4 h−1 was fed to the reactor, and the reaction temperature was raised to and
maintained at 590 ◦C. The reaction products were analyzed by using an online Agilent-
7890B gas chromatograph equipped with an HP-Al2O3 capillary column for the separation
of CH4, C2H4, C2H6, C3H6 and C3H8. The conversion of propane and the selectivity for
propene were defined as follows:

XC3H8 =
CH4+2C2H4+2C2H6+3C3H6

CH4+2C2H4+2C2H6+3C3H6+3C3H8
× 100%

SC3H6 =
3C3H6

CH4+2C2H4+2C2H6+3C3H6
× 100%

The deactivation rate constant kd was calculated as follows:

kd =
ln
[ 1−X f inal

X f inal

]
− ln

[
1−Xinitial

Xinitial

]

t

where Xinitial and Xfinal represent the propane conversion at the initial and final stages of an
experiment, respectively, and t (h) represents the duration of the PDH reaction.
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4. Conclusions

PtSn/DMSN catalysts were synthesized by using DMSN support. The influence of the
Pt/Sn ratios was investigated. The addition of Sn could enhance the catalytic performance
of PDH, and the Pt/Sn ratios affected coke deposition. The addition of Sn modified the
dispersion and electronic properties of Pt. The Pt1Sn2/DMSN catalyst with a Pt/Sn ratio
of 1:2 showed the highest catalytic performance with initial propane conversion of 34.9%.
The good catalytic performance of the Pt1Sn2/DMSN catalyst was ascribed to the small
nanoparticle size of PtSn and the favorable chemical state and dispersion degree of Pt and
Sn species.
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Abstract: The efficient recycling of valuable resources from rolling oil sludge (ROS) to gain new uses
remains a formidable challenge. In this study, we reported the recycling of solid Fe resources from
ROS by a catalytic hydrogenation technique and its catalytic performance for CO oxidation. The
solid Fe resources, after calcination in air (Fe2O3-H), exhibited comparable activity to those prepared
by the calcinations of ferric nitrate (Fe2O3-C), suggesting that the solid resources have excellent
recycling value when used as raw materials for CO oxidation catalyst preparation. Further studies to
improve the catalytic performance by supporting the materials on high surface area 13X zeolite and
by pretreating the materials with CO atmosphere, showed that the CO pretreatment greatly improved
the CO oxidation activity and the best activity was achieved on the 20 wt.%Fe2O3-H/13X sample
with complete CO conversion at 250 ◦C. CO pretreatment could produce more oxygen vacancies,
facilitating O2 activation, and thus accelerate the CO oxidation reaction rate. The excellent reducibility
and sufficient O2 adsorption amount were also favorable for its performance. The recycling of solid
Fe resources from ROS is quite promising for CO oxidation applications.

Keywords: ROS; solid Fe resources; recycling; CO oxidation

1. Introduction

Rolling oil is extensively used for refrigeration and lubrication during the cool rolling
process of stainless steel, but it will deteriorate after long-term use and transform into rolling
oil sludge (ROS) by mixing with iron powder. ROS is one type of refractory hazardous
waste [1–3]. With the rapid development of the steel industry, the enormous usage of
rolling oil produces a tremendous increase of ROS, causing serious threats to both the
ecological environment and human health [3–5]. Conventional treatment technologies
to dispose of ROS include incineration, distillation, brick or briquette making, solvent
extraction, etc. [6–8], but encounter more problems in practical use, such as high operation
cost, complex process, serious waste pollution, insufficient use of calorific value, etc. [8,9].
Hydrofining technology is one of the most common technologies for the recycling of spent
lubrication oil [10–12]. It possesses many advantages, such as a large treatment capacity,
high recovery rate, good product quality, etc., despite its huge initial input costs. For ROS
treatment, the distillation process is generally employed to cut components prior to the
hydrofining process, and solid wastes are not recycled effectively [13–15]. Moreover, the
solid wastes are also hard to separate from ROS even after the hydrofining treatment due
to the addition of solid catalysts, which could mix with the solid wastes and be hardly
separated. The Fe element does not have full electron fill in d-shell with a body-centered
cubic lattice structure, thereby exhibiting a certain hydrogenation capability [16,17]. Hence,
the development of a simple technology that can effectively recycle the high-value solid
resources from ROS and thereby find the potential application of these solid resources is of
great importance.
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Catalytic CO oxidation is a well-known reaction in heterogeneous catalysis. It can not
only act as a prototypical reaction to understand the reaction mechanism but also receive
wide applications in practice, such as CO abatement in closed systems (e.g., submarines,
aircraft, spacecraft, etc.), automotive exhaust catalytic purification, gas purification in gas
masks, removal of CO impurity in feed gas, etc. [18–20]. It has been reported that the
pretreatment of catalysts with the reactant is of great importance and can significantly affect
the catalytic performance for CO oxidation. For example, the pretreatment of Pd-supported
catalysts with H2 or CO showed excellent catalytic performance due to the formation of
new active sites [21] and the improved ability for O2 activation [22]. Fe-based catalysts are
extensively studied as promising alternatives to the commercial noble metal-based three-
way catalysts, such as Fe-Ce [23], Fe-Co [24], Fe-Ni [25], etc. Tian et al. [26] synthesized
Cu-Fe-Co ternary oxide thin film supported on copper grid mesh for CO oxidation, showing
excellent catalytic activity, which was owed to the synergistic effects of chemisorbed oxygen
species, electrical resistivity, easy mass transferability, etc. Moreover, 13X zeolite is usually
employed as catalyst support due to its high specific surface area, easy availability, and
low cost. It has been widely applied in various reactions, including catalytic removal of
ethylbenzene, cyclohexane, and hexadecane [27,28]. Therefore, it is quite interesting to
develop Fe-supported 13X zeolite catalysts for CO oxidation.

In this work, ROS collected from a food-grade stainless steel facility in Wuhan Iron and
Steel Co. (WISCO) was disposed of by the hydrogenation technique. The solid Fe resources
can act as catalysts for the hydrogenation of organics in the ROS and be automatically
separated from the oil without adding extra hydrogenation catalysts. To explore the
application of the recycled solid Fe resources from the ROS, they were utilized as raw
materials to prepare catalysts by supporting them on 13X zeolite. The catalytic performance
of such prepared catalysts was evaluated for CO oxidation reaction at a stoichiometric feed
and the effect of CO pretreatment on the catalytic activity was investigated.

2. Results and Discussion
2.1. Physical Properties and Morphology of Fe Based Catalysts

Figure 1 shows the images of the ROS and the separated oil and solid phase after the
catalytic hydrogenation process. The ROS was seriously emulsified with high viscosity
and was difficult to dry naturally, owing to the poor volatile ability of the oily sludge
components. Meanwhile, it emitted funky odors. After catalytic hydrogenation, the
product was readily filtered to achieve complete oil/solid separation. The oil color changed
from black to brown, and the viscosity became quite low with the capability of free flow.
The solid was quite loose and easily crushed into powder. It was then used to prepare
Fe-based catalysts for CO oxidation.
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Figure 1. Images of the (a) rolling oily sludge, (b) separate oil phase and (c) solid phase after the
catalytic hydrogenation process.

HRTEM/TEM images in Figure 2 show that the Fe2O3-H sample (the solid Fe resource
after air calcination) was made of nanoparticles in the size range of 30~40 nm. The inter-
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planar distances were measured to be 0.27 and 0.25 nm, which were assigned to the (104)
and (111) planes of Fe2O3, respectively. To detect the crystalline phases of the Fe-based
catalysts, XRD measurements were performed and the results are presented in Figure 3a.
By screening the XRD database, the peaks located at 24.1, 33.2, 35.6, 40.8, and 49.6◦ are
assigned to those of the α-Fe2O3 phase (PDF #73-2234), [29,30], which is consistent with the
TEM/HRTEM results. For the 13X zeolite-supported catalysts, the catalysts displayed the
characteristic diffraction peaks ascribed to 13X zeolite besides α-Fe2O3 phase. Meanwhile,
the intensity of diffraction peaks of 13X zeolite weakened in accordance with that reported
elsewhere [27]. Figure 3b depicts the XRD patterns of samples pretreated with CO. For the
13X zeolite-supported samples (20% Fe2O3-C/13X@CO and 20% Fe2O3-H/13X@CO), the
new diffraction peaks at 30.3, 37.4, 43.4, 53.9, and 57.5◦ were attributed to Fe3O4 (PDF#88-
0315) indicated that the Fe2O3 in these two samples was reduced to Fe3O4 by CO. While for
the unsupported samples (Fe2O3-C@CO and Fe2O3-H@CO), the peaks ascribed to Fe2O3
co-existed with those ascribed to Fe3O4. These results showed that a portion of Fe3+ in the
fresh samples was converted into Fe2+ after exposure to 1% CO/N2 at 450 ◦C.
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2.2. Redox and Surface Properties

To investigate the redox properties of the catalysts, H2-TPR experiments were carried
out. As shown in Figure 4a, the reduction behavior of iron species was divided into three
stages for the Fe2O3-H sample: Fe2O3 to Fe3O4 in the temperature range of 300–450 ◦C,
and Fe3O4 to FeO, then to Fe0 in the high temperature range of 450–800 ◦C [31–33]. The
introduction of 13X zeolite substantially changed the character of the reduction curves.
Only one reduction peak at approximately 533 ◦C was observed for the 20% Fe2O3-H/13X
sample. The reduction of Fe2O3-H/13X was almost completed at 700 ◦C, which was
much lower than that of the Fe2O3-H sample, indicating that the presence of 13X zeolite
facilitated the reduction of iron species. In contrast, the reduction was quite complex for
20% Fe2O3-C/13X. It started off at a similar temperature to that of the 20% Fe2O3-H/13X,
but the profile then became flat until a major peak appeared at 792 ◦C. The poor reducibility
of 20% Fe2O3-C/13X could account for the low activity as discussed below. The CO
pretreatment affected the redox ability of the catalysts, and the corresponding results are
shown in Figure 4b. Fe species of Fe2O3-H@CO were readily reduced as the reduction
process was completed at lower temperatures compared to Fe2O3-H. Notably, CO treatment
led to the increment of the reduction peak area of the Fe2O3-H and 20% Fe2O3-H/13X
samples compared to their respective fresh samples, but the opposite trend was observed
on the Fe2O3-C-based catalysts. The results indicated that CO pretreatment facilitated the
generation of reducibly Fe active species on the Fe2O3-H-based samples while inhibiting it
on the Fe2O3-C-based samples. Moreover, the reduction peak of 20% Fe2O3-C/13X after
CO pretreatment remained at around 790 ◦C, while that of 20% Fe2O3-H/13X shifted from
533 to 515 ◦C after CO exposure, showing that the redox ability was improved on the 20%
Fe2O3-H/13X@CO.
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To investigate the O2 adsorption behavior of samples, O2-TPD experiments of fresh
samples were conducted, and the results are shown in Figure 5a. The desorption peaks
below 300 ◦C and above 600 ◦C are generally attributed to chemisorbed oxygen species
and bulk lattice oxygen, respectively [34,35]. Both Fe2O3-C and Fe2O3-H showed a weak
ability for O2 adsorption, while the introduction of 13X zeolite profoundly enhanced the
O2 adsorption ability, which was a crucial factor influencing the activity of CO oxidation.
Compared to 20% Fe2O3-C/13X, 20% Fe2O3-H/13X exhibited a bigger O2 desorption peak,
showing its superior adsorption capability. The effect of CO pretreatment on O2 adsorp-
tion ability was investigated, and the results are shown in Figure 5b. Lower adsorption
temperatures were observed on all the samples after CO pretreatment. Similarly, the 13X
zeolite-supported Fe2O3 samples showed a larger O2 adsorption amount than pure Fe2O3
samples after CO pretreatment.
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An XPS measurement was employed to investigate the chemical state of the samples.
XPS spectra of Fe 2p of samples before and after CO pretreatment are presented in Figure 6.
The peaks at 710.97 and 724.45 eV are assigned to Fe 2p3/2 and Fe 2p1/2, respectively,
and the satellite peak at 719.16 eV is attributed to Fe2O3 [36,37]. No peaks assigned to
Fe0 and Fe2+ were detected, as expected. The binding energies of Fe 2p shifted to lower
values at 0.5 eV when Fe2O3-H and Fe2O3-C were supported on 13X zeolite. This indicated
that the introduction of 13X zeolite affected the chemical environments of Fe3+ in the
samples. Three peaks at 709.6–709.9 eV, 710.2–711.7 eV, and 712.9–713.7 eV appeared after
CO pretreatment, which can be assigned to octahedral Fe(II) species, octahedral Fe(III)
species, and tetrahedral Fe(III) species [38]. This suggests that the iron in the samples
existed both in Fe2+ and Fe3+ species. Furthermore, a shakeup satellite attributed to the Fe
2p3/2 peak appeared, which was ~9 eV higher than that of the main Fe 2p3/2 peak. Table 1
lists the oxidation states of Fe species in the samples after CO pretreatment. The high Fe2+ /
(Fe2+ + Fe3+) ratio caused the imperfect structure of iron oxide and resulted in the formation
of oxygen vacancies that facilitated CO oxidation. The lowest Fe2+ content was found in
20% Fe2O3-C/13X@CO, and Fe2O3-H@CO exhibited a higher Fe2+ / (Fe2+ + Fe3+) ratio
than Fe2O3-C@CO. The Fe2+ / (Fe2+ + Fe3+) ratio increased from 0.296 for Fe2O3-H@CO to
0.346 for 20% Fe2O3-H/13X@CO, which can be attributed to the interaction between iron
and 13X zeolite.
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Table 1. Peak-fitting quantitative results of Fe 2p and O 1s spectra of different samples.

