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The advancement of energy storage technology has paved the way for the application of electrochemi-
cal processes in achieving low-carbon and precise environmental pollution reduction. Electrodes play a
crucial role in efficiently removing organic pollutants and heavy metals. To implement electrochemical
pollution control technology in practical engineering, flexible electrode preparation is vital. This review
highlights recent progress in flexible electrode research, focusing on the selection and structural design
of flexible electrode materials. It summarizes the latest advancements in current collectors, active mate-
rials, and preparation methods to enhance conductivity, flexibility, and cycle stability. The application of
flexible electrodes in water pollution control is categorized into three aspects: Organic pollutants, inor-
ganic pollutants, and composite pollutants. Finally, the challenges and research requirements for enhanc-
ing electrode flexibility in environmental governance are discussed, along with prospects for their future

applications.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

The presence of compound pollutants, including emerging con-
taminants like drugs and personal care products, has exacerbated
water pollution issues [1-3]. Inadequate treatment methods re-
sult in a significant influx of polluted water into surface water
or groundwater, posing a serious threat to the environment and
human health [4,5]. Electrochemical technology has emerged as
a promising and environmentally friendly approach to wastewa-
ter treatment, attracting significant attention due to its versatility,
adaptability, and low-carbon characteristics [6].

Electrochemical technology utilizes the principles of electro-
chemistry and surface catalysis to remove compound pollutants,
including organic pollutants and heavy metals. Through direct or
indirect redox processes, electrochemical catalysis generates ac-
tive species that effectively oxidize and degrade organic pollutants
[7,8]. The electrode plays a vital role in the electrochemical re-
action process, as its structural composition and active materials
directly impact the efficiency of redox reactions, reaction mecha-
nisms, and the extent of pollutant mineralization. Enhancing the
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electrochemical activity of electrodes is essential for improving the
performance of pollution treatment systems [9-11].

Incorporating flexibility into electrode design is a strategy that
addresses issues related to low efficiency and enhances the ap-
plicability of these systems in engineering contexts [12]. Flexible
electrodes are functional materials that possess both electrical con-
ductivity and the ability to undergo elastic deformation, enabling
stable energy transfer even under conditions of deformation. They
can be designed in various forms, allowing for customization based
on parameters such as deformation degree, sensitivity, and en-
ergy density [13,14]. Flexible electrodes find applications in vari-
ous fields, including medical sensing, energy conversion, aerospace,
and wastewater treatment.

The introduction of flexible electrodes in wastewater treatment
provides several benefits for advancing and improving the technol-
ogy (Fig. 1):

(1) Enhanced contact and surface area: Flexible electrodes en-
able better contact and increased surface area with wastewater,
facilitating improved electrochemical reactions and pollutant re-
moval efficiency. The ability of flexible electrodes to conform to
irregular shapes and contours enhances their contact with wastew-
ater, ensuring a more comprehensive treatment process [15].

(2) Versatility in design and configuration: Flexible electrodes
can be designed and configured in various forms to suit dif-
ferent wastewater treatment scenarios. They can be shaped into
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Fig. 1. Advantages of flexible electrode in wastewater treatment.

membranes, films, fibers, or other tailored structures, allowing for
efficient integration into existing treatment systems or the devel-
opment of novel approaches [16-19].

(3) Enhanced charge mass transfer and flow dynamics: The
flexibility of electrodes allows for improved charge mass transfer
and flow dynamics within the wastewater treatment system. The
porous structure, three-dimensional structure and nanoarray struc-
ture can promote the heterogeneous interface diffusion between
the electrode and the electrolyte, significantly shorten the electron
transfer pathway and expose more active sites, thereby enhanc-
ing the movement and mixing of pollutants, ions and reactants
[20,21]. This promotes more effective transport of contaminants to
the electrode surface, increasing the overall treatment efficiency.

(4) Improved durability and stability: Flexible electrodes are of-
ten constructed using materials that exhibit excellent mechanical
strength, corrosion resistance, and stability. These properties en-
sure the electrodes’ long-term performance and reliability, even in
harsh wastewater treatment conditions. Compared to rigid elec-
trodes, flexible electrodes are less prone to mechanical failure,
cracking, or delamination, resulting in extended operational life-
times and reduced maintenance requirements [22].

(5) Scale-up potential and system integration: The flexibility
of electrodes offers the potential for easy scale-up and integra-
tion into large-scale wastewater treatment systems. The adaptabil-
ity of flexible electrode materials allows for their utilization in dif-
ferent reactor configurations, such as fixed-bed, fluidized-bed, or
membrane-based systems [23]. This scalability enables the imple-
mentation of flexible electrodes in both centralized and decentral-
ized wastewater treatment facilities.

Overall, flexible electrodes offer significant benefits in advanc-
ing wastewater treatment technology, facilitating improved pollu-
tant removal and promoting cleaner and more sustainable water
treatment approaches.

2. Fundamentals of flexible electrodes

Traditional electrodes have disadvantages such as inability to
bend and poor stability, and cannot meet the urgent needs of
flexible electronic products for high flexibility and machinability.
Therefore, how to construct flexible energy storage devices is a re-
search hotspot and difficulty. Flexible electrode is a kind of func-
tional material with conductivity and elastic deformation ability. It
is usually composed of flexible materials and inorganic materials
with catalytic properties [24,25]. The composition and economy of
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flexible electrode be emphasized in Sections 2.1 and 2.2 in Sup-
porting information.

3. Modified target for flexible electrodes
3.1. Electrical conductivity

The conductivity of flexible electrodes is a crucial factor that af-
fects their performance. It depends on the conductivity of the con-
ductive material used and the connectivity of the conductive path
within the electrode [26,27]. To ensure stable electrical properties
even after deformation or bending, several considerations should
be taken into account when designing flexible electrodes:

(1) Improving the conductivity of conductive materials. High-
quality conductive materials, such as high-purity metals or highly
crystallized carbon materials (e.g. carbon fiber [28,29], graphene
[30]), can significantly enhance the conductivity of flexible elec-
trodes. Using these materials helps to ensure efficient charge trans-
fer within the electrode.

(2) Selecting the appropriate thickness of the conductive ma-
terial. The thickness of the conductive material is closely linked
to the electrode’s conductivity. Thinner conductive materials tend
to have lower internal stress and provide better connectivity for
the conductive paths, resulting in higher conductivity. However, it
is important to strike a balance because extremely thin materials
may compromise mechanical durability [31].

(3) Using a composite structure. Applying a protective layer on
the surface of the conductive material can enhance its mechanical
toughness and prevent fracture during deformation. This composite
structure helps to maintain the conductivity of the electrode even
under strain or bending [32].

(4) Optimizing the preparation process. The choice of an appro-
priate preparation process can improve the quality of the conduc-
tive material, thereby enhancing its conductivity. Different materi-
als may require specific fabrication techniques to achieve the de-
sired conductivity and mechanical properties [33].

More details about the methods for the electrical conductivity
control of the flexible electrode are described in Sections 3.1.1, 3.1.2
and 3.1.3 in Supporting information.

3.2. Flexibility

Flexible electrode flexibility refers to the ability of the electrode
to maintain electrical conductivity under various mechanical defor-
mation conditions such as bending, stretching, and torsion, with-
out deformation, rupture, or performance degradation. In the field
of materials, the preparation of more flexible and even stretch-
able materials is a research hotspot [34]. The development of flex-
ible electrodes that can withstand mechanical tensile deformation
and maintain excellent mechanical properties and electrochemical
properties. The preparation of flexible electrodes needs to explore
the method of compounding the active material with the flexible
substrate, and strengthen the combination of the two to improve
the performance of the flexible electrode.