Sample
Peak Location (eV)

Fe2+/(Fe2+ + Fe3+) a Oa/O b Ob/O c

Fe2+oct Fe3+oct Fe3+tet

Fe2O3-H - - - - 66.4% 33.6%

Fe2O3-C - - - - 71.2% 28.8%

20% Fe2O3-H/13X - - - - 18.0% 82.0%

20% Fe2O3-C/13X - - - - 19.4% 80.6%

Fe2O3-H@CO 710.06 711.24 713.12 29.6% 61.2% 38.8%

Fe2O3-C@CO 709.92 711.15 712.92 27.1% 68.2% 31.8%

20% Fe2O3-H/13X@CO 709.90 711.30 713.06 34.6% 11.5% 88.5%

20% Fe2O3-C/13X@CO 709.9 711.15 712.98 20.1% 17.5% 82.5%
a Fe2+/(Fe2+ + Fe3+) = SFe

2+/S(Fe
2+ + Fe

3+
). b Oa/O = Oa

/S(Oa+Ob). c Ob/O = Oa
/S(Oa+Ob).

Figure 7 shows the XPS spectra of O 1s of samples before and after CO pretreatment,
which could be fitted into three peaks assigned to chemisorbed oxygen Oβ species (O2

2−,
~531.3 eV; and O2

−, ~533.0 eV) and lattice oxygen Oα species (O2-, ~529.8 eV), respectively.
Table 1 lists the Oα and Oβ ratio calculated from the fitted peak areas ascribed to Oα

and Oβ species. The Oβ ratio increased from 28.8 to 33.6% on Fe2O3-H catalysts when
compared to Fe2O3-C catalysts. As lattice oxygen Oα species were closely related to iron
oxides in the samples, the introduction of 13X zeolite changed the major feature of the
profile, showing that Oβ ratio was much higher than Oα ratio due to low Fe contents. CO
pretreatment also markedly promoted the generation of chemisorbed oxygen Oβ species
(O2

2−, ~531.3 eV; and O2
−, ~533.0 eV), e.g., the Oβ ratio increased from 82.0% to 88.5%

after the 20% Fe2O3-H/13X was pretreated with CO. The results were consistent with the
Fe 2p XPS spectra, i.e., more Fe species with low valence states were favorable for the
generation of more oxygen vacancies. Oβ species are widely recognized as more reactive
than Oα species because of their higher mobility.
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2.3. CO Oxidation Application
2.3.1. Effect of Calcination Temperatures, Different Synthesis Methods, and
Pretreatment Conditions

The phase of Fe2O3-H, determined by calcination temperatures, showed a significant
influence on CO oxidation performance. Figure S1 presents XRD patterns of Fe2O3-H under
different calcination temperatures. Several main characteristic diffraction peaks at 30.2,
35.6, 43.3, 53.7, and 57.3◦ appeared on the samples under 400 and 500 ◦C calcination, which
are assigned to metastable maghemite phase γ-Fe2O3 (PDF#39-1346). Further increasing
the calcination temperatures to 600 and 700 ◦C led to the phase transformation to the
more stable hematite phase α-Fe2O3 (PDF#33-0664), which displayed main characteristic
diffraction peaks at 24.1, 33.2, 35.6, 40.8, and 49.6◦. The average crystalline size, estimated
by the Scherrer equation, slightly increased from 25.1 to 27.9 nm when increasing the
calcination temperatures from 400 to 600 ◦C, while it markedly increased to 35.8 nm when
further elevating the calcination temperature to 700 ◦C. This suggests that the crystalline
size would significantly grow large at calcination temperatures above 600 ◦C. Figure
S2 exhibited CO oxidation activity over Fe2O3-H after calcined at 400–700 ◦C. The CO
oxidation performance increased in the following sequence of 400 < 500 < 700 < 600 ◦C,
suggesting that the optimal calcination temperature was 600 ◦C.

The activities of the original solid Fe resources, Fe2O3-H and Fe2O3-C, were then
compared, and the corresponding results are shown in Figure 8. The solid Fe resources
showed the lowest CO conversion in the whole temperature window compared with the
samples after calcination, which may be due to residual oil or other impurities in the solid
Fe resources that inhibited its catalytic activity. Fe2O3-H and Fe2O3-C showed similar
activity with T10 at 200 ◦C and T100 at 300 ◦C, demonstrating that the performance of
Fe2O3-H, obtained from the ROS, was comparable to that of the synthetic Fe2O3 in the
lab, and hence the excellent recycling value of the solid Fe resources in CO oxidation
application. CO pretreatment could change the chemical state of active species and catalyst
structure, thus further affecting CO oxidation activity. Figure 8b shows CO oxidation
performance over Fe2O3-H, Fe2O3-H@CO, and Fe2O3-C@CO. It was found that the activity
of Fe2O3-H and Fe2O3-C can be significantly improved after CO pretreatment, and the
Fe2O3-H@CO exhibited slightly higher activity than the Fe2O3-C@CO. This indicates that
CO pretreatment can evidently boost the activity of Fe2O3 for CO oxidation. The best
activity was obtained from Fe2O3-H@CO, which showed 54% and 100% CO conversions
at 200 and 250 ◦C, respectively. According to XRD and XPS results, a portion of Fe3+ was
reduced to low valence Fe2+ species during the CO pretreatment, resulting in the formation
of more oxygen vacancies that facilitated O2 adsorption and activation. Enhanced O2
adsorption and activation would accelerate CO oxidation rates on the Fe2O3-H and Fe2O3-
C after CO pretreatment.
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2.3.2. CO Oxidation Activity on 13X Zeolite-Supported Catalysts

Pure nanometer oxides readily agglomerate and grow when exposed to heat. High
surface area supports are typically employed to disperse those nanometer oxide particles
to enhance their durability and thermal stability. On this basis, we prepared Fe2O3-H
supported on the 13X zeolite, 5A, FCC and γ-Al2O3 catalysts, and their XRD patterns
are shown in Figure S3. All the samples displayed the characteristic peaks ascribed to
the corresponding supports, indicating that each support was successfully introduced.
Their CO oxidation activities were further compared, and the results are shown in Figure
S4. The CO oxidation activity increased in the following order of Fe2O3-H/FCC < Fe2O3-
H/5A < Fe2O3-H/γ-Al2O3 < Fe2O3-H/13X. To further clarify the effect of pure supports
on the performance, we tested their catalytic activities. All the supports showed quite poor
activities in the whole temperature window. The results suggested that the activity came
from Fe2O3 and the interactions between Fe2O3 and the support, and that the optimal
catalyst support was 13X zeolite.

After selecting 13X zeolite to be a support, the effect of different Fe2O3-H loadings on
the activity was investigated. Figure 9a shows that the CO oxidation activity increased with
the increase of Fe2O3-H loading, and the pure Fe2O3-H exhibited the best performance.
After CO pretreatment, the activity of samples for CO oxidation was markedly enhanced,
and the best activity was observed on 20% Fe2O3-H/13X@CO in Figure 9b. In particular,
the 20% Fe2O3-H/13X@CO showed 71% CO conversion at 200 ◦C, compared with 5% CO
conversion on the 20% Fe2O3-H/13X at the same temperature, revealing the importance
of CO pretreatment in improving the activity of catalysts. CO pretreatment was also
introduced to the 20% Fe2O3-C/13X for comparison. The CO conversion of 20% Fe2O3-
C/13X@CO was 15% at 200 ◦C, which is much lower than that of 20% Fe2O3-H/13X@CO.
This clearly demonstrated the value of recycling the solid Fe resources from the ROS. The
20% Fe2O3-H/13X@CO exhibited the highest CO oxidation activity due to better redox
ability and superior O2 adsorption and activation ability after CO treatment. It had T100
(the catalyst temperature required to reach 100% CO conversion) at 250 ◦C, which was
obviously improved compared with these Fe2O3-based catalysts reported in the literature,
as listed in Table 2. The stability of 20% Fe2O3-H/13X@CO for CO oxidation was also
investigated by evaluating the activities with time-on-stream tests. Figure S5 showed that
minor CO conversion loss was observed in 30 h, which further proved its great promise for
practical applications.
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Based on the above results, the catalytic mechanism of CO oxidation on the Fe2O3-
H/13X@CO was then discussed. It is generally believed that iron oxide catalysts follow the
redox mechanism in CO oxidation. For supported Fe catalysts, CO molecular first adsorbs
on the surface active sites, and is subsequently oxidized by lattice oxygen in iron oxides.
Several medium CO3

2− or HCO3
− species are formed, which are further converted into
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CO2. Correspondingly, reduced active sites in the former step are, in turn, oxidized to the
initial state by adsorbed O2 to become available for further reaction cycles. Combined with
characterization and activity results, Fe2O3-H/13X@CO showed the best CO oxidation
activity, possibly due to the following reasons: Fe species with low valence states can
generate more oxygen vacancies, involving the reaction. Furthermore, the 20% Fe2O3-
H/13X@CO surface provided sufficient chemical chemisorbed oxygen species for reduced
active sites’ regeneration and exhibited excellent reducibility for CO molecules’ oxidation,
which also contributed to its best CO oxidation performance.

Table 2. Summary of reported T100 on Fe based catalysts in CO oxidation.

NO Catalysts T100/◦C Ref.

1 Fe2O3/13X 250 This work
2 Ce-Fe 275 [23]
3 Fe2O3/Al2O3 300 [39]
4 Fe2O3/Al2O3 278 [40]
5 Fe2O3 rod 370 [41]
6 Fe2O3 288 [42]
7 Fe2O3/TiO2 260 [43]
8 Fe2O3/Al2O3 300 [44]
9 Fe2O3 350 [45]

10 Fe/Al-pillared bentonite >400 [46]

3. Methods and Materials
3.1. Materials and Reagents

ROS was collected from a food-grade stainless steel facility in WISCO. The facilities
used in experiments include a heating mantle, a thermostatic water bath, an electrically-
heated drying cabinet, an oven, and a large capacity centrifuge. Raw materials, such as
iron(III) nitrate nonahydrate (Fe(NO3)3·9H2O, 99%), ethyl acetate, ammonium hydrox-
ide (NH3·H2O, 25 wt.%), and 13X zeolite, purchased from Sinopharm Group Chemical
Reagent Beijing Co. Ltd., Beijing, China are analytically pure and can be used without
further purification.

3.2. Catalytic Hydrogenation Reaction

To recycle the solid Fe resources from ROS, catalytic hydrogenation of the ROS was
carried out on a 500 mL high-pressure reactor. Typically, 250 g of ROS is added to the
reactor. Prior to reaction, the reactor was flushed with nitrogen twice to remove the air
residue. Afterwards, H2 was filled into the reactor up to 6 MPa at room temperature, and
the temperature was raised at a ramp rate of 5 ◦C/min with a stirring speed of 300 r/min.
The reaction was carried out for 4 h at 320 ◦C to guarantee completion of the hydrogenation
process. After cooling to room temperature, the mixture was filtered and the solid Fe
resources were finally obtained.

3.3. Catalyst Preparation

The solid Fe resources were washed repeatedly with ethyl acetate to remove oil and
other impurities, then dried at 100 ◦C overnight. The powder was calcined at 400–700 ◦C
for 5.5 h, and the resultant product was denoted as Fe2O3-H. The supported catalysts were
synthesized by a mechanical milling method through mixing the solid Fe resources and
13X zeolite. Specifically, the Fe2O3-H was mixed with 13X zeolite at the desired mass ratio
and milled in a rock grinder for 10 min. The Fe2O3 loading was set at 10~50 wt.% and the
catalysts were denoted as x% Fe2O3-H/13X. The obtained samples were further crushed
into 40~60 mesh before use. For comparison, a sample denoted as Fe2O3-C was obtained
through direct calcination of Fe(NO3)3·9H2O at 600 ◦C for 5.5 h, which was then supported
on 13X zeolite (denoted as x%Fe2O3-C/13X) with the mechanical milling method described
above. To avoid confusion, for catalysts pretreated with CO before the reaction, they were
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denoted as catalyst@CO, e.g., Fe2O3-H@CO means the fresh Fe2O3-H was pretreated with
1%CO at 450 ◦C for 1 h. The scheme of the Fe2O3-H/13X@CO preparation process was
depicted in Figure 10. Moreover, 5A zeolite, fluid catalytic cracking (FCC) spent catalysts,
and γ-Al2O3 carriers were chosen to investigate the effect of different supports on CO
oxidation activity. The preparation method was the same as Fe2O3-H/13X except for
replacing 13X with 5A, FCC or γ-Al2O3 carriers and Fe2O3 loading content was fixed at
20%. The catalysts were denoted as Fe2O3-H/5A, Fe2O3-H/FCC and Fe2O3-H/γ-Al2O3.
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3.4. Catalyst Characterization

X-ray Diffraction (XRD) measurements were performed on a Bruker D8 diffractometer
equipped with Cu Kα radiation, with 2θ range between 10◦ and 80◦ and a scanning rate
of 5◦/min. N2 sorption isotherms of the catalysts were recorded with a JWGB Sci &
Tech Ltd. JW-BK112 analyzer at −196 ◦C. The samples were degassed at 350 ◦C for 12 h
prior to measurements. A Transmission Electron Microscope (TEM) was conducted on a
Tecnai G2 F20 S-TWIN to observe surface morphology and measure particle size. X-ray
photoelectron spectroscopy (XPS) measurements were performed on a Thermo Escalab 250
Xi spectrometer (Al Kα radiation) to analyze surface chemical composition and chemical
states. Binding energies were calibrated using the C1s peak of adventitious carbon at
284.6 eV. A temperature programmed reduction with hydrogen (H2-TPR) was performed
on a Chemisorb 2720 TPx chemisorption analyzer. A 100 mg sample was pretreated by
Ar (25 mL/min) at 350 ◦C for 30 min and then cooled to room temperature in Ar flow.
Afterwards, the TPR spectrum was then collected by raising the temperature at a heating
rate of 10 ◦C/min in 10% H2/Ar (50 mL/min). Temperature-programmed desorption
of oxygen (O2-TPD) was performed on the same apparatus. The first step was to heat
up the catalyst to 350 ◦C in flowing N2 to desorb gases adsorbed on the catalyst during
catalyst preparation. A 50 mg sample was subjected to pure O2 gas at room temperature
for 1 h. Afterwards, the gas was switched to pure N2 to remove the physically adsorbed O2
molecules. The TPD spectrum was then collected by raising the temperature at a heating
rate of 10 ◦C/min.

3.5. CO Oxidation Performance Evaluation

CO oxidation performance was evaluated in a home-made fixed bed quartz reactor
operating at atmospheric pressure. Typically, 3 g of catalyst was packed in the reactor and
supported by a quartz wool plug. To activate the fresh catalysts, the catalysts were heated
up to 450 ◦C for 30 min in flowing N2 (100 mL/min). All activities were tested under steady
state conditions with a temperature range of 50~450 ◦C and a temperature increment of
50 ◦C. The feed gas composition was 0.5 mol.% CO and 0.25 mol.% O2 (N2 balance) with
a stoichiometric feed condition (λ = 1.0). The total flow rate was 100 mL/min and the
gaseous hourly space velocity, 2000 h−1. CO and CO2 concentrations in the effluent were
quantified by an on-line gas chromatograph (GC-9560, Zhongke Huifen) equipped with a
flame ionization detector (FID). Before entering FID, CO and CO2 were fully converted to
CH4 by a Ni catalyst maintained at 380 ◦C. The CO conversion was calculated using the
following equation:

XCO (%) =
CCO,in − CCO,out

CCO,in
× 100

where CCO,in and CCO2,out are the inlet and outlet concentrations of CO, respectively.
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4. Conclusions

The solid Fe resources, recycled from ROS by the catalytic hydrogenation process,
were used as raw materials to prepare Fe-based catalysts for CO oxidation. The XRD and
HRTEM results confirmed that the Fe2O3-H, prepared by calcinating the solid Fe resources
in air, mainly consists of the Fe2O3 phase. TEM results showed that the particle morphology
is spherical in nature and the particle size was around 30–40 nm. The CO oxidation activity
of Fe2O3-H was comparable to that of the Fe2O3-C synthesized in the lab. In particular,
the activity of Fe2O3-H for CO oxidation can be dramatically enhanced after mixing with
13X zeolite and pre-treating in a CO atmosphere, with the best activity obtained from 20%
Fe2O3-H/13X@CO, which showed 71% CO conversion at 200 ◦C and 100% conversion at
250 ◦C. This potentiates the great value of recycling the solid Fe resources from ROS. The
excellent activity of 20% Fe2O3-H/13X@CO was attributed to the generation of low-valence
Fe species, enhanced reducibility, and improved O2 adsorption ability. This work provides
a new vista to develop promising alternatives to noble metal-based three-way catalysts via
recycling the solid phase of waste ROS.
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Abstract: Although graphitic carbon nitride (g-C3N4) has been reported for several decades, it is still
an active material at the present time owing to its amazing properties exhibited in many applications,
including photocatalysis. With the rapid development of characterization techniques, in-depth
exploration has been conducted to reveal and utilize the natural properties of g-C3N4 through
modifications. Among these, the assembly of g-C3N4 with metal oxides is an effective strategy
which can not only improve electron–hole separation efficiency by forming a polymer–inorganic
heterojunction, but also compensate for the redox capabilities of g-C3N4 owing to the varied oxidation
states of metal ions, enhancing its photocatalytic performance. Herein, we summarized the research
progress on the synthesis of g-C3N4 and its coupling with single- or multiple-metal oxides, and
its photocatalytic applications in energy production and environmental protection, including the
splitting of water to hydrogen, the reduction of CO2 to valuable fuels, the degradation of organic
pollutants and the disinfection of bacteria. At the end, challenges and prospects in the synthesis and
photocatalytic application of g-C3N4-based composites are proposed and an outlook is given.

Keywords: graphitic carbon nitride; metal oxides; heterojunctions; synthesis; photocatalytic applica-
tions

1. Introduction

With the development of economies and the growth of populations, pressures on
energy demand and environmental pollution continue to increase all over the world [1–4].
Fossil fuels, which currently account for a large amount of the world’s energy, are increas-
ingly consumed, resulting in negative impacts on the environment through the release of
CO2, which is a serious greenhouse gas. Solar-energy-based photocatalysis is a promis-
ing technology to solve energy and environment problems, and has received extensive
attention recently [5–7]. The synthesis of efficient photocatalysts is a key factor in apply-
ing photocatalytic technology to solve energy and environmental issues, such as water
splitting to produce H2 and O2 [8–12], tail gas treatment (NO, CO2, etc.) [13,14], pollutant
degradation [15–20], etc.

In the photocatalytic process, the electrons of photocatalysts are activated by absorbing
photon energy [21]. Once the electrons have received enough energy, they will be excited
to the valence band (VB), leaving holes at the conduction band (CB). The photogenerated
electron–hole pairs (e−/h+) will then activate the reactants and promote the proceeding
of a reaction [22,23]. In 1972, Fujishima and Honda reported the use of TiO2 electrodes
for photocatalytic water splitting under ultraviolet light, which can be regarded as the
milestone of photocatalytic technology [24]. In 1979, Inoue reported the reduction of CO2
into organic compounds in aqueous solution using TiO2, ZnO, GaP and CdS semicon-
ductors [25]. Since then, the development of efficient semiconductors for photocatalysis
has become a hotspot. Traditional photocatalysts mainly contained inorganic compounds,
including metal oxides [26,27], sulfides [28], nitrides [29] and their composites [30], etc.
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The direct use of such materials was often restricted by their large band gap, which leads
to low utilization efficiency for solar energy. Recently, graphite carbon nitride (g-C3N4)
semiconductors have come into people’s horizons and have become a research focus in
the field of photocatalysis, owing to their abundance, simple synthesis, high visible-light
utilization efficiency and excellent physicochemical stability.

The application of g-C3N4 to photocatalysis was reported in 2009 by Wang et al. [31].
This material received widespread attention in photocatalysis thereafter owing to its poly-
meric properties and good visible-light response [32,33]. The challenge of applying g-C3N4
to photocatalysis mainly lies in its small specific surface area, narrow light response range
and high e−/h+ recombination rate. To this end, many strategies have been proposed
in the literature, such as adjustment of the microstructure [34–36], the doping of het-
eroatoms [37–39], the coupling of semiconductors [11,30,31,40–42], etc. Among these,
coupling with other semiconductors is an attractive strategy, which can not only compen-
sate for the shortcomings of g-C3N4 with their own properties, but also produce synergistic
effects by forming heterojunctions. Both metal-free polymeric materials [43–45] and metal-
containing inorganic materials, such as CdS [46], Fe2O3 [47] Fe3O4 [48], ZnO [49], TiO2 [50],
Bi2WO6 [51] and Ce2(WO4)3 [52], can couple with g-C3N4 and form heterojunctions. In par-
ticular, the coupling of materials with special properties can give the composites interesting
advantages. For example, the coupling of magnetic materials, e.g., g-C3N4/Fe3O4 [53] and
g-C3N4/CoFe2O4 [54], can facilitate the recycling of photocatalysts (as they can be simply
separated by a magnet), in addition to the improving photocatalytic performance.