3.2.1. Material selection

Flexible current collector materials usually have high ductility,
tensile strength and low brittleness, which can adapt to differ-
ent shapes and sizes. In order to prepare flexible electrodes, elec-
trode active materials and conductive additives are usually added
to flexible substrates. Common electrode active materials include
metal oxides, polymer nanoparticles, etc. While conductive addi-
tives can be conductive polymers, carbon nanotubes, conductive
fibers, etc. Through the introduction of these additives, the con-
ductivity and mechanical strength of the flexible electrode can be
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improved, thereby ensuring its electrochemical performance under
complex deformation.

Conductive polymers are a class of materials with high con-
ductivity and effective electrochemical energy storage character-
istics, which have been widely used in the field of flexible elec-
trodes. In order to apply conductive polymers to the preparation of
flexible electrodes, conductive polymers can be directly deposited
on the surface of flexible polymer substrates by electrodeposition.
Chen et al. [35] prepared CNFs by electrospinning polyacryloni-
trile nanofiber network carbonization, then electrochemically de-
posited polypyrrole, and then prepared a core-double shell struc-
ture CNFs@PPy@rGO composite electrode with a reduced graphene
oxide coating. The rGO sheet is uniformly wrapped on the sur-
face of CNFs@PPy to form a rGO film. The composite electrode
maintains almost the same electrochemical performance at dif-
ferent bending angles, showing excellent flexibility. Polymer ma-
terials can also be made into films, showing good elasticity and
tensile recovery, and can be stretched and reused. Fan [36] uses
Ti3C, MXene supported by cotton cloth as the electrode layer, and
the cotton cloth is immersed in a mixed suspension of TizC; MX-
ene and cellulose nanofibers (CNFs). In the electrode layer, Ti3C,
MXene provides conductivity and electronegativity. The fabric sub-
strate provides the strength and flexibility of the electrode layer.
Zheng [37] prepared a sandwich-like carbon nanotube/NiCo,04
composite paper electrode. Honeycomb-like NiCo,04 nanosheets
were coated on the surface of conductive carbon nanotubes, which
combined the high conductivity of carbon nanotubes and the verti-
cal arrangement structure of NiCo,04 nanosheets. The CV curve of
the composite paper electrode still has high electrochemical sta-
bility under mechanical deformation of 0° to 180°, and maintains
95.6% of its initial capacitance in 2000 cycles, indicating good cycle
performance and flexibility. Yanilimaz et al. [38] prepared flexible
polyaniline-carbon nanofibers (PANI-CNF) composites by preparing
polyaniline coating on the surface of flexible carbon nanofibers to
further improve the electrochemical performance of the electrode.
Mechanical tests show that the independent PANI-CNF electrode
has durability and high flexibility.

3.2.2. Preparation method

The preparation of different morphologies can also regulate
the flexibility of the electrode. The introduction of fiber struc-
tures in electrode materials, such as nanofibers, nanowires or
fiber reinforced materials, can increase the flexibility and ten-
sile strength of the electrode, making it more resistant to bend-
ing and torsional deformation [39]. Choi et al. [40] embed-
ded silver nanowires/reduced graphene oxide (AgNWs/rGO) elec-
trode wires into the polyurethane (PU) dielectric layer on the
PDMS substrate, and directly fabricated thin film electrodes on
the elastomer substrate to prevent the change of electrochemi-
cal performance caused by stretching. The designed electrode is
in the form of a network structure, similar to a honeycomb ar-
rangement. Such a structure can make the electrode more flexi-
ble and bendable during bending and torsion, and reduce stress
concentration. Kim et al. [41]. coated silver nanowires (AgNWs)
on 2,2,6,6-tetramethylpiperidine-1-oxy-oxidized CNF nanopaper
(TEMPO-CNF) to obtain AgNW@TEMPO-CNF substrate, and de-
posited mesoporous gold as a conductive electrode. Form dense
anisotropic nano-scale creases and channel networks. The electrical
signal remains stable under a strain bending of nearly 180°

In order to improve the overall flexibility, a multi-layer struc-
ture is designed to alternately stack different materials between
the upper and lower layers of the electrode. Each layer of mate-
rials can complement each other to increase the flexibility of the
electrode. Yin et al. [42] successfully prepared a layered core-shell
SiCNWs@NiCo,04NAS on a carbon cloth (CC) substrate using a SiC
nanowire (SiCNWS) network as a nanoscale conductive skeleton.
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SiCNWs are intertwined to form a nano-scale SiCNWs network,
which can not only serve as a nano-skeleton to support active
materials, but also construct interconnected conductive electron
transfer channels, and maintain its electrochemical performance at
different bending angles.

3.2.3. Structural modification

Carbon nanotubes (CNTs) are nanomaterials composed of car-
bon atoms arranged in a tubular structure, which endows carbon
nanotubes with high flexibility. CNTs also have excellent electri-
cal conductivity, thermal stability, light weight, chemical stability,
simple preparation and other advantages, so it has a good appli-
cation prospect in the field of flexible electrode materials [43].
Zeng et al. [44] prepared carbon nanotube arrays on flexible car-
bon cloth (CC) by chemical vapor deposition. The Zn/CNT electrode
has no obvious capacity loss (>97% retention rate) under differ-
ent deformation conditions, indicating that it has excellent flexibil-
ity and mechanical strength. However, carbon nanotubes are prone
to bending and winding, and agglomeration occurs, which affects
their electrochemical performance [45]. Doping can change the
electronic structure and surface properties of carbon nanotubes,
thereby adjusting their conductivity, catalytic activity and nanos-
tructures [46-48]. The doping method can be the hybridization
of nitrogen, sulfur, oxygen and other elements, or the introduc-
tion of metal materials, such as copper and silver. Jiang et al.
[49] deposited nickel nanoparticles on carbon nanotubes to pre-
pare nickel nanoparticles@carbon nanotubes (Ni@CNT) composite
electrodes, which made no binder between Ni and CNT and im-
proved the performance of electrode materials. Flexible asymmet-
ric supercapacitor (FASC) assembled with Ni@CNT as positive and
negative electrodes has high volumetric energy and power den-
sity, good rate capability, excellent mechanical stability and long
cycle life. Chen et al. [50] embedded Sb nanosheets into flexible
porous N-doped carbon nanofibers (Sb@PCNFs) by a simple elec-
trospinning deposition method. The Sb@PCNFs independent film
formed by one-dimensional nanofibers has high flexibility and
porous structure, which provides space for the volume change dur-
ing charge and discharge and enhances the ion/electron transfer
kinetics. In addition, the optimization and modification of carbon
nanotubes can be achieved by adjusting the size and morphology
of carbon nanotubes [51], and modifying functional groups on the
surface of nanotubes [52]. Liu [53] prepared a high-performance
self-supporting polyaniline (PANI)/single-walled carbon nanotube
(SWCNT) film integrated electrode by a simple solution deposi-
tion method. Due to the strong -7 interaction between PANI and
CNTs, a highly ordered interface layer is formed on the surface of
CNTs, thus forming an efficient conductive network, which is con-
ducive to the ion diffusion process and the rapid redox reaction at
the electrode/electrolyte interface, so as to obtain better conduc-
tivity and enhanced capacitance performance. Through the com-
prehensive application of these methods, carbon nanotube flexible
electrode materials with better performance and reliability can be
prepared.