Among the coupling materials, metal oxides came into the eyes of researchers early,
because of their low-cost, abundance and easy synthesis. Many works on the coupling
of g-C3N4 and metal oxides have been reported and great achievements have been made.
The secular growth of related publications commendably reveals the flourishment of g-
C3N4/metal oxide heterojunction materials in photocatalytic applications (Figure 1). To
date, numerous breakthroughs and advances have been made in the photocatalysis system
based on g-C3N4-based heterojunction materials, but a comprehensive summary still needs
to be further subdivided, especially regarding the g-C3N4/metal oxide composite system.
In this context, it is of great significance to summarize the recent advances in the synthesis
and photocatalytic application of g-C3N4/metal oxide composites to alleviate environmen-
tal pollution and energy shortage. In detail, this work reviewed the recent progress on
(1) the synthesis of g-C3N4 and its coupling with single or double metal oxides; (2) the
photocatalytic applications of the composites in energy production and environmental pro-
tection; and (3) the challenges and prospects of g-C3N4-based heterojunction materials in
photocatalytic applications. This review enables a wide range of researchers to understand
these important areas and prospects, and the challenges and potential of g-C3N4/metal
oxide composites.
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2. Synthesis of g-C3N4 and Metal Oxides/g-C3N4 Composites
2.1. Synthesis of g-C3N4

With the in-depth study of g-C3N4 year-by-year, various modification strategies have
been proposed and applied to improve the catalytic properties of g-C3N4 materials, in-
cluding plasma sputtering deposition [55], solvothermal synthesis [56], chemical vapor
deposition [57], thermal condensation [58], etc. The thermal condensation method receives
special attention owning to its convenience, low-cost and time-savings. Nitrogen-rich ma-
terials, such as cyanamide [59], dicyandiamide [60], melamine [61], thiourea [62], urea [63],
ammonium thiocyanate [64] and their mixtures [65], are generally used as the precursors
to g-C3N4. However, this method often results in materials with low surface area and
structural defects, which hinder the exposure of active sites on the surface [66] and act
as the recombination centers of photogenerated electron–hole pairs, thereby reducing the
photocatalytic performance. To solve these problems, it is suggested that the band gap
structure of g-C3N4 be optimized to improve the separation efficiency of photogenerated
e−/h+ pairs, and to adjust the microstructure to increase its specific surface area.

In this section, we mainly focus on the influence of precursors and preparation con-
ditions on the properties of g-C3N4. In the case of precursors, cyanamide is first used to
synthesize g-C3N4. In 2005, Antonietti et al. [67] prepared g-C3N4 via the thermal polymer-
ization of cyanamide. In the process, cyanamide is first self-condensed to dicyandiamide at
150 ◦C, which then transforms to melamine, melem and, finally, g-C3N4 at 240 ◦C, 390 ◦C
and 520 ◦C, respectively, accompanying the release of NH3. However, the high price, high
toxicity and special transportation limit its wide use. Therefore, intermediate products
with low cost, low toxicity and chemical stability, e.g., dicyandiamide and melamine, are
generally used instead of cyanamide.

Ge et al. [68] used melamine as precursor to producing g-C3N4 at a temperature of
500~600 ◦C. They found that samples prepared at 520 ◦C showed the best performance
for the photodegradation of phenol. This indicates that the properties of g-C3N4 depend
intimately on the synthesis temperature, which promotes the modification of samples in,
for example, the degree of crystallinity. Additionally, they also found that an increase in
temperature can introduce nanostructures to the material, due to the exfoliation caused
by the high temperature. This provides a way to control the structure and surface area of
g-C3N4 with secondary thermal treatment, as is widely reported in the literature [69,70].

In addition to cyanamide and its derivates, other nitrogen-containing organics can also
be used as precursors to g-C3N4. For example, Schaber et al. found that the thermal decom-
position of urea in an open reaction vessel can yield g-C3N4, through the transformation of
biuret, cyanuric acid, ammelide, ammeline and melamine intermediates [71]. Later, Liu
et al. used urea as precursor to producing g-C3N4 without adding auxiliary agents, finding
that the obtained material can show excellent activity for the photocatalytic degradation of
methylene blue (MB) [72].

Zhang et al. investigated the reaction mechanism of transforming urea to produce a
g-C3N4 network at high temperature, and found that the oxygen-containing groups of urea
promote the condensation process [73]. In addition to urea, thiourea is also employed to
fabricate g-C3N4, and it was found that the sulfur existing in thiourea changes the tradi-
tional monomer condensation pathway and plays a crucial role in optimizing the structure.
In particular, no signal of sulfur was detected in the X-ray Photoelectron Spectroscopy
(XPS) spectrum (Figure 2), which suggests that the sulfur acts as a medium rather than a
component of the final material. In addition to the types of precursor, the polymerization
temperature also affects the formation process of g-C3N4. The same authors found that
the condensation of thiourea to g-C3N4 is insufficient at 450 ◦C, but could be completed at
500 ◦C. When the temperature continues increasing to 550 ◦C and 600 ◦C, the structure is
optimized. However, the g-C3N4 starts to thermally decompose once the temperature is
raised to 650 ◦C. One of the advantages of using thiourea as precursor is that it can induce
the formation of nanostructured g-C3N4, as the oxygen in the structure gradually escapes at
high temperatures. This further results in the exposure of surface sites and the localization
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of light-induced electrons in the conjugated systems, thereby improving the photocatalytic
performance [74].
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As mentioned above, urea serving as precursor can accelerate the production of large
amounts of gases at high temperatures owing to the presence of oxygen in the structure,
thereby improving the surface area of the product. For this reason, urea is often used
as porogen in the preparation of g-C3N4 to increase the porosity, as well as the nitrogen
content [75]. However, the excess addition of urea would produce a large number of
fragments, which tend to agglomerate during the reaction, reducing the surface free energy
and decreasing the photocatalytic activity. Therefore, the amount of urea added during
synthesis is of great importance and worth being optimized.

For the improvement of surface area, Wu et al. [76] reported that the addition of
NH4Cl additives during the synthesis procedure is also highly efficient, as they can be
decomposed into HCl and NH3 gases during the heat-treatment process, promoting the
delamination and depolymerization of g-C3N4, and thus, improving the surface area.
Moreover, the presence of NH4Cl can lower the temperature of g-C3N4 formation to 400 ◦C
and introduce numerous surface amino groups, which are beneficial to, for example, the
photocatalytic H2 evolution reaction, with a reaction rate twice that of bulk g-C3N4. Similar
cooperative effects are also observed for other multi-component systems, e.g., urea-mixed
imidazole [77], or melamine and urea mixed with thiourea [78].

Pretreatment of the precursor is also an effective way to improve the surface area
of g-C3N4. Sun et al. [79] prepared protonated g-C3N4 using HCl-treated melamine as a
precursor and compared the effects of treatment time on the properties of the material. They
found that the reaction of melamine with HCl changes the crystal structure and vibration
bands of g-C3N4. Compared with g-C3N4 originating from untreated melamine, the mate-
rial obtained from HCl-treated melamine exhibits smaller grain size and a bigger surface
area. Powder X-ray diffraction (XRD) patterns shows that pretreatment with acid changes
the structure of melamine, and shortens the formation process to 1 h (Figure 3a). The
structure of the samples after treatment is similar, except for a slight shift in peak position
due to the formation of nanosheets in the samples, which facilitates the strengthening of
stacking between layers and reduction in the spacing distance [80]. Indeed, scanning elec-
tron microscope (SEM) images show that g-C3N4 obtained from the untreated melamine
exhibited a particle size of 7.5 µm, which is larger than that obtained from HCl-treated
melamine (Figure 3b). This verifies that acid-treated melamine prevents the thermal con-
densation of melamine into large-sized g-C3N4, by releasing HCl and NH3 gases in the
heating process. Similar results are also reported for nitric acid-treated melamine [81] and
sulfuric acid-treated melamine [82]. These results suggest that acid treatment of the pre-
cursor is beneficial to improve the surface area of g-C3N4, by generating cracks during the
heating process. Moreover, the samples obtained from the acid-treated precursor possess
the advantages of rich surface defects, excellent electron–hole separation efficiency and
strong light absorption ability.
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In addition to the acid pretreatment, the hydrothermal treatment of dicyandiamide
also yields g-C3N4 with a high surface area and various surface morphologies, e.g., flower-
like [83–85], hollow spheres [86–88], needle-like and rod-like [89–91], depending on the
solvents. Such materials exhibit more attracting properties than the bulk one, for example:
(1) the lamellar and porous structure is conducive to gas permeation; (2) the large surface
area facilitates the reactant’s adsorption; (3) the special morphology provides the benefit of
widening the visible-light response range and improving the light absorption ability.

As well as the precursor and temperature, the reaction atmosphere is also crucial in
affecting the properties of g-C3N4, through generating carbon and nitrogen vacancies, for
example. Wang et al. [66] fabricated nanorod g-C3N4/metal oxide composites by heating
a copper–melamine supramolecular framework, [Cu(µ-OAc)(µ-OCH3)(MA)](Cu-MA1),
under an argon atmosphere, which shows 94% Rhodamine B (RhB) conversion within
20 min under visible-light irradiation. Niu et al. [92] reported the generation of nitrogen
vacancies by heating g-C3N4 in a hydrogen environment and foresaw the importance of
self-modification and vacancies to completely modify the electronic structure of the layered
g-C3N4 structure. Liang et al. [93] prepared porous g-C3N4 with abundant carbon vacancies
by heating bulk g-C3N4 in a NH3 atmosphere. The obtained material showed a surface
area of 196 m2/g, and exposed additional active edges, which significantly accelerated
the transfer of photoinduced electron–hole pairs through a cross-plane diffusion pathway.
The in-plane pores and wrinkled structures of g-C3N4 greatly enhance mass transfer and
promote the dynamics of photoactivity. Xu et al. [94] reported that g-C3N4 prepared by
pyrolyzing 3-amino-1,2,4-triazole in a CO2 atmosphere shows excellent activity for hy-
drogen production, which was 2.4 and 1.7 times higher than that prepared in air and N2
atmospheres, respectively. This could be because treatment in a CO2 atmosphere causes a
reduction in nitrogen vacancies (Vn) and the formation of NHx groups on the surface of
g-C3N4, generating hydrogen bond interactions between the layers, which facilitate the
transfer of electrons from the heptazine ring to the g-C3N4 layer. Transient photocurrent re-
sponse measurement confirms that the g-C3N4 prepared in a CO2 atmosphere produces the
largest current density under visible-light driving (Figure 4a), which implies improvement
in the separation efficiency of electron–hole pairs. Additionally, electrochemical impedance
spectroscopy (EIS) shows that this sample has a smaller EIS arc radius than the others
(Figure 4b) which confirms again that the g-C3N4 prepared in a CO2 atmosphere has lower
charge transfer resistance and higher charge transfer efficiency.
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Table 1 summarizes the band gap and surface area of g-C3N4 prepared under different
reaction conditions, which shows that the selection of precursors and the proper control of
reaction conditions are effective strategies to optimize the electronic structure and surface
area of g-C3N4.

Table 1. Surface area and band gap of g-C3N4 synthesized under different preparation conditions.

Precursor Reaction
Conditions Band Gap [eV] Surface Area [m2/g] Ref.

Cyanamide 550 ◦C, 4 h, N2 2.62 10 [95]
Dicyandiamide 550 ◦C, 3 h, air 2.64 40.5 [38]

Melamine 550 ◦C, 3 h, air 2.66 28.2 [38]
Urea 550 ◦C, 3 h, air 2.72 67.1 [38]
Urea 550 ◦C, 2 h, air 2.76 58 [39]

Thiourea 550 ◦C, 2 h, air 2.58 18 [39]
3-amino-1, 2, 4-triazole 550 ◦C, 4 h, CO2 2.05 7.2 [56]

Ammonium thiocyanate 550 ◦C, 2 h, NH3 2.87 46 [55]
Guanidine hydrochlorides 550 ◦C, 3 h, air 2.70 16.08 [58]

Guanidine thiocyanate 550 ◦C, 2 h, N2 2.74 8 [96]
Urea Melamine 520 ◦C, 4 h, air 2.47 39.06 [97]

Imidazole-mixed urea 550 ◦C, 4 h, air 2.26 105.28 [77]
Sulfur-mixed melamine 650 ◦C, 2 h, N2 2.65 26 [98]
Melamine–cyanuric acid 550 ◦C, 10 h, air 2.72 142.8 [99]
H2SO4-treated melamine 600 ◦C, 4 h, Ar 2.69 15.6 [82]

HCl-treated melamine 550 ◦C, 2 h, air 2.66 24.7 [79]
HNO3-treated melamine 550 ◦C, 2 h, air 2.65 59.3 [81]

2.2. Synthesis of Single-Metal Oxide/g-C3N4 Heterojunctions

It is known that a single semiconductor often encounters problems such as low quan-
tum yields, a narrow light absorption spectrum and low e−/h+ separation efficiency in
photocatalysis, due to the contradiction between light absorption capability and e−/h+

recombination rate. Thus, modifications such as heteroatom doping, morphological control
and semiconductor combination are often adopted in order to fully exhibit the photocat-
alytic properties of semiconductors. Metal oxides are one class of semiconductor and their
inorganic characteristics can largely compensate for the shortcomings of polymeric g-C3N4.
For example, the good redox ability of metal oxides can compensate for that of g-C3N4
when conducting redox reactions. Therefore, it would be of great interest to combine
metal oxides with g-C3N4 to form inorganic–polymeric heterojunctions, which produce
synergistic effects not only in the band gaps, but also in redox and other properties.

The construction of heterojunctions requires unequal band levels between the semi-
conductors to create interface band arrangement, which can result in a built-in electric
field to drive the opposite migration of photogenerated electrons and holes, improving
e−/h+ separation efficiency. Type II and Z-scheme are two typical heterojunctions and their
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formation mechanisms are shown in Figure 5. The former requires two coupled semicon-
ductors with an interleaved band structure. Thereby, the photo-generated electrons transfer
from semiconductor 1 to semiconductor 2, and the holes transfer in the opposite direction
(Figure 5a). The electrons accumulated on semiconductor 2 are used for a reduction reaction
and the holes accumulated on semiconductor 1 are used for an oxidation reaction. This
process can separate photo-generated electrons and holes in space, but sacrifices the redox
capacity of the materials. Hence, both the oxidation potential and the reduction potential
of the heterojunction are reduced compared to those of the semiconductor alone.
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American Chemical Society.

A Z−scheme heterojunction requires the components to have staggered energy-band
configurations, with the electron transfer in a zigzag mode. Typically, the photogenerated
electrons at the CB of semiconductor 2 transfer and combine with the holes at the VB of
semiconductor 1. The retained electrons at the CB of semiconductor 1 and holes at the
VB of semiconductor 2 participate in the reduction and oxidation reactions, respectively
(Figure 5b). This charge transfer mode enables the system to have not only improved
charge-separation efficiency, but also stronger redox capability compared to that of the sole
semiconductor.

Among the metal oxides, TiO2 is well known for its first application to photocatalysis.
Generally, it has three polymorphs in nature, including anatase, rutile and brookite [101].
Rutile TiO2, with a band gap of 3.0 eV, has the most stable and compact structure, while
anatase TiO2, with a band gap of 3.2 eV, is better facilitates photocatalysis owing to its good
e−/h+ separation efficiency and high adsorption capacity [102]. In the fabrication of TiO2
and g-C3N4 heterojunctions, Fang et al. [103] prepared an anatase/rutile TiO2/g-C3N4
(A/R/CN) multi-heterostructure using a facile thermoset hybrid method, finding that the
combination of two type II heterostructures (i.e., A/R and R/CN) greatly improved the
separation and transfer efficiency of e−/h+. As a result, the heterostructures showed activity
that was eight and four times higher for the photocatalytic hydrolysis of hydrogen than
g-C3N4 and TiO2 (P25) alone, respectively. Similarly, other TiO2 polymorphs, e.g., brookite
TiO2, can combine with g-C3N4 to prepare heterojunctions with improved photocatalytic
activity [104]. Zhu et al. prepared g-C3N4/TiO2 hybrids via a ball-milling method, finding
that the composites possess a wider light-absorption range and higher photocatalytic
activity than the respective component, with the activity for MB degradation being 3.0 and
1.3 times higher than that of g-C3N4 and TiO2, respectively [105].

In addition to TiO2, the combination of g-C3N4 with other metal oxides is also widely
reported. Liu et al. reported that the coupling of g-C3N4 with ZnO prolongs the lifetime
and separation efficiency of photogenerated e−/h+, therefore improving its photocatalytic
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activity for phenol degradation [106]. Moreover, the introduction of a silicate group to the
ZnO/g-C3N4 composites further improves the lifetime and separation efficiency of e−/h+

pairs, and thereby, the photocatalytic activity. This indicates that the built-in silicate group
in the composites acts as a bridge to link ZnO and g-C3N4, promoting the transfer and
separation efficiency of e−/h+ pairs. Consequently, the electrons and holes have a longer
lifetime to interact with the reactants and contribute to the reaction.

Guo et al. [107] coupled oxygen-deficient molybdenum oxide (MoO3) nanoplates
with g-C3N4 nanoplates using a one-step hydrothermal method, and found that MoO3
particles grew well on the surface of g-C3N4 (Figure 6). MoO3 is a chemically inert semi-
conductor with a large work function, which is suitable to couple with g-C3N4 and form
a Z-scheme heterojunction. Moreover, the oxygen vacancies facilitate the promotion of
plasmon resonance and expand the range of spectral absorption, and their concentrations
can be adjusted via annealing in air. Combined with surface plasmon resonance and the
synergistic effects of Z-scheme heterojunctions, it is expected that the composites will
exhibit efficient performance for photocatalytic reactions, e.g., the H2 evolution reaction.
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The morphology, structure and contacting patterns are also crucial factors affecting
the electron transfer and photocatalytic activity of g-C3N4. Using seed-induced solvent
heat treatment, 0D nanoparticles, 1D nanowires, 2D nanosheets and 3D mesoporous
crystals can be loaded on the surface of g-C3N4. For example, 3D/2D MnO2/g-C3N4
nanocomposites can be prepared via a calcination process using MnO2 polyhedron and
2D g-C3N4 nanosheets as precursors [108], as shown in Figure 7. The 3D polyhedral
morphology and multi-phase polycrystalline structure of MnO2 are beneficial as they
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strengthen the interaction between MnO2 and g-C3N4, owing to the presence of low-
valence Mn species, graphitic N species and oxygen vacancy. Like the lamellar structure,
materials with other structures can increase the interfacial area and surface area of the
resulting composites. Liu et al. [109] reported that core-shell CeO@g-C3N4 exhibits high
efficiency for the photocatalytic degradation of doxycycline, owing to the high surface
area (82.37 m2/g) and low e−/h+ recombination rate. They also found that shuttle-like
CeO2/g-C3N4 is efficient for the degradation of norfloxacin under visible light using
persulfate as an oxidant, during which the norfloxacin is degraded into small molecules
via gradual shedding of the functional groups.
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The unique properties of metal oxides also give the composites special functions. Ye
et al. [110] loaded magnetic Fe2O3 on g-C3N4 to introduce magnetization to the sample,
which makes it easy to separate from the reaction liquid, and hence, reduces the cost of
the recycling process. Mou et al. [111] used amorphous ZrO2 as a cocatalyst of g-C3N4
for ammonia synthesis to improve its activity. The introduction of ZrO2 not only restrains
the hydrogen generation rate, but also improves the electron transfer rate and the e−/h+

separation efficiency. These results demonstrate that the combination with metal oxide is
efficient in improving the photocatalytic performance of g-C3N4. Tables 2 and 3 summarize
the recent advances in metal oxide/g-C3N4 heterojunctions in photocatalytic applications.
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Table 2. Summary of recent advances in photocatalytic degradation using metal oxide/g-C3N4

composites.

Sample Model Reaction Reaction Activity
(mol/g/min) Refs.

CaO/g-C3N4 Degradation of MB 2.6 × 10−5 [112]
SrO2/g-C3N4 Degradation of RhB 4.5 × 10−7 [113]

MnO2/g-C3N4 Degradation of MO 9.4 × 10−7 [108]
ZnO/g-C3N4 Degradation of MO 3.3 × 10−7 [114]

MoO3/g-C3N4 Degradation of MB 9.7 × 10−7 [115]
AgO/g-C3N4 Degradation of RhB 5.2 × 10−6 [116]
CdO/g-C3N4 Degradation of RhB 1.1 × 10−7 [117]
In2O3/g-C3N4 Degradation of RhB 5.2 × 10−10 [118]
SnO2/g-C3N4 Degradation of MO 7.9 × 10−8 [119]
TiO2/g-C3N4 Degradation of RhB 9.3 × 10−9 [120]

Bi2O3/g-C3N4
Degradation of

Amido black 10B dye 3.3 × 10−7 [121]

Nb2O5/g-C3N4
Degradation of

tetracycline 5.3 × 10−7 [122]

CeO2/g-C3N4
Degradation of

Norfloxacin 4.6 × 10−7 [123]

ZnO/NiFe2O4/g-C3N4 Degradation of LVX 1.7 × 10−7 [124]
TiO2/ZnO/g-C3N4 Degradation of MB 4.9 × 10−7 [125]

Fe3O4/BiOBr/g-C3N4 Degradation of TC 8.8 × 10−7 [126]
ZnO/CuO/g-C3N4 Degradation of MB 6.1 × 10−6 [127]

WO3/Fe3O4/g-C3N4
Degradation of

diazinon 6.5 × 10−7 [128]

Ni3(VO4)2/ZnCr2O4/g-C3N4 Degradation of p-CP 4.8 × 10−4 [129]
MO: methyl orange; MB: methylene blue; RhB: rhodamine B; LVX: levofloxacin; TC: tetracycline; p-CP: p-
chlorophenol.

Table 3. Summary of recent advances in photocatalytic hydrogen evolution using metal oxide/g-
C3N4 composites.

Sample Reaction Activity (mol/g/min) Refs.

Al2O3/g-C3N4
Al2O3/g-C3N4: 8.7 × 10−6

g-C3N4: 3.5 × 10−6 [130]

CoO/g-C3N4

CoO/g-C3N4: 8.4 × 10−7

CoO: 4.9 × 10−8

g-C3N4: 8.3 × 10−8
[131]

NiO/g-C3N4
NiO/g-C3N4: 2.5 × 10−7

g-C3N4: 2.7 × 10−9 [132]

Cu2O/g-C3N4
Cu2O/g-C3N4: 4.0 × 10−6

g-C3N4: 2.4 × 10−6 [133]

MgO/g-C3N4
MgO/g-C3N4: 5.0 × 10−6

g-C3N4: 9.7 × 10−7 [134]

FEOX/G-C3N4
FeOx/g-C3N4: 1.8 × 10−5

g-C3N4: 4.3 × 10−6 [110]

2.3. Multiple-Metal Oxide/g-C3N4 Heterojunctions

The achievements in combining single-metal oxide with g-C3N4 have stimulated
researchers to use multiple-metal oxides to upgrade the materials. The construction of
multi-component composites can induce multi-step charge transfer and charge separation,
and hence, better photocatalytic performance could be expected when compared to single
ones. However, more attention should be paid to the matching of the energy-band potential
of each component, so that the photo-generated electrons can transfer at the phase interface,
reaching the goal of constructing heterojunctions.
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Bajiri et al. constructed ternary and double Z-scheme CuO/ZnO/g-C3N4 heterojunc-
tions using a solvothermal method [135], which consisted of g-C3N4 flakes decorated with
small nanoparticles (<5 nm) (Figure 8). It is interesting to find that the gases released
from the solute combustion process build up a porous structure in the material, similar to
the function of porogens. The porous and sheet-like structure increases the capability of
the material to absorb reactants on the surface, thereby improving the photodegradation
efficiency. Indeed, the material exhibits activity of 98% (45 min) and 91% (6 h) for the
degradation of MB and ammonia nitrogen, respectively, under visible-light irradiation.
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Jiang et al. [136] found that in addition to acting as photocatalyst, g-C3N4 can be an
intermediate for charge transfer, by constructing a WO3/g-C3N4/Bi2O3 (WCB) catalyst.
Compared to the single or binary materials, ternary WCB exhibits moderate surface area
and the highest photocatalytic activity. This indicates that the high surface area facilitated
the reaction but was not the key factor determining the reaction. Optical characterizations
from the UV-vis and PL spectra showed that the light absorption edge is red-shifted and
the e−/h+ recombination rate is inhibited for WCB, when compared to the single or binary
counterparts, due to the interactions between WO3, g-C3N4 and Bi2O3 (Figure 9a). Conse-
quently, the WCB exhibits enhanced optical properties and improved photocatalytic activity
for tetracycline (TC) degradation under visible-light irradiation, with TC conversion of
80.2% at 60 min, which is much higher than that of g-C3N4 (22.1%), WO3 (7.17%) and Bi2O3
(28.6%), and the binary CW (g-C3N4/WO3), CB (g-C3N4/Bi2O3) and WB (WO3/Bi2O3)
(Figure 9b–f).