MXene is a typical two-dimensional metal carbide material,
which has broad application prospects in the fields of electrocatal-
ysis, energy storage and so on [54]. Among them, the stacking ef-
fect of MXene refers to the changes in the properties and struc-
tures of the composites composed of multiple MXene layers, which
will affect the mechanical properties and thermal stability of the
materials [55]. Therefore, it is necessary to further study its mech-
anism and characteristics to achieve effective regulation and uti-
lization of MXene stacking effect. Liu [29] introduced a green, low-
temperature-resistant and highly ionically conductive methane sul-
fonic acid/polyvinyl acetate (MSA/PVA) hydrogel as an electrolyte
to optimize the performance of MXene, and used Ti foil as a
current collector to form a flexible electrode. MSA/MSA ions are
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Fig. 2. (a, b) Digital photos of flexible equipment. (c, d) CV curves at different bending angles. Reproduced with permission [59]. Copyright 2023, Elsevier. (e) The digital
images showing the compressibility of the MF/PPy-3. (f) The digital photos of tensile strength test for the MF/PPy-3/H3PO4/PVA composite using different weights. (g) The
stress-strain curves of the MF/PPy-3 at different strains of 30%, 50% and 70%, respectively. (h) The stress-strain curves of the MF/PPy-3 at the strain of 70% for 100 cycles.
Reproduced with permission [60]. Copyright 2019, Elsevier. Photographs of flexibility test using CSNS/NCF-160: (i) pristine, (j) under pressure, (k) pressure releasing, (1) after

pressure released. (m

pre-embedded in MXene, resulting in wrinkles and porous struc-
tures, thereby reducing the stacking effect of MXene and improv-
ing the flexibility of the electrode.

The three-dimensional structure flexible electrode has a multi-
layer and multi-stage structure, which can be designed and com-
bined according to different requirements to form electrodes with
different flexible properties [56,57]. The three-dimensional flexible
electrode can maintain a high level of mechanical stability under
various strain conditions such as bending, stretching and twisting
[58]. Wang [59] prepared several CuCo,04@NiCoS composite elec-
trodes by controllable hydrothermal and electrodeposition routes.
One-dimensional nanowires can shorten the transmission path of
ions, while two-dimensional nanosheets expose many active sites.
This makes the three-dimensional structure composite material
have high electrochemical activity. It still has excellent mechanical
stability after repeated folding at different angles (Figs. 2a-d). Sun
et al. [60] prepared melamine foam/polypyrrole (MF/PPy) electrode
with high mechanical properties and excellent electrochemical
properties by in-situ interfacial polymerization of polypyrrole on
commercial melamine foam. The three-dimensional cross-linked
network structure makes the MF/PPy electrode material have ex-
cellent compressive deformation resistance and pressure reversibil-
ity. After compression, it can be completely restored to the orig-
inal size and shape without plastic deformation (Figs. 2e-g). Af-
ter 10 cycles, the compression curve remains basically unchanged
(Fig. 2h). Ultrathin cobalt selenide (CoSe) nanosheets were suc-
cessfully assembled on a three-dimensional nitrogen-doped carbon
foam (CSNS/NCF) by Suo [61]. The foam is bridged by Co-C and Co-
N-C bonds. CSNS/NCF not only has a large surface area in full con-
tact with the electrolyte, but also provides a strong network with
strong chemical bonds. The obtained CSNS/NCF-160 was bent to

) recovered. Reproduced with permission [61]. Copyright 2020, Elsevier.

different angles (Figs. 2i-1). Obviously, CSNS/NCF-160 can be com-
pletely restored to the original shape after bending (Fig. 2m).

Therefore, through reasonable design and combination, flexible
electrodes with better performance can be prepared, which is an
important research direction for the development of flexible elec-
trodes in the future.

3.3. Stability

Stability is one of the key indicators of the electrical proper-
ties of flexible electrodes, which is related to the composition and
structure of the material itself. The flexible electrode with good
performance should exhibit low resistance at the maximum work-
ing strain and remain almost unchanged during the cycle. It is
difficult for the flexible electrode to maintain the absolute sta-
bility of the resistance during the deformation process, and the
conductive material will inevitably undergo microstructure fracture
during deformation recovery. The stability of flexible electrode is
one of the important characteristics to ensure that the electrode
maintains high conductivity during deformation or use. Because
in the practical application of flexible electrodes, due to the de-
formation process such as bending, stretching or compression of
the object, the conductive material will undergo microstructural
fracture, which may lead to a decrease in the electrical proper-
ties of the electrode. Therefore, when designing and manufactur-
ing flexible electrodes, it is necessary to consider their stability and
take corresponding measures to improve their fracture resistance.
More details about the material selection, preparation method and
modification methods for the stability control of the flexible elec-
trode are described in Sections 3.3.1, 3.3.2 and 3.3.3 in Supporting
information.
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4. Application of flexible electrode in wastewater treatment

Flexible electrodes have various applications in wastewater
treatment, particularly in the removal of organic pollutants. The
advantages of flexible electrodes, such as higher reaction rates,
lower energy consumption, and environmental benefits, make
them suitable for wastewater treatment processes. The treatment
typically involves two steps: Anodic oxidation and cathodic reduc-
tion. Compared with the traditional electrochemical method, the
flexible electrode has the advantages of flexibility and tunability.
It can adjust or optimize its structure and function according to
different pollutant types and water quality characteristics, and the
effect is more obvious in practical application.

4.1. Organic pollutants

Traditional organic pollutants have been extensively studied
and understood, and have a certain history in the environment,
such as petroleum, polycyclic aromatic hydrocarbons, chlorinated
organic compounds. Emerging organic pollutants refer to organic
compounds that have emerged in recent years with less use and
unclear environmental effects. Including drugs, personal care prod-
ucts, plastic additives, etc. These organic pollutants mainly come
from the discharge of daily life and chemical production process.
At present, the behavior and influence in the environment still
need to be further studied and understood.

4.1.1. Conventional organic pollutant

Dyes are widely used in textile, leather, papermaking, food
and beverage, medicine, cosmetics and other fields. Organic dye
wastewater is a difficult problem in industrial wastewater treat-
ment and environmental pollution control due to its complex com-
position, high toxicity and large emission. Jian et al. used di-
amond/carbon fiber with fiber core/shell structure as electrode,
and the removal rate reached 89.25% within 100 min after adding
100 mg/L methyl orange solution [62]. Methylene blue (MB) is
widely used in the fields of chemical indicators, dyes, biological
dyes and drugs. Li et al. used a porous BDD/Ta film as an elec-
trode to perform an electro-Fenton reaction at a current density of
60 mA/cm?. After 80 min, the degradation rate of MB was 97% [63].
Azo dyes are the most commercialized dyes so far, accounting for
about 70% of the total dyes. Their strong resistance to traditional
processing and persistence in the environment pose environmen-
tal damage and health risks to organisms [6]. Acid Red G (ARG) is
a water-soluble anionic azo dye with strong acidity. After 180 min
treatment, the degradation rate of ARG on PbO,/Pb30,4 electrode
was more than 95.0% [64]. Alizarin yellow R (AYR) wastewater is
a representative azo dye wastewater with high chromaticity, rich
organic matter content and serious toxicity. After electrolysis of
80 mg/L AYR wastewater for 150 min, the AYR degradation rate and
chemical oxygen demand (COD) removal rate of Ti/PbO,-Sm,03
composite electrode were 80.00% and 79.90%, respectively, and it
still had excellent stability and catalytic activity after 10 cycles
[65].