Yuan et al. [137] constructed ternary g-C3N4/CeO2/ZnO composites with multiple
heterogeneous interfaces. Binary g-C3N4/CeO2 nanosheets were first prepared via py-
rolysis and exfoliation. Thereafter, spherical ZnO nanoparticles were anchored on the
g-C3N4/CeO2 surface to form a ternary heterojunction structure. Because of the formation
of the type II staggered belt arrangement between the components, the g-C3N4/CeO2/ZnO
shows efficient three-level transfer of electrons and holes, resulting in the effective separa-
tion of photo-excited carriers, as shown in Figure 10.

153



Int. J. Mol. Sci. 2022, 23, 12979Int. J. Mol. Sci. 2022, 23, x FOR PEER REVIEW 13 of 34 
 

 

 
Figure 9. (a) Schematic diagram of charge separation in WO3/g−C3N4/Bi2O3, (b) UV-vis spectra, (c) 
band gap, (d) photoluminescence spectra, (e) photocatalytic activities for TC degradation under 
visible−light and (f) apparent rate constants for TC degradation obtained from the various sam-
ples. Used with permission from [136]. Copyright 2018 Elsevier. 

Yuan et al. [137] constructed ternary g-C3N4/CeO2/ZnO composites with multiple 
heterogeneous interfaces. Binary g-C3N4/CeO2 nanosheets were first prepared via pyrol-
ysis and exfoliation. Thereafter, spherical ZnO nanoparticles were anchored on the 
g-C3N4/CeO2 surface to form a ternary heterojunction structure. Because of the formation 
of the type II staggered belt arrangement between the components, the g-C3N4/CeO2/ZnO 
shows efficient three-level transfer of electrons and holes, resulting in the effective sepa-
ration of photo-excited carriers, as shown in Figure 10. 

Figure 9. (a) Schematic diagram of charge separation in WO3/g-C3N4/Bi2O3, (b) UV-vis spectra,
(c) band gap, (d) photoluminescence spectra, (e) photocatalytic activities for TC degradation under
visible-light and (f) apparent rate constants for TC degradation obtained from the various samples.
Used with permission from [136]. Copyright 2018 Elsevier.

Int. J. Mol. Sci. 2022, 23, x FOR PEER REVIEW 14 of 34 
 

 

 
Figure 10. Schematic diagram of the photoexcited e−/h+ separation process in the 
g−C3N4/CeO2/ZnO composite under visible−light irradiation. Used with permission from [137]. 
Copyright 2017 Elsevier. 

Morphology control is also effective in improving the photocatalytic performance of 
materials, by enhancing the interactions and enlarging the contact areas of the heteroge-
neous interfaces, which are beneficial to electron transfer and separation (from the 
holes). For example, Jiang et al. [138] fabricated g-C3N4, TiO2 and ZnO nanoflakes, and 
then, assembled them to form g-C3N4/TiO2/ZnO Z-scheme heterojunctions. A 
high-resolution TEM image shows that the TiO2 (101) plane and ZnO (002) plane are 
stacked on the g-C3N4 surface to form heterojunctions (Figure 11a–f). The similar mor-
phologies of g-C3N4/TiO2/ZnO and g-C3N4 indicate that TiO2 and ZnO are uniformly 
dispersed on the g-C3N4 surface. The 2D/2D nanosheet/nanosheet structure not only in-
creases the surface area of the material (g-C3N4: 8.18 m2/g, g-C3N4/TiO2/ZnO: 27.21 m2/g), 
but also improves the e−/h+ separation efficiency by facilitating electron transfer through 
the abundant interfaces (Figure 11g–i). 

Figure 10. Schematic diagram of the photoexcited e−/h+ separation process in the g-
C3N4/CeO2/ZnO composite under visible-light irradiation. Used with permission from [137].
Copyright 2017 Elsevier.

154



Int. J. Mol. Sci. 2022, 23, 12979

Morphology control is also effective in improving the photocatalytic performance
of materials, by enhancing the interactions and enlarging the contact areas of the het-
erogeneous interfaces, which are beneficial to electron transfer and separation (from the
holes). For example, Jiang et al. [138] fabricated g-C3N4, TiO2 and ZnO nanoflakes, and
then, assembled them to form g-C3N4/TiO2/ZnO Z-scheme heterojunctions. A high-
resolution TEM image shows that the TiO2 (101) plane and ZnO (002) plane are stacked
on the g-C3N4 surface to form heterojunctions (Figure 11a–f). The similar morphologies
of g-C3N4/TiO2/ZnO and g-C3N4 indicate that TiO2 and ZnO are uniformly dispersed
on the g-C3N4 surface. The 2D/2D nanosheet/nanosheet structure not only increases the
surface area of the material (g-C3N4: 8.18 m2/g, g-C3N4/TiO2/ZnO: 27.21 m2/g), but
also improves the e−/h+ separation efficiency by facilitating electron transfer through the
abundant interfaces (Figure 11g–i).
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shown in Figure 12a, the lattice fringes of ZnO and Al2O3 are entangled with that of 
g-C3N4, which proves that the two components are in close contact. The tight contact in-
terface provides a step to transfer the induced carrier (Figure 12b). XPS spectra show that 
the binding energies of Al atoms in g-C3N4/Al2O3 and g-C3N4/Al2O3/ZnO shifted to a 
higher position compared to that of the original Al2O3 (Figure 12c). This indicates that a 
chemical force between Al and g-C3N4 is formed, due to the coordination of the unoccu-
pied 3p or 3d orbital of Al ions with the lone electron pair of N atoms of g-C3N4, as veri-
fied by the shift in the binding energy of N 1s (Figure 12d–f). These results provide ideas 

Figure 11. TEM images of (a,b) TiO2 nanosheets, (c,d) g-C3N4 nanosheets and (e,f) g-
C3N4/TiO2/ZnO nanocomposites; (g,i) comparison of the electron transfer routes between the
granule/granule and the nanosheet/nanosheet composites with different heterojunction areas; (h) the
mechanism of facet-coupled ternary nanocomposites for p-TSA degradation under visible light. Used
with permission from [138]. Copyright 2017 Elsevier.
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The formation mechanism of the composites has been explored to reveal how the
heterogeneous interfaces affect the electron transfer process. Liu et al. [139] proposed
a lattice-matching assumption of amorphous materials in the structural hybridization
process and clarified a coordination effect in the unoccupied d orbitals of N atoms of
g-C3N4. Because of the different crystal structures and lattice parameters of metal oxides
(e.g., ZnO) and g-C3N4, lattice matching between them is difficult. Amorphous materials
(e.g., Al2O3) have disordered atomic distribution and unfixed lattice parameters; hence,
they can easily accept the charge of g-C3N4. Therefore, amorphous Al2O3 can be an
intermediary to improving electron transfer efficiency between g-C3N4 and ZnO [140].
As shown in Figure 12a, the lattice fringes of ZnO and Al2O3 are entangled with that of
g-C3N4, which proves that the two components are in close contact. The tight contact
interface provides a step to transfer the induced carrier (Figure 12b). XPS spectra show
that the binding energies of Al atoms in g-C3N4/Al2O3 and g-C3N4/Al2O3/ZnO shifted
to a higher position compared to that of the original Al2O3 (Figure 12c). This indicates
that a chemical force between Al and g-C3N4 is formed, due to the coordination of the
unoccupied 3p or 3d orbital of Al ions with the lone electron pair of N atoms of g-C3N4,
as verified by the shift in the binding energy of N 1s (Figure 12d–f). These results provide
ideas to correct the lattice mismatch between g-C3N4 and metal oxides, and promote the
application of amorphous materials to fabricate heterojunctions.
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Fe3O4 is an attractive material in the synthesis of multi-component heterojunctions,
owing to its good photocatalytic and especially magnetic properties, which promote not
only the reaction activity but also the separation efficiency of catalysts from liquid solutions.
Adil Raza et al. [141] prepared a Fe3O4/TiO2/g-C3N4 composite using a hydrothermal
method, finding that anatase TiO2 and magnetic Fe3O4 can enter the g-C3N4 frame if treated
at 200 ◦C. The composites show efficient activity for RhB and MO degradation under visible-
light irradiation, with degradation conversions of 96.4% and 90%, respectively, which are
3.73 and 2.74 times higher than that of g-C3N4. Amir Mirzaei [142] prepared petal-like
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Fe3O4-ZnO@g-C3N4 composites using an in situ growth method, finding that the hydrolysis
of urea (precursor) produces stable and continuous OH− ions, which can react with zinc
ions and control the growth of nuclei. The coating of g-C3N4 corrodes the surface of Fe3O4-
ZnO and creates pores in the structure, benefiting electron transfer, while the presence of
Fe3O4 not only reduces the e−/h+ recombination rate by accepting useless electrons, but
also improves the separation efficiency of catalysts from solution (via a magnet) owing to
its magnetic properties (Figure 13a). Moreover, the composite is stable and no leaching
of Zn2+ and Fe2+ ions is observed in the reaction of photocatalytic SMX degradation
(Figure 13b,c). This suggests that g-C3N4 acts not only as a semiconductor contributing
to the photocatalytic reaction, but also a protective layer against photo-corrosion of the
Fe-ZnO surface. Similar phenomena are observed for other composites, e.g., Ag2O/g-
C3N4/Fe3O4 [53], ZnO/Fe3O4/g-C3N4 [143] and α-Fe2O3/g-C3N4/ZnO [144].
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In addition to simple metal oxide, compound oxides are also interesting materials in
catalysis, and they usually exhibit different electronic and chemical properties relative to
their parent materials. Many compound metal oxides have been used to couple with g-C3N4
and form heterojunctions. Among them, perovskite oxides with an ABO3 structure attract
much attention owing to their unique physical and chemical properties, such as variable
ion valences, controllable oxygen vacancies, adjustable redox properties and the ability
to accommodate foreign ions [145–147]. The typical perovskite oxide, CaTiO3 (CT), has a
band gap of ~3.5 eV, which means that its photocatalytic activity is limited to ultraviolet
excitation. However, when it is coupled with narrow-band-gap semiconductors such as
g-C3N4 to form binary heterojunctions, the large band gap of CT can efficiently enhance the
photocatalytic activity of g-C3N4 under visible light by promoting the charge-separation
efficiency. Kumar et al. [148] found that the combination of 2D CT nanosheets with g-C3N4
flakes, to form 2D/2D composite nanoflake (CT/CN), greatly increased the BET surface
area to 50.7 m2/g, which is larger than that of CT nanosheets (29.3 m2/g) and g-C3N4
flakes (41.0 m2/g). Hence, more active sites can be exposed on the surface, shortening the
bulk diffusion length and reducing the e−/h+ recombination rate. Ye et al. [149] reported
that the fabrication of 1D CoTiO3 rod–2D g-C3N4 flake Z-scheme heterojunctions (CT-U)
improves not only e−/h+ separation efficiency, but also redox ability. SEM images show
that the CoTiO3 rods are fully wrapped with g-C3N4, forming heterogeneous interfaces
that are beneficial to electron transfer (Figure 14a–d). As a result, CT-U exhibited a reaction
rate of 858 µmol/h/g for the hydrogen evolution reaction, which is about two times higher
than that obtained from g-C3N4.
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The effects of surface morphology on photocatalytic activity are documented by Zhang
et al. [151], who used KNbO3 as a model catalyst and found that its efficiency for the pho-
tocatalytic conversion of methanol to hydrogen depends intimately on the morphology,
with an order of cubic > orthogonal > tetragonal. On this basis, a cubic KNbO3/g-C3N4
composite was synthesized and it exhibited excellent activity for photocatalytic hydrogen
production, owing to the close contact between KNbO3 cubes and g-C3N4 nanosheets,
which forms active heterojunction interfaces and effectively inhibits the e−/h+ recombina-
tion rate in the system [152]. With the same principle, many ABO3/g-C3N4 composites are
prepared and reported in the literature, such as LaFeO3/g-C3N4 [153], g-C3N4/SrTiO3 [154]
and LaMnO3/g-C3N4 [155].

As well as perovskite oxides, spinel oxides with an AB2O4 structure are also promising
materials in catalysis [156,157]. Compared to ABO3 perovskites, AB2O4 spinels have a
narrower band gap and stronger responses to visible light. Moreover, the AB2O4 spinels
can accommodate transitional metals at both the A- and B-sites; thus, the metals at both
the A- and B-sites can contribute to the reactions. For example, Chang et al. [158] reported
that Z-scheme NiCo2O4/g-C3N4 heterojunctions exhibit not only a larger surface area
(141.7 m2/g) than g-C3N4 (89.2 m2/g) and NiCo2O4 (98.8 m2/g), but also higher photo-
activity for water splitting than Co3O4/g-C3N4 and NiO/g-C3N4, owing to their abundant
active sites and good photoelectric properties.

Some spinel oxides (e.g., CuFe2O4) also have magnetic properties, exhibiting the
advantages of easy separation. In the research of Yao et al. [150], they constructed a type
II CuFe2O4@g-C3N4 heterojunction, in which the CuFe2O4 and g-C3N4 are intertwined
to form a three-dimensional hybrid structure that is beneficial to electron transfer. As a
result, the material shows improved e−/h+ separation efficiency and photocatalytic activity
compared to the respective g-C3N4, CuFe2O4 and g-C3N4/CuFe2O4 mixtures. Moreover,
the material exhibits good easy-to-separate magnetism owing to its magnetic properties
(Figure 14e), and thus, can be well recycled in the reaction.

3. Applications of g-C3N4-Based Photocatalysts

Its promising optical and physicochemical properties enable g-C3N4, utilizing sun-
light, to solve the problems of environmental pollution and energy crises, while avoiding
secondary pollution. In the following, we briefly introduce the application of g-C3N4-based
materials in photocatalysis [159–162], including water splitting to generate H2 and O2, the
degradation of pollutants, CO2 reduction and bacterial disinfection.
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3.1. Photocatalytic Water Splitting for H2

Because of the decreasing storage of fossil fuels and their negative impacts on the
environment (releasing CO2 for example), the use of green and renewable hydrogen fuels
attracts much attention from scientists. The photocatalytic splitting of water is an ideal
way to generate hydrogen and has become a hot topic in recent years. Figure 15 presents a
simplified diagram of splitting water into hydrogen and oxygen over g-C3N4 under light
irradiation. First, g-C3N4 is excited by photons to generate electrons, which then jump to
the CB, leaving holes at the VB. The photogenerated e− and h+ flow to the surface of g-C3N4,
reducing and oxidizing the adsorbed water to hydrogen and oxygen, respectively. However,
the generated e−/h+ will rapidly recombine each other due to the Coulombic attraction,
losing activity. The improvement in the separation efficiency of the photogenerated e−/h+

pairs, thus, is a challenging topic in the field of g-C3N4 photocatalysis.
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To achieve this, the coupling of g-C3N4 with metal oxide is a solution, which can
separate e−/h+ pairs in space by forming an opposite flow of e− and h+ (for type II
heterojunctions), or by inducing the recombination of unused e− and h+ (for Z-Scheme
heterojunctions), as reported in the literature [163,164]. Shi et al. [165] reported the in situ
synthesis of MoO3/g-C3N4, via co-pyrolysis of MoS2 and melamine, for photocatalytic
water splitting to hydrogen, finding that the activity of g-C3N4 was significantly enhanced
with the increase in MoO3 content. It is possible that the use of layered MoS2 as a precursor
not only improves the dispersion of MoO3 on g-C3N4, but also enhances the interactions
between them. Li et al. [166] synthesized W18O49/g-C3N4 composites by roasting a g-C3N4-
impregnated ammonium tungstate solution. The loading of W18O49 greatly improves
the surface area (by about five times) and exhibits excellent activity for a photocatalytic
hydrogen evolution reaction, with a reaction rate of 912.3 µmol·g−1·h−1, which is 9.7 times
higher than that of g-C3N4.

The coupling of g-C3N4 with two metal oxides could be more interesting when com-
pared to that with single-metal oxide, as multiple heterojunctions can be established,
exhibiting rich optical properties, and hence, better photocatalytic activities. This is ob-
served in many studies [167–169]. For example, Wang et al. [170] found that Fe2O3@MnO2
core-shell g-C3N4 ternary composites can form double heterojunctions, which provide
abundant channels for electrons transfer, exhibit enhanced optical properties and allow
the two half-reactions (the production of hydrogen and oxygen) to occur on the opposite
surfaces of the semiconductor (Figure 16a–c); this results in improved activity for both
hydrogen and oxygen production, with an optimal reaction rate of 124 µmol·h−1 and
60 µmol·h−1, respectively (Figure 16d).
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3.2. Photocatalytic Reduction of CO2 to Renewable Hydrocarbon Fuels

With increasing global warming, it is critical to find effective ways to deal with
greenhouse gases. Carbon dioxide (CO2) is not only a typical greenhouse gas but also
a valuable C1 resource. Hence, utilizing solar energy to reduce CO2 into higher-value
chemicals shows great advantages in solving the problems of both global warming and
energy crises. In the past few years, g-C3N4 has been employed as a photocatalyst for CO2
reduction owing to its high CB potential, which can activate CO2 by donating electrons to
the unoccupied orbits of CO2. The photocatalytic CO2 reduction involves a proton-assisted
multi-electron process, as shown in Equations (1)–(5) below [171]. From the viewpoint of
thermodynamics, CO2 is gradually reduced to HCOOH, CO, HCHO, CH3OH and CH4 by
receiving multiple (2, 2, 4, 6 and 8) electrons and protons, accompanying the increase in
reduction potential. This means that the photocatalyst used to reduce CO2 should have
strong redox capability in order to supply sufficient driving force for the reaction.

CO2 + 2H+ + 2e− → HCOOH
E0

redox = −0.61V (vs. NHE at pH 7)
(1)

CO2 + 2H+ + 2e− → CO + H2O
E0

redox = −0.53V (vs. NHE at pH 7)
(2)

CO2 + 4H+ + 4e− → HCHO + H2O
E0

redox = −0.48V (vs. NHE at pH 7)
(3)

CO2 + 6H+ + 6e− → CH3OH + H2O
E0

redox = −0.38V (vs. NHE at pH 7)
(4)

CO2 + 8H+ + 8e− → CH4 + 2H2O
E0

redox = −0.24V (vs. NHE at pH 7)
(5)
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ZnO can absorb CO2 and has a CB potential (ECB) of −0.44 eV, which is more negative
than the reduction potential of CO2. Therefore, the combination of ZnO and g-C3N4 would
benefit the CO2 reduction reaction. Indeed, it is found that although the deposition of
ZnO has negligible effects on the light absorption capacity and surface area of g-C3N4,
the ZnO/g-C3N4 composite shows better photocatalytic activity for CO2 reduction than
individual ZnO and g-C3N4, due to the formation of heterojunctions that facilitate the sepa-
ration of e−/h+ pairs [172]. The CO2 conversion rate obtained from ZnO/g-C3N4 reaches
45.6 µmol/g/h, which is 4.9 times and 6.4 times higher than that obtained from g-C3N4 and
P25, respectively. Additionally, based on the fact that the zeta potential of ZnO is positive
and that of g-C3N4 is negative, Nie et al. [173] constructed a ZnO/g-C3N4 composite using
an electrostatic self-assembly method, as shown in Figure 17a,b. The combination of them
induces synergistic effects that are conducive to photocatalytic reactions, in which the ZnO
microsphere prevents falling g-C3N4 nano flakes from gathering, and the g-C3N4 improves
light utilization efficiency through the multi-scattering effect (Figure 17c).
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In addition to ZnO, many other metal oxides can couple with g-C3N4 and contribute
to the CO2 reduction reaction. For example, Bhosale et al. [174] employed a wet chemical
method to couple FeWO4 with g-C3N4, forming a Z-scheme g-C3N4/FeWO4 photocatalyst;
it showed good activity for the reduction of CO2 to CO without any medium, with a CO
production rate of 6 µmol/g/h, which is 6 and 15 times higher than that of individual
g-C3N4 and FeWO4.

3.3. Photocatalytic Degradation of Pollutants

With the rapid development of the economy, various toxic pollutants emitted from
industrial plants have been discharged to the environment and have seriously destroyed
the ecological system. The removal of pollutants and the remediation of the environment
have thus become essential topics and have attracted broad attention in recent years. Pho-
tocatalysis is a prospective technology for pollutant removal, and is able to mineralize
organic pollutants into CO2 and H2O by producing oxidizing intermediates (such as •O2

−,
•OH and h+). Depending on the properties of the pollutants, three reaction types can be
classified: (1) the removal of organic pollutants in aqueous solution, such as dye [166,175]
and antibiotic degradation [176]; (2) the removal of heavy-metal cations in aqueous so-
lution, such as the reduction of chromium (VI) [177]; and (3) the removal of organic or
inorganic pollutants in gas phase, such as the degradation of ortho-dichlorobenzene [178],
acetaldehyde [179] and nitric oxide [180].

The Fenton advanced oxidation process (with an Fe2+ and H2O2 system) is a traditional
technology used to treat industrial wastewater, but it is limited to a narrow pH range (<3)
and causes secondary pollution due to the production of iron sludge. For this reason, it is
proposed that a photocatalyst should be used instead of Fe2+, to activate H2O2 into •OH
radicals under light irradiation conditions, which can be achieved in a wide pH range
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without producing secondary pollutants. Hence, it is a green route to removing organic
pollutants in aqueous solution and has good prospects for industrial use.

In this respect, Xu et al. [181] recently reported that the LFO@CN photocatalyst
is highly efficient for the oxidative degradation of RhB with H2O2 under visible-light
irradiation, with 98% conversion obtained within 25 min, and the material can be recycled
for four cycles with no appreciable deactivation. Moreover, when applying a ternary
LaFe0.5Co0.5O3/Ag/g-C3N4 heterojunction that consists of a redox part LaFe0.5Co0.5O3
(LFCO), photo part g-C3N4 and plasmonic part (Ag), for the degradation of tetracycline
hydrochloride (TC), in the presence of H2O2 and light irradiation, the system exhibits good
activity due to a photo-Fenton effect induced in the reaction, as shown in Figure 18 [182].
In this system, H2O2 is first activated into •OH radicals and OH− anions over the LFCO,
and the OH− anions subsequently react with holes (h+) produced at the VB band of LFCO
to form more •OH radicals. Hence, H2O2 can be fully utilized to oxidize TC in the reaction.
Meanwhile, the O2 dissolved in the solution can react with the electrons (e−) generated
at the CB band of g-C3N4 and form •O2

−, which is also a strong oxidant that is able to
oxidize TC into CO2 and H2O. These results support that g-C3N4-based catalysts have good
chemical stability and can be an effective substitute for Fenton catalysts in environmental
purification.
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In addition to the direct addition of H2O2, the photocatalytic in situ generation
of H2O2 in the reaction for pollutant oxidation, which is a more promising way but a
more challenging topic, is also possible. For example, Xu et al. reported that ternary
g-C3N4/Co3O4/Ag2O heterojunctions can accelerate the mineralization of RhB due to
the presence of H2O2 in situ, produced from O2 reduction [183]. Through studying the
catalytic behavior of the composites in the electrochemical oxygen reduction reaction (ORR),
they found that the average number of electrons transferred in the reaction is 2.07, which
indicates that the two-electron O2 reduction process is the dominant step in the reaction.