Naphthenic acid-rich aliphatics and their alicyclic carboxylic
acids in refinery oil sand wastewater (OSPW) have attracted much
attention due to their persistence, corrosion and toxicity. Abdal-
rhman used graphite anodes to treat dehydrated industrial naph-
thenic acid (NAs) mixtures in water samples at relatively low cur-
rent densities. At current densities of 0.5, 2.5 and 5mA/cm?2, the
degradation rates of NAs were 76.9%, 77.6% and 82.4%, respectively,
and the energy consumption was 0.086, 0.334 and 0.362 kWh/g
NA, respectively [66].

Transition metal oxides and hydroxides are one of the most
common electrode active substances, including RuO,, MnO,, NiO,
Sn0,, Co304, NiCoO, NiMoO4, ZnCo,04, Co(OH),, Ni(OH), and so

Chinese Chemical Letters 35 (2024) 109277

on. The current research is mainly to prepare oxide materials with
various morphologies, reasonable pore size distribution, large spe-
cific surface area and different lattice states on the basis of exist-
ing such materials. At present, there have been a large number of
studies on the preparation and compounding of metal oxides and
hydroxides, which can obtain different morphologies and proper-
ties.

Urea oxidation reaction (UOR) is considered to be a promising
technology for simultaneous hydrogen production and degradation
of urea-rich wastewater. The urea electrolysis reaction in alkaline
environment can be expressed as (Eqs. 1-3) [67]:

Anode : CO(NH;), + 60H™ — N, + 5H,0 + CO, + 6e~ (1)
Cathode : 2H;0 + 2e~ — H, +20H™ (2)
Overall : CO(NH2)2 + H;0 — N, + 3H; + CO, (3)

Sha [68] synthesized a self-supporting three-layer intercon-
nected heterostructure MnCo,045@Ni (OH),/NF, which is com-
posed of Mn Co,045 nanosheets seamlessly sandwiched between
the bottom layer of the nickel foam substrate and the top layer
of Ni(OH), nanosheets. Without the use of binder, the active ma-
terial is firmly bonded to the conductive substrate, which effec-
tively improves the loading capacity of the active material and the
flexibility of the electrode. The synergistic effect of MnCo,045 and
Ni(OH), promoted the electrooxidation of urea. The key compound
of nickel-based catalyst is NiOOH, which can be formed by the re-
versible electrochemical reaction of Ni?t/Ni3*. The corresponding
electrochemical chemical mechanism is as follows (Egs. 4 and 5):

6Ni(OH), (s) + 60H™ — 6NiOOH(s) + 6H,0(1) + 6e" (4)

6NiOOH (s) + CO(NH2),(aq) + H,0(1)
— 6Ni(OH), (s) + N2 (g) + CO2(g) (5)

4.1.2. Emerging organic pollutants

Pharmaceuticals and personal care products (PPCPs) are a
unique emerging environmental pollutant. PPCPS is becoming a
widespread pollutant in aquatic and marine environments due to
its wide application range, poor biological metabolism and unrea-
sonable disposal. At the same time, it can also produce endocrine
disruption, neurotoxicity and developmental toxicity, which have
a negative impact on ecosystems and human health [69]. Liu et
al. used Fe;04NP@CN flexible electrode to almost completely de-
grade carbamazepine after 3h of reaction, and the energy con-
sumption was about 0.239kWh/g carbamazepine [70]. Tin diox-
ide (Sn0,) is an N-type semiconductor with chemical stability and
corrosion resistance. Titanium-based SnO, electrode has attracted
much attention due to its high oxygen evolution potential, good
stability and high catalytic activity. SnO, doped metal elements
can improve the conductivity and oxygen evolution overpotential
of the electrode. Due to the difference in the atomic radius be-
tween SnO, and doped metal, the electrode will produce chemi-
cal bond structure and crystal defects, thereby improving the cat-
alytic strength and current efficiency. Duan synthesized copper-
doped Ti/SnO, electrode by thermal decomposition method. The
metal coating of Ti/SnO,-Cu electrode is evenly distributed, and
a highly rough, porous and well-layered active layer is obtained.
A three-electrode system was constructed with Ti/SnO,-Cu elec-
trode as the working electrode. The degradation rate was 97.5%
after 60 min reaction at 20 mA current [71]. Duan et al. used the
G/CNT-Ce/Pb0,-Ce composite electrode for electrocatalytic degra-
dation of ceftazidime. After 120 min of reaction at a current of
40 mA, the removal rates of ceftazidime and TOC reached 100.0%
and 54.2%, respectively [72]. Zhou used a porous Ti/SnO,-Sb
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anode to electrochemically degrade 5mg/L abacavir. At a current
density of 0.2mA/cm?, the degradation efficiency exceeded 97%
within 10 min, the degradation rate constant was 0.36 min—!, and
the lowest energy of each order was 6.5 mWh/L [73]. Tetracycline
is a kind of antibiotic widely used in clinical treatment. Because
of its difficult biodegradation, it is easy to enter the soil with an-
imal feces and eventually enter the surface water body, seriously
affecting the ecosystem. Tetracycline was degraded by Fe/Co-CNFs
electrode, and the degradation rate was close to 100%. The elec-
trocatalytic degradation process has a high Faraday efficiency of
81.29% and a low power consumption of 6.17 kWh/kg [23]. When
Ti/Ti4O; was used as the electrode, the degradation rate of tetracy-
cline reached 95.8% [74]. Dong et al. used CF@PANI@MIL-101 (400)
as the cathode, and the initial concentration of p-nitrophenol and
TOC were both 50 mg/L. After 120 min electrolysis at a current den-
sity of 5mAJ/cm?, the removal rate of p-nitrophenol was about
100%, and the removal rate of TOC was 52%. After ten cycles, about
94% of p-nitrophenol can still be removed [75]. Lignin is a kind of
natural polymer organic matter with poor biochemical degradation
and complex composition, which is widely found in papermaking
wastewater. Shao et al. developed a flexible electrode with Ti/PbO,
shell as the main electrode and a large number of Fe304/Sb-SnO,
particles as the auxiliary electrode to treat papermaking wastew-
ater, which has excellent degradation effect on lignin. After 4h of
reaction, the COD removal rate reached 74%—82.84% [76]. Chai et
al. used Mp-SnO,/BDD thin film electrode to degrade wastewater
containing chlorogenic acid (CA). After 240 min of treatment, the
removal rates of CA and COD by Mp-SnO,/BDD reached 95% and
90%, respectively, and the degradation rate constant was 1.6 times
that of BDD [77].

Benzophenone-3 (BP-3) is one of the most widely used UV ab-
sorbers in sunscreens. With the increasing use of sunscreens, it
is estimated that 14,000 tons of BP-3 are released into the wa-
ter environment every year. Zhou used Ti/SnO,-Sb/Ce-PbO, anode
to study the electrochemical degradation of BP-3 and its metabo-
lite 4-OH-BP. The initial concentrations of both pollutants were
10mg/L. At a current density of 25mA/cm? for 30 min, the degra-
dation rates of BP-3 and its metabolite 4-OH-BP were 91.6% and
96.5%, respectively. The addition of Cl- in the solution significantly
promoted the electrochemical degradation of BP-3 and 4-OH-BP.
The promotion effect of CI- may be due to the direct oxidation of
the anode surface or the reaction with *OH to generate active chlo-
rine species (such as Cl,, ClO-, ClO,~ and HCIO) [32]. Ruthenium
dioxide (RuO,) is an important electrocatalytic material for elec-
trochemical oxidation of organic compounds due to its high chem-
ical stability, strong electrocatalytic activity and excellent electri-
cal conductivity (1S/cm). The removal rate of methyl orange and
ceftriaxone by RuO,/TiO,/nano-graphite anode reached 87.5% and
97.3% at 30 min and 100 min, respectively [78]. Among antibiotics,
chloramphenicol (CAP) plays an important role in the prevention
and treatment of animal diseases. Its derivatives thiamphenicol
(TAP) and florfenicol (FF) have been widely used in animal hus-
bandry. However, TAP and FF have blood toxicity, embryo toxicity
and strong immunosuppressive effects, and even affect the physio-
logical functions of animals, plants and microorganisms. The elec-
trocatalytic reduction of thiamphenicol (TAP) and florfenicol (FF)
was studied by multi-walled carbon nanotubes modified electrode.
After 24h of electrocatalytic reduction at -1.2V bias, the removal
rates of TAP and FF at 2 mg/L were 87% and 89%, respectively. The
removal rate constants of TAP and FF were 0.0837 h~! and 0.0915
h-1, respectively [79].

4.2. Inorganic pollutants

Inorganic pollutants can be divided into two categories: metal
inorganic pollutants and non-metal inorganic pollutants. Metal
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inorganic pollutants mainly include heavy metals such as lead,
mercury, cadmium, chromium, zinc, copper, etc. Which are usu-
ally characterized by strong toxicity and long residual cycle. Non-
metallic inorganic pollutants include acids, alkalis, ammonia, chlo-
rine and other compounds. These inorganic pollutants also have
potential threats to the environment and human health. Effective
governance measures are needed to strengthen monitoring, con-
trol, prevention and treatment in order to protect the environment
and human health.

4.2.1. Metal inorganic pollutant

With the rapid development of mining, chemical industry, elec-
troplating, metal products, electronic equipment, leather and other
industries, the proportion of heavy metal ions such as chromium,
lead, zinc, nickel and copper discharged into water is increas-
ing. Unlike organic pollutants, heavy metal industrial wastewater
is non-biodegradable, and heavy metal ions usually accumulate in
organisms, posing a serious threat to the health of humans and
other organisms. Table S2 (Supporting information) summarizes
the removal effect of different inorganic pollutants based on flex-
ible electrodes. Yao et al., by simultaneously indirect electroreduc-
tion of Cr(VI) and in-situ precipitation of Cr(Ill), at a current density
of 10mA/cm?2, the maximum removal rate and total removal rate of
Cr(VI) within 12 h reached 80.5% and 79.4%, respectively [80]. Shi
et al. applied PB@CNF electrode to the highly selective recovery of
K* in simulated seawater. In the presence of high concentrations
of K+, Nat, Ca2* and Mg?*, the recovery rate of K+ was as high as
73.4% [81]. Liu simultaneously removed a variety of heavy metal
ions coexisting in water through a three-dimensional graphene ox-
ide electrode (CF-GO). At a concentration of 1000 ppb, the removal
rates of copper, cadmium and lead were 97.7%, 97.3% and 98.5%,
respectively. When the concentration was 10,000 ppb, the removal
rates at 20V were 96.5%, 94.8% and 98.5%, respectively [82]. Ali
used iron sulfide modified graphite felt coated reduced graphene
oxide (FeS@rGO) nanocomposites as a cathode to achieve simulta-
neous reduction and power generation of Cr(VI). When the concen-
tration was 15 mg/L, the removal rate of Cr(VI) was 100%, and the
maximum power density of MFC-FeS@rGO was 154 mW/m?, which
was 328% higher than that of MFC-blank (36 mW/m?) [83].

4.2.2. Nonmetallic inorganic pollutant

Nitrate (NO3™) pollution in groundwater and surface water re-
sources not only destroys ecosystems, but also leads to eutrophi-
cation and serious human health problems. Nitrogen in water usu-
ally exists in the form of nitrate (NO3™), nitrite (NO,~) or ammo-
nium (NH4*). Nitrate pollution in surface water and groundwa-
ter is mainly caused by human activities, including fertilizer runoff
from farmland, rainwater runoff from urban surface, and discharge
of sewage or treated wastewater [84]. In recent years, electrochem-
ical nitrogen reduction reaction (NRR) has attracted wide attention
because it can convert nitrogen into ammonia under environmen-
tal conditions. From the perspective of energy and environment,
it is very ideal to convert NO3~ to NH3 by electrochemistry, and
to achieve nitrate wastewater treatment and ammonia production
at the same time [85,86]. However, the cleavage of N=N bond in
N, requires 941kJ/mol, and the decomposition of NO3~ into de-
oxygenated species requires only 204 kJ/mol [87]. Electrochemical
NRR technology faces the dilemma of low ammonia yield (rNH3)
and faradaic efficiency (FE). In alkaline medium, the following re-
actions mainly occur (Eq. 6):

NOj; + 6H,0 + 8¢~ — NH;3 + 90H™ (6)

Copper is considered to be the best promoter for nitrate
electroreduction due to its low cost and relatively high activity.
The Cu@Cu,.10NWSs/CP was used as the working electrode, and
the electrolysis was carried out at the optimal applied potential
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of -1.2V (vs. SCE). After 120min of reaction, the conversion of
NO3-N was 78.57% and the selectivity of NO3-N was 76% [88].
The nitrate in water was removed by electrochemical process with
Cu/GOJTi as cathode. After electrolysis at a current density of
15 mA/cm? for 4h, the NO3-N conversion rate can reach 91.5% [89].
Wang et al. used 3D Cu nanobelts as cathodes to remove nitrate
from water by electrochemical process. They added 0.07 mol/L NaCl
to the solution to introduce Cl~, and electrolysis was performed at
an applied voltage of -1.4V (vs. Ag/AgCl). After 30 min, the removal
rate of NO3-N reached 91.5%, and the removal rate of TN reached
99.6% after 120 min [90]. The NO3~ degradation rate of CusP/CF-
400 composite electrode reached 97.7% under the initial condition
of 50mg N L1 NO;~ after electrolysis for 5h at the cathode poten-
tial of -1.2V (vs. Ag/AgCl). After 8 cycles of experiments, CusP/CF
still maintained its electrocatalytic activity [91].

4.3. Organic -heavy metal compound pollution in wastewater

With the increasing complexity of wastewater composition, the
treatment of multi-component wastewater has been widely stud-
ied. Among them, the removal of coexisting heavy metals and or-
ganic matter has received more attention. If not handled properly,
the resulting pollutant-rich water may flow into surface water or
seep into groundwater, posing a serious threat to human life and
drinking water sources. Table S3 (Supporting information) summa-
rizes the removal effect of organic-heavy metal compound pollu-
tion in wastewater based on flexible electrodes. Zhang et al. used
polypyrrole/reduced graphene oxide aerogels (PGAs) as particle
electrodes and applied them to a three-dimensional electrode sys-
tem for simultaneous reduction of hexavalent chromium (Cr(VI))
and bisphenol A (BPA). The results showed that when the solution
pH was 3, the concentrations of hexavalent chromium and bisphe-
nol A were 80mg/L and 20 mg/L, respectively. The removal rates
of Cr(VI) and BPA within 30 min were 98.52% and 98.00%, respec-
tively [92]. Under acidic conditions, Cr,0,2~ has a high reduction
efficiency for Cr(VI), so H* is beneficial to the reduction of Cr(VI)
(Egs. 7 and 8) [93]. Hydroxyl radical is one of the most powerful
oxidants in BPA degradation, which is related to the pH of the sys-
tem. Under acidic and alkaline conditions, the system can produce
H,0, as oxidant (Egs. 9-13). At the same time, under acidic condi-
tions, H,0, can also indirectly generate hydroxyl radicals through
catalysts and electrode sheets, so BPA degrades faster under acidic
conditions than under alkaline conditions [94].