The morphology of metal oxide, the interface interaction between metal oxide and
g-C3N4 and the method of coupling metal oxide with g-C3N4 are also crucial factors
affecting the photocatalytic performance of g-C3N4 for pollutant removal. For instance, the
coupling of cubic CeO2 (3~10 nm) with g-C3N4 using a hydrothermal method can greatly
improve the activity of g-C3N4 for methyl orange degradation, with the reaction rate
reaching 1.27 min−1, which is 7.8 times higher than that of g-C3N4 alone (0.16 min−1) [184].
The hybridization of NiO with g-C3N4 causes a red shift in the UV absorption edge and
boosts the ability of light response; hence, it exhibits improved activity for methylene blue
degradation, which is about 2.3 times higher than that of g-C3N4 [185]. Similar phenomena
are also observed for other materials, e.g., TiO2-In2O3@g-C3N4 [186].

The heavy-metal ions produced in electroplating, metallurgy, printing and dyeing,
medicine and other industries cause serious damage to the ecological environment. Cr(VI)
is a typical heavy metal in wastewater and its removal receives wide attention. The
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photocatalytic reduction of Cr(VI) to Cr(III) is an efficient way to treat Cr(VI)-containing
wastewater, due to its simple process, energy savings, high efficiency and lower levels
of secondary pollution [187]. It has been reported that the in situ self-assembly of g-
C3N4/WO3 in different organic acid media can lead to various surface morphologies and
catalytic activities for Cr(VI) removal, as the number of carboxyl groups in organic acid
greatly affects the shape and performance of g-C3N4/WO3. Its synthesis in ethanedioic
acid medium, which contains two carboxyl groups, yields a disc shape and has the best
activity for nitroaromatic reduction (Figure 19a,b). Furthermore, the material has good
stability for the reaction, with no appreciable activity loss within four cycles, as shown in
Figure 19c [188].
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ment, and causes serious harm to the human body and ecological systems by forming 
acid rain, chemical smog, particulate matter, etc. Hence, seeking an effective and feasible 
technology for its removal is a challenging topic. Photocatalysis provides a way to re-
move air pollutants (e.g., NOx) by installing catalysts either inside the exhaust pipe or 
on the road surface [1]. As a typical photocatalyst, g-C3N4-based materials are also 
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Figure 19. (a) The mechanism of organic acid inducing the growth of WO3 with different shapes
and the photocatalytic process occurring over g-C3N4/WO3; (b) photocatalytic activity of different
samples; and (c) recycle stability for the reduction of Cr(VI) and (m) cyclic experiments of W-EA-CN
for photoreduction of Cr(VI). Used with permission from [188]. Copyright 2012 Royal Society of
Chemistry.

Bi2WO6 is a promising semiconductor that can couple with g-C3N4 and form a hetero-
junction for the photocatalytic treatment of Cr(VI)-containing wastewater. Song et al. [189]
found that a C3N4/Bi2WO6 composite prepared using a hydrothermal method exhibits a
surface area up to 46.3 m2/g and shows a rate constant of 0.0414 min−1 for the photocat-
alytic reduction of Cr(VI), as the high surface area of the catalyst facilitates not only the
reactant’s adsorption, but also the visible-light absorption.

Photocatalysis is also effective for removing gas-phase pollutants and receives great
interest from scientists. It is known that air pollution is a big problem for the environment,
and causes serious harm to the human body and ecological systems by forming acid rain,
chemical smog, particulate matter, etc. Hence, seeking an effective and feasible technology
for its removal is a challenging topic. Photocatalysis provides a way to remove air pollutants
(e.g., NOx) by installing catalysts either inside the exhaust pipe or on the road surface [1].
As a typical photocatalyst, g-C3N4-based materials are also widely investigated in this
aspect. Zhu et al. reported that g-C3N4 is active in NO removal via thermal catalysis, and
proposed that the N atoms of g-C3N4, with a lone electron pair, serve as the active site of
NO by donating electrons to weaken the N-O bond order [190]. This lays the foundation or
using photocatalysis for NO removal, as electrons can be effectively excited from g-C3N4
under light irradiation.

However, it is known that the surface area of g-C3N4 prepared using the thermal
condensation method is small, which grfieatly limits the light absorption capacity, the
e−/h+ separation efficiency and other physicochemical properties; thus, many strategies
have been adopted to overcome this problem. For example, Sano et al. [191] reported
that pretreating melamine with NaOH solution before the condensation process favors the
hydrolysis of unstable domains and the generation of mesopores in the structure of g-C3N4,
leading to an increase in surface area from 7.7 m2/g to 65 m2/g, and the NO oxidation
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activity is accordingly increased 8.6 times. Duan et al. [180] found that flower-like g-C3N4
prepared using the self-assembly method can notably improve photocatalytic activity for
NO oxidation compared to bulk g-C3N4, owing to the enlargement of the BET surface
area, the formation of nitrogen vacancies, the condensation of π–π layer stacking, and
the improvement in e−/h+ separation efficiency. The alternation of the precursor, e.g.,
urea [192] and guanidine hydrochloride [193] is also efficient in preparing g-C3N4 with a
large surface area and improving photocatalytic performance.

3.4. Sterilization and Disinfection

In addition to the above applications, photocatalysis is also widely applied to inacti-
vate pathogens in surface water owing to its broad compatibility, long durability, anti-drug
resistance and thorough sterilization [194]. Bacteria, such as salmonella, staphylococcus
aureus and bacillus anthracis, are commonly used as model pathogens to evaluate photocat-
alytic disinfection efficiency. Since the first work of Matsunaga et al. [195] on photochemical
sterilization in 1985, this technique has rapidly developed and receives great interest from
scientists. The principle of photocatalytic sterilization is to excite and separate the e−/h+

pairs via illumination; the photoinduced electrons and/or holes then inactivate the bacteria
by directly or indirectly inflicting oxidative damage on their organs (through the formation
of •O2

−, •OH, etc.). Hence, the disinfection efficiency of materials closely depends on the
properties that influence the generation and separation of e−/h+ pairs, e.g., the surface area,
the band gap and the surface morphology, as reported for other photocatalytic processes.

In the case of g-C3N4, Huang et al. [196] found that mesoporous g-C3N4 synthesized
using the hard template method can inactivate most of the bacteria (e.g., E. coli K-12) within
4 h, owing to its large surface area, which allows more active sites exposed on the surface to
produce h+ for bacterial disinfection. To support that the inactivation of bacteria is caused
by photocatalysis, Xu et al. [197] conducted a dark contrasting experiment using a porous
g-C3N4 nanosheet (PCNS) as the photocatalyst and E. coli as the model bacteria; they found
that the adsorption of E. coli on PCNS reaches equilibrium within 1 h and about 85.5% of
E. coli survive after 4 h, while nearly 100% of E. coli are killed by PCNS within 4 h under
visible-light irradiation (Figure 20a). This demonstrates that the PCNS has little toxic effect
on E. coli and the disinfection is mainly caused by the electrons or holes induced from
PCNS under light irradiation. Figure 20b–g display the morphology of E. coli before and
after photocatalytic disinfection, observed from TEM images, showing that the bacterial
cells are tightly bound to PCNS and the outer membrane is partially damaged after 4 h of
irradiation.
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Figure 20. (a) Visible-light-driven photocatalytic disinfection performance against E. coli over BCN
(bulk g-C3N 4), PCN (porous g-C3N4) and PCNS (porous g-C3N4 nanosheets). Images of E. coli on
solid culture medium before (b) and after ((c) 2 h; (d) 4 h) light irradiation on PCNS. TEM images of
E. coli cells (e) before irradiation and (f,g) after disinfection for 4 h on PCNS. Used with permission
from [197]. Copyright 2017 American Chemical Society.
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In addition to bacterial infection, viral outbreaks, including SARS, bird flu, Ebola
and the recent COVID-19, are also important events related to human health, and they
are generally more resistant than bacteria to conventional disinfection due to their small
size. Thus, the inactivation of viruses normally requires strong oxidative agents. g-C3N4-
based materials have good photocatalytic reactivity to produce strong oxidative agents,
e.g., •O2

− and •OH; hence, they are potential photocatalysts for virus inactivation. It has
been reported that phage MS2 can be completely inactivated by g-C3N4 under visible-light
irradiation within 360 min [198], and the main active species for the reaction are •O2

−

and •OH. Figure 21 shows that the phage MS2 in contact with g-C3N4 maintains integrity
before irradiation, and its structure is severely damaged after 6 h of visible-light irradiation.
The loss of protein triggers the leakage and rapid destruction of internal components, and
ultimately leads to the death of the virus without regrowth.
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4. Summary and Outlook

We provide an overview of the synthesis and photocatalytic applications of g-C3N4
and its coupling with single- or multi-metal oxides. Currently, the improvement in the
photocatalytic performance of g-C3N4 mainly focuses on three aspects: (1) enhancing the
adsorption capacity for target reactants, (2) broadening the absorption range to visible light,
and (3) improving the e−/h+ pair separation efficiency. Generally, coupling with metal
oxide can almost accomplish these three aspects, by increasing the surface area, narrowing
the band gap and forming heterojunctions, for example.

Coupling metal oxide semiconductors with suitable energy levels is a promising strat-
egy to improve the activity of g-C3N4 for photocatalytic reactions, by forming type II or
Z-scheme heterojunctions, which facilitate the separation, and hence, the utilization of
e−/h+ pairs. Moreover, the alterable valence of transition metals enables the composites
to exhibit redox properties that benefit the proceeding of reactions undergoing electron
transfer steps. Hence, the coupling of metal oxide semiconductors can widen the applica-
tions of g-C3N4 and may result in synergistic effects (e.g., photo-redox) that facilitate the
proceeding of complex reactions.
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However, because metal oxides are easy to sinter and reduce with g-C3N4 (which
can be regarded as a type of reducing agent) at high temperature, developing a suitable
method to obtain desirable effects on the composites is of great importance. This can be
related to (1) the surface morphology, such as surface area and pore size, which affects,
for example, the ability to absorb light, the spatial separation efficiency of e−/h+ pairs
and the capability to adsorb the reactant; (2) the interface interaction, which influences
the mobility of electrons and/or holes between g-C3N4 and the metal oxide, either for
the formation of the newly balanced band gap (for type II heterojunctions) or for the
recombination of unused electrons and holes (for Z-Scheme heterojunctions); or (3) the
type of heterojunction (type II or Z-Scheme) formed, which depends on the properties of
metal oxide, such as the Fermi level, the band level or the band gap, and the semiconductor
type (p- or n-type). Hence, it is essential to consider the preparation method, the properties
of the metal oxide and the integrating degree between g-C3N4 and the metal oxide, to
obtain the best synergistic effect and fully exhibit the photocatalytic performance of the
g-C3N4/metal oxide composites.

Photocatalytic applications of g-C3N4 and g-C3N4/metal oxide composites for energy
synthesis and environmental protection have been widely reported for gas-, liquid- and
gas–liquid-phase reactions. Because of the redox capability of metal oxides, redox and
photocatalytic processes can simultaneously occur in the reaction, and a synergistic effect
may be induced between them, for instance, the photo-Fenton reaction process. This
improves the reaction rate while making the reaction process complex. Hence, the reaction
process deserves further exploration and investigation in order to reveal and understand
the photocatalytic mechanism, such as the manners of charge transfer, the internal force-
field adjustment, the electron interaction between g-C3N4 and the metal oxide, etc. The
collaboration of advanced characterizations and theoretic simulation calculations would be
useful in this respect and could be a development tendency in photocatalysis in future.
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