Cr,0,2” + 14H* + 6e~ — 2Cr(Ill) + 7H,0 (7)

‘OH+BPA — --- — CO, 1 +H,0 (8)
Acidic conditions:

'Oy +2HT +2e~ — H,0, 9)

Mr-I—HzOz +H+—>.0H+H20 (10)
Alkaline conditions:

0, +H,0 +2e~ — HO?>™ + OH™ (11)

HO?>~ + H,0 — H,0, + OH™ (12)

M; + H,0, — M,OH + OH™ (13)

(M; is reduced metal catalyst, M, is oxidized metal catalyst)
Humic acid (HAC) is the most common natural organic matter,
which is widely found in soil and aquatic environment. Hexavalent
chromium (Cr(VI)) is considered to be the second largest heavy
metal in the environment. These two substances usually coexist in
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the environment. Yin et al. prepared PANPs/AC/BDD thin film elec-
trode. The initial concentrations of HAC and Cr(VI) were 100 mg/L
and 20 mg/L, respectively. After electrolysis for 8 h, the degradation
rates of HAC and Cr(VI) reached 86.6% and 90%, respectively. Even
after five repeated treatments, the removal efficiency of TOC and
total Cr was as high as 80% [95].

Veterinary antibiotics (such as tetracycline) and some trace
heavy metals (such as arsenic, copper and chromium) are widely
used as feed additives in many livestock and poultry farms around
the world. The combined pollution system of antibiotics and heavy
metals is easy to produce synergistic effect and transform into
more toxic antibiotic-heavy metal complexes [96,97]. Bai coupled
the electro-catalytic anode (ECA) process with the «-MnO, acti-
vated PMS process to form an ECA/w-MnO,/PMS system for the
removal of composite pollutants (TC-Cr(VI)) in wastewater. Organic
matter is oxidized at the anode and heavy metals are reduced
at the cathode. When the concentrations of TC and Cr(VI) were
20mg/L and 5 mg/L, the removal rates of TC and Cr(VI) were 90.12%
and 92% after 5h, respectively. The main existing forms of Cr(VI)
in the solution are Cr,0;2~, HCrO4~, CrO4~ and HCr,0;. Under
low pH conditions, Cr(VI) mainly exists in the form of HCrO4~ and
Cr,0;~ (Egs. 14 and 15) [98]:

HCrO; + 7H* + 3e~ — Cr** + 4H,0 (14)

Cry0; + 14H* +6e~ — 2Cr*" + 7H,0 (15)

Based on the designed electrochemical double-chamber system,
Long et al. used three-dimensional reduced graphene as the elec-
trode material to establish a phased and efficient combined antibi-
otic and heavy ion pollution advanced treatment process. In the
anode chamber, TC-Cu combined pollution was degraded into TC
and Cu ions, TC was oxidized into small molecular organic mat-
ter, carbon dioxide and water, and Cu ions were reduced in the
cathode chamber. The removal rates of tetracycline in 20 mg/L and
50 mg/L composite pollutants were 92% and 82%, respectively, and
the removal rates of Cu?+ were 99% and 100%, respectively. The re-
moval rates of Cu?* and TOC were 89% and 63%, respectively [99].

Shi et al. grows on the carbon felt to form a bio-flexible
electrode to construct a bio-cathode microbial electrolysis cell
(BCMECs). When the applied voltage was 0.9V and the initial
concentration was 20 mg/L, the removal rates of Cu, Pb, Zn, Cd
and COD were 98.76%, 98.01%, 73.58%, 84.39% and 77.55%, respec-
tively [100]. Zhao prepared almond shell biochar-based materi-
als with highly dispersed graphene nanosheet structure by us-
ing hydrochloric acid and potassium ferrate. Because Fe-AASB has
graphene nanosheet structure, abundant oxygen-containing func-
tional groups and mixed iron species, the electrocatalytic reaction
at the particle-electrode interface significantly aggravates the elec-
trochemical oxidation reaction, which is beneficial to the effec-
tive removal of heavy metals and organic pollutants. After 180 min
of reaction, the removal rates of Cu(ll)) COD and TOC reached
96.8%, 92.5% and 86.2%, respectively [101]. Thamauluslvan et al.
prepared a robust porous laser-induced graphene (LIG) electrode
and demonstrated the electrochemical removal of iodohexanol
and heavy metal ion chromium(VI). The optimized LIG electrode
showed higher hydrogen peroxide generation. Under the condition
of applied voltage of 3V, the removal rate of Cr(VI) reached 90%
after 6 h, and the removal rate reached 95% at pH 2 after 8 h [102].

5. Summary and future prospect
5.1. Summary

This review provides an overview of the development, prepara-
tion methods, and application of flexible electrodes in the removal
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of organic-inorganic pollutants from water. It also addresses the re-
search needs of flexible electrodes in future environmental gover-
nance. Several key considerations must be emphasized during the
construction of flexible electrodes:

(1) Material selection: Flexible electrodes typically consist of
materials with flexible properties and inorganic materials with cat-
alytic properties. Therefore, it is crucial to choose materials that
possess elastic deformation ability, excellent electrical conductivity,
and catalytic properties.

(2) Process flow optimization: The production process of flexi-
ble electrodes is complex, involving multiple steps such as material
preparation, dispersion of conductive phases, and the formation of
cross-linked networks. It is important to comprehensively evaluate
these steps and optimize the overall process flow.

(3) Design of electrode structure: The microstructure of flexible
electrodes can be optimized according to the composition and ar-
rangement of electrode materials, such as constructing nanoarray
structure, core-shell structure, porous structure and layered struc-
ture. These unique structures can provide multiple current chan-
nels, increase the contact area between the electrode and the elec-
trolyte, and improve ion and charge transport. At the same time,
the advantages of different materials are taken into account to im-
prove the conductivity, flexibility and stability of the electrode.

5.2. Future prospect

Although many studies have demonstrated the feasibility of ad-
vanced oxidation technology in wastewater treatment, most exper-
iments are carried out under controlled laboratory conditions, al-
lowing manipulation of water matrix and pollution conditions. In
order to evaluate the practical applicability of the advanced oxida-
tion process, it is necessary for researchers to use actual wastew-
ater samples to evaluate its effectiveness. In addition, continuous
efforts are needed to discover and develop more powerful flexible
electrodes to enhance the performance of wastewater treatment.
The design of multifunctional advanced oxidation process reaction
device provides a potential solution for the combination of sewage
purification and energy production. However, the development of
flexible electrodes faces many challenges in research and technol-
ogy:

(1) Improve the flexibility and adaptability of the electrode: The
flexible electrode can be attached to the internal surface or curve
part of the sewage treatment system, so as to better contact the
target substances and pollutants in the wastewater and achieve
higher contact efficiency. The design of flexible electrodes that can
be bent, stretched and twisted according to needs can adapt to
processing equipment of various shapes and sizes, providing bet-
ter adaptability and close fit.

(2) Effective loading of active materials: The loading of active
materials is a key factor to determine the overall performance and
practicability of the electrode. Reasonable selection and loading of
appropriate active materials to ensure close contact between active
materials and current collectors can extend the functions of flexi-
ble electrodes to different fields and applications.

In addition, the combined application with other wastewater
treatment technologies, such as adsorbents, membrane separation,
etc., can also improve the efficiency and comprehensive perfor-
mance of wastewater treatment. In summary, the future develop-
ment of flexible electrodes in wastewater treatment has great po-
tential for promoting environmental governance practices.

Declaration of competing interest
The authors declare that they have no known competing finan-

cial interests or personal relationships that could have appeared to
influence the work reported in this paper.

Chinese Chemical Letters 35 (2024) 109277
Acknowledgments

The authors acknowledgement the financial support by the
National Natural Science Foundation of China (No. 42107226), In-
tergovernmental International Cooperation on Scientific and Tech-
nological Innovation (No. 2023YFE0122500) and Open Project of
State Key Laboratory of Urban Water Resource and Environment,
Harbin Institute of Technology (No. ES202223).

Supplementary materials

Supplementary material associated with this article can be
found, in the online version, at doi:10.1016/j.cclet.2023.109277.

References

[1] M. Patel, R. Kumar, K. Kishor, et al., Chem. Rev. 119 (2019) 3510-3673.
[2] V. Choudhary, K. Vellingiri, M.I. Thayyil, et al., Environ. Sci. Nano 8 (2021)
1133-1176.
[3] SX. He, CY. Zhai, M. Fujitsuka, et al., Appl. Catal. B: Environ. 281 (2021)
119479.
[4] R.L. Yin, Y.X. Chen, S.X. He, et al., J. Hazard. Mater. 388 (2020) 121996.
[5] M. Humayun, N. Sun, F. Raziq, et al., Appl. Catal. B: Environ. 231 (2018) 23-33.
[6] EC. Moreira, R.A.R. Boaventura, E. Brillas, et al., Appl. Catal. B: Environ. 202
(2017) 217-261.
[7] SJ. Mazivila, L.A. Ricardo, ].M.M. Leitao, et al., Trends Environ. Anal. Chem. 24
(2019) e00072.
[8] W.T. Zheng, Y.B. Liu, EQ. Liu, et al., Water Res. 223 (2022) 118994.
[9] AJ. dos Santos, M.S. Kronka, G.V. Fortunato, et al., Curr. Opin. Electrochem. 26
(2021) 100674.
[10] L. Jin, X. Duan, M. Sun, et al., ACS Nano 17 (2023) 12875-12883.
[11] Q.Q. Zhou, X.L. Zhou, R.H. Zheng, et al., Sci. Total Environ. 806 (2022) 150088.
[12] Y.K. Wang, Q. Yang, Y. Zhao, et al., Adv. Mater. Technol. 4 (2019) 1900083.
[13] D.R. Wang, Y.K. Zhang, X. Lu, et al., Chem. Soc. Rev. 47 (2018) 4611-4641.
[14] L.L. Liu, Z.Q. Niu, J. Chen, Chin. Chem. Lett. 29 (2018) 571-581.
[15] H.C. Weerasinghe, F.Z. Huang, Y.B. Cheng, Nano Energy 2 (2013) 174-189.
[16] Q. Liu, Y.B. Wang, L.M. Dai, et al., Adv. Mater. 28 (2016) 3000-3006.
[17] J.C. Wy, Y.H. Chuang, S.Y.H. Liou, et al., ]. Hazard. Mater. 429 (2022) 128328.
[18] L.Q. Yao, T. Cheng, X.Q. Shen, et al., Chin. Chem. Lett. 29 (2018) 587-591.
[19] ZE. Zhao, XJ. Wang, M. Yao, et al., Chin. Chem. Lett. 30 (2019) 915-918.
[20] Z.P. Chen, W.C. Ren, L.B. Gao, et al., Nat. Mater. 10 (2011) 424-428.
[21] Q. Zhang, W. Xiao, W.H. Guo, et al., Adv. Funct. Mater. 31 (2021) 2102117.
[22] H.E Li, C.P. Han, Y. Huang, et al., Energy Environ. Sci. 11 (2018) 941-951.
[23] A. Barhoum, K. Pal, H. Rahier, et al., Appl. Mater. Today 17 (2019) 1-35.
[24] H. Gwon, J. Hong, H. Kim, et al., Energy Environ. Sci. 7 (2014) 538-551.
[25] I Hussain, D. Mohapatra, C. Lamiel, et al., J. Colloid Interface Sci. 609 (2022)
566-574.
[26] H.W. Wang, ].Z. Fu, C. Wang, et al., Energy Environ. Sci. 13 (2020) 848-858.
[27] S.X. Yan, S.H. Luo, ]. Feng, et al., Chem. Eng. J. 381 (2020) 122695.
[28] B. Liu, J. Zhang, X.F. Wang, et al., Nano Lett. 12 (2012) 3005-3011.
[29] LY. Yuan, X.H. Lu, X. Xiao, et al., ACS Nano 6 (2012) 656-661.
[30] S. Bae, H. Kim, Y. Lee, et al., Nat. Nanotechnol. 5 (2010) 574-578.
[31] N.I. Kovtyukhova, PJ. Ollivier, B.R. Martin, et al., Chem. Mat. 11 (1999)
771-778.
[32] M. Amjadi, A. Pichitpajongkit, S. Lee, et al., ACS Nano 8 (2014) 5154-5163.
[33] L. Huang, D.C. Chen, Y. Ding, et al., Nano Lett. 13 (2013) 3135-3139.
[34] D.P. Dubal, N.R. Chodankar, D.H. Kim, et al, Chem. Soc. Rev. 47 (2018)
2065-2129.
[35] L. Chen, L.N. Chen, Q. Aj, et al., Chem. Eng. J. 334 (2018) 184-190.
[36] J.C. Fan, M.M. Yuan, L.B. Wang, et al., Nano Energy 105 (2023) 107973.
[37] YJ. Zheng, Z.Q. Lin, WJ]. Chen, et al., ]. Mater. Chem. A 5 (2017) 5886-5894.
[38] M. Yanilmaz, M. Dirican, A.M. Asiri, et al., ]. Energy Storage 24 (2019) 100766.
[39] S.Y. Huang, Y.N. Liu, F. Yang, et al., Environ. Chem. Lett. 20 (2022) 3005-3037.
[40] T.Y. Choi, B.U. Hwang, B.Y. Kim, et al., ACS Appl. Mater. Interfaces 9 (2017)
18022-18030.
[41] D. Kim, J. Kim, J. Henzie, et al., Chem. Eng. ]. 419 (2021) 129445.
[42] X.M. Yin, HJ. Li, RM. Yuan, et al., J. Mater. Sci. Technol. 81 (2021) 162-174.
[43] Y.Z. Wu, X.W. Zhao, Y.Y. Shang, et al., ACS Nano 15 (2021) 7946-7974.
[44] Y.X. Zeng, X.Y. Zhang, RF. Qin, et al., Adv. Mater. 31 (2019) 1903675.
[45] J.T. Han, B.H. Jeong, S.H. Seo, et al., Nat. Commun. 4 (2013) 2491.
[46] H.W. Zhang, M.Q. Zhao, H.R. Liu, et al., Nano Lett. 21 (2021) 2255-2264.
[47] Q.Y. Yu, B. Jiang, J. Hu, et al., Adv. Sci. 5 (2018) 1800782.
[48] H. Lei, Z.L. Wang, F. Yang, et al., Nano Energy 68 (2020) 104293.
[49] Y.Q. Jiang, C. Zhou, J.P. Liu, Energy Storage Mater. 11 (2018) 75-82.
[50] Q. Chen, H.B. Li, H. Li, et al., Chin. Chem. Lett. 34 (2023) 107402.
[51] B. Krause, T. Villmow, R. Boldt, et al., Compos. Sci. Technol. 71 (2011)
1145-1153.
[52] X.W. Wang, PY. Wu, Chem. Eng. J. 369 (2019) 272-279.
[53] EW. Liu, SJ. Luo, D. Liu, et al, ACS Appl. Mater. Interfaces 9 (2017)
33791-33801.
[54] C. Ma, M.G. Ma, C.L. Si, et al., Adv. Funct. Mater. 31 (2021) 2009524.
[55] M.Q. Zhao, X.Q. Xie, C.E. Ren, et al., Adv. Mater. 29 (2017) 1702410.



J. Liu, Q. Dang, L. Wang et al.

[56] YJ. Zheng, R. Yin, Y. Zhao, et al., Chem. Eng. ]. 420 (2021) 127720.

[57] X.M. Yin, T. Liu, X.P. Yin, et al., Chin. Chem. Lett. 34 (2023) 107840.

[58] X.Q. Mao, YJ. Zou, F. Xu, et al, ACS Appl. Mater. Interfaces 13 (2021)
22664-22675.

[59] X.W. Wang, Y.C. Sun, W.C. Zhang, et al., Chin. Chem. Lett. 34 (2023) 107593.

[60] Y.Y. Sun, D.D. Jia, A.T. Zhang, et al., ]. Colloid Interface Sci. 557 (2019) 617-627.

[61] G.Q. Suo, ].Q. Zhang, D. Li, et al., Chem. Eng. ]. 388 (2020) 124396.

[62] Z. Jian, M. Heide, N.J. Yang, et al., Carbon 175 (2021) 36-42.

[63] XJ. Li, HJ. Li, MJ. Li, et al., Carbon 129 (2018) 543-551.

[64] X.L. Zhang, D. Shao, W. Lyu, et al., Chem. Eng. J. 395 (2020) 125145.

[65] Y. Zhang, P. He, L.P. Jia, et al., ]. Colloid Interface Sci. 533 (2019) 750-761.

[66] A.S. Abdalrhman, Y. Zhang, M.G. El-Din, Sci. Total Environ. 671 (2019)
270-279.

[67] G.M. Wang, Y.C. Ling, X.H. Lu, et al.,, Energy Environ. Sci. 5 (2012) 8215-8219.

[68] L.N. Sha, K. Ye, J.L. Yin, et al., Chem. Eng. J. 381 (2020) 122603.

[69] R.Y. Krishnan, S. Manikandan, R. Subbaiya, et al., Environ. Technol. Innov. 23
(2021) 101757.

[70] K. Liu, J.C.C. Yu, H. Dong, et al., Environ. Sci. Technol. 52 (2018) 12667-12674.

[71] P.Z. Duan, X. Hu, Z.Y. Ji, et al., Chemosphere 212 (2018) 594-603.

[72] P.Z. Duan, S.H. Gao, J.W. Lei, et al., Environ. Pollut. 263 (2020) 114436.

[73] C.Z. Zhou, Y.P. Wang, ]. Chen, et al., Sci. Total Environ. 688 (2019) 75-82.

[74] J.B. Wang, D. Zhi, H. Zhou, et al., Water Res. 137 (2018) 324-334.

[75] P. Dong, H.L. Wang, WJ. Liu, et al., J. Hazard. Mater. 401 (2021) 123423.

[76] D. Shao, X.L. Zhang, W. Lyu, et al, ACS Appl. Mater. Interfaces 10 (2018)
44385-44395.

[77] S.N. Chai, YJ. Wang, Y.N. Zhang, et al., Appl. Catal. B: Environ. 237 (2018)
473-481.

[78] D. Li, X.L. Guo, H.R. Song, et al., ]. Hazard. Mater. 351 (2018) 250-259.

Chinese Chemical Letters 35 (2024) 109277

[79] D.L. Deng, F. Deng, B.B. Tang, et al., J. Hazard. Mater. 332 (2017) 168-175.
[80] EB. Yao, M.C. Jia, Q. Yang, et al., Chemosphere 260 (2020) 127537.
[81] W. Shi, PF. Nie, G.D. Zhu, et al., Chem. Eng. ]. 388 (2020) 124162.
[82] C. Liu, T. Wu, P.C. Hsu, et al., ACS Nano 13 (2019) 6431-6437.
[83] J. Ali, L. Wang, H. Waseem, et al., Chem. Eng. J. 384 (2020) 123335.
[84] S. Garcia-Segura, M. Lanzarini-Lopes, K. Hristovski, et al., Appl. Catal. B: Envi-
ron. 236 (2018) 546-568.
[85] RR. Jia, Y.T. Wang, C.H. Wang, et al., ACS Catal. 10 (2020) 3533-3540.
[86] D.P. He, Y.M. Li, H. Ookap, et al., ]. Am. Chem. Soc. 140 (2018) 2012-2015.
[87] J. Li, G.M. Zhan, J.H. Yang, et al., J. Am. Chem. Soc. 142 (2020) 7036-7046.
[88] T.L. Ren, K.L. Ren, M.Z. Wang, et al., Chem. Eng. J. 426 (2021) 130759.
[89] J.H. Wang, S. Wang, Z. Zhang, et al., J. Environ. Manage. 276 (2020) 1111357.
[90] X.D. Wang, M.Q. Zhu, G.S. Zeng, et al., Nanoscale 12 (2020) 9385-9391.
[91] EB. Yao, M.C. Jia, Q. Yang, et al., Water Res. 193 (2021) 116881.
[92] Y.M. Zhang, D.D. Zhang, L.C. Zhou, et al., Chem. Eng. ]. 336 (2018) 690-700.
[93] Y. Tian, L.P. Huang, X.H. Zhou, et al., J. Hazard. Mater. 225 (2012) 15-20.
[94] B. Gozmen, M.A. Oturan, N. Oturan, et al,, Environ. Sci. Technol. 37 (2003)
3716-3723.
[95] H.S. Yin, Q. Guo, C. Lei, et al., Chem. Eng. J. 396 (2020) 125156.
[96] Y. Liu, G.Z. Qu, Q.H. Sun, et al., Chem. Eng. J. 406 (2021) 126774.
[97] G.X. Li, J.G. Wang, J.Y. Yu, et al., Appl. Catal. B: Environ. 261 (2020) 118147.
[98] J.N. Yao, Y. Huang, Y. Hou, et al., Chem. Eng. ]. 405 (2021) 126545.
[99] L.L. Long, C.W. Bai, S.R. Zhang, et al., J. Clean Prod. 305 (2021) 127101.
[100] X.D. Shi, Z.Y. Duan, ]J. Wang, et al., Chemosphere 318 (2023) 137982.
[101] Z.L. Zhao, X. Wang, G.C. Zhu, et al., Chem. Eng. J. 430 (2022) 132661.
[102] C. Thamaraiselvan, A.K. Thakur, A. Gupta, et al, ACS Appl. Mater. Interfaces
13 (2021) 1452-1462.





