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a b s t r a c t
Electrocatalytic indirect oxidation is an effective method to efficiently remove refractory organic 
dyes from water. The production level of active species is a key factor to improve electrocatalytic 
oxidation. However, side reactions that accompany active species and extremely stable interme-
diates that may be generated during the degradation process reduce the degradation efficiency. 
Therefore, understanding the active species of electrocatalytic indirect oxidation and the pro-
cess of degrading organic matter is very important to improve the degradation efficiency. This 
paper focuses on the research of the activation mechanism of water and persulfate in electrocata-
lytic indirect oxidation and the progress of azo dye degradation process. The regularity of specific 
catalysts to produce active substances and the interaction between active substances were sys-
tematically summarized, and the degradation process of azo dyes by active substances was ana-
lysed. Some special activation mechanisms that contribute to the practical application of catalysts, 
as well as organic intermediates that are difficult to remove during degradation, are elucidated. 
Finally, the prediction methods of activation mechanism and degradation mechanism are prospected.

Keywords: �Azo dyes; Electrocatalytic oxidation; Non-free radical process; Radical process; Reaction 
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1. Introduction

The pollution of water bodies by various types of refrac-
tory organics is a key problem that has been attempted to 
be solved in water body management in the past 20  y [1]. 
Although persistent and emerging pollutants are the main 
focus of attention, the pollution of water bodies by syn-
thetic dyes remains to be resolved due to the mass produc-
tion of dyes worldwide due to human production needs [2]. 
According to a research report, the number of dyes in the 
world exceeds 100,000, and the annual output will exceed 
7 × 105 tons [3]. Industries such as textiles, cosmetics, paper, 

leather, pharmaceuticals, and food packaging generate large 
volumes of wastewater that are contaminated with high 
concentrations of dyes and other ingredients [1,2,4,5]. These 
contaminants include organic and inorganic substances such 
as softeners, surfactants, inhibitor compounds, chlorine 
compounds, salts, dyes, total phosphates, perfluorinated 
compounds, dissolved solids and heavy metal contaminants 
[2,6–8]. These difficult-to-remove pollutants pose ecological 
safety and aesthetic concerns to surface water bodies.

Most organic dyes are aromatic compounds with com-
plex structures. Even when exposed to sunlight, microorgan-
isms and oxygen-enriched environments, they still possess 
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high chemical, biological and photocatalytic stability and 
resistance to decomposition, and are difficult to remove 
by general physicochemical or biological methods [9]. At 
present, the removal of such substances mostly adopts the 
combination of biological and physicochemical methods or 
advanced oxidation process (AOP) [1,4]. Biological meth-
ods digest organic matter through the metabolic activities 
of microorganisms, but some toxic substances may inhibit 
the metabolism of microorganisms and reduce the process-
ing efficiency of microbial systems [10]. Therefore, biologi-
cal methods need to insert some physicochemical techniques 
[11–15], resulting in complicated process flow, and these 
methods and their combined methods still cannot be com-
pletely removed [16–18].

Advanced oxidation (AOP) is divided into chemical 
catalytic oxidation [19], electrocatalytic oxidation [20–28], 
electro-Fenton oxidation [29], electro-Fenton-like oxidation 
[30], photocatalytic oxidation [31], acousto-electric oxida-
tion [32] and piezoelectric catalytic oxidation [33]. Different 
from other treatment methods, AOP can directly or indi-
rectly react organic dyes in multiple steps, and finally pro-
duce water, carbon dioxide and some inorganic salts without 
secondary pollution. It is an effective method to fully 
mineralize organic dyes.

Electrocatalytic oxidation (EAOP) has been widely used 
in organic wastewater treatment due to its low energy con-
sumption, high treatment efficiency, no additional intrac-
table waste, and easy improvement of the defects of other 
AOPs. The search for materials with high catalytic activity 
has always been an important step to improve the elec-
trocatalytic efficiency, and the improvement of catalytic 
performance is inseparable from a further in-depth under-
standing of the activation and production processes of 
active species [34]. Therefore, a full understanding of the 
degradation process of intermediate active substances and 
dyes is an important basis for rationally guiding catalyst 

synthesis. This paper reviews the effect of electrocatalysis 
on water and persulfate (PS) activation, summarizes the 
degradation process of some azo dyes under electrocatalytic 
direct or indirect oxidation, and provides a link between 
the active species and the degradation process.

2. Electrocatalytic activation of water and persulfate

The general mechanism of electrocatalytic oxidative 
degradation of organic dyes is realized by the adsorption 
and electron transfer of electron donors on the electrocat-
alyst surface, which requires the electrocatalyst to have 
a certain number of active sites (oxygen vacancies (Ovs) 
and metal ions with low coordination numbers) [35,36]. 
According to whether the participating reactants are pol-
lutant molecules, electrocatalytic oxidation can be divided 
into direct oxidation and indirect oxidation. In direct oxi-
dation, organics act as electron donors directly adsorbed 
on the active sites on the electrode surface and are oxidized 
through charge transfer; indirect oxidation utilizes the 
adsorption and activation of water and supporting electro-
lytes on active sites by anode to efficiently generate highly 
electronegative hydroxyl radical (•OH), ozone (O3), active 
chlorine, singlet oxygen (1O2), hydrogen radical (H•), sol-
vent electron (e–) and sulphate radical (SO4

•–), they can min-
eralize most organic matter, eventually degrading it into 
pollution-free H2O, CO2, and inorganic salts. Due to the 
high redox potential (2.5–3.1  eV) of PS, its involvement in 
indirect electrooxidation is one of the research hotspots in 
recent years [37]. PS is a general term for peroxymonosulfate 
(PMS) and peroxydisulfate (PDS). PDS has received exten-
sive attention because of its more practical value. Fig. 1 is 
a schematic diagram of the mechanism of indirect electroo-
xidation involving PDS. Due to the synergistic effect of SO4

– 
and OH [37,38], the formation mechanism of OH cannot be  
ignored.

Fig. 1. Mechanism of indirect electro-oxidation of PS and H2O (M is anode surface, R is organic matter) [3,23,37,39–43].
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Fig. 1 clearly shows the source of active substance 
production and the activation pathway. Because of their 
high oxygen reduction potential, they can rapidly react 
with free radicals or other non-pollutant molecules, thus 
causing unnecessary loss or even failure of active substances.

2.1. Generation and destruction of hydroxyl radicals

The OH generation and destruction mechanism in 
Fig. 1 can be given by the following reaction equations:

H O OH M 2M OH H2
+� � � � � � �� � �2 2e 	 (1)

H O OH O H2 � � � �� � �2
3

3 43 e 	 (2)

M OH H MO� � �� � � � �e 	 (3)

MO M O� �
1
2 2 	 (4)

2 2 2M OH H O M�� � � � 	 (5)

M OH MO HO M� �� � � � �2 2 	 (6)

Since OH is generated by the adsorption and dehydro-
genation of water molecules by the anode material [44,45], 
the adsorption capacity of the material affects the produc-
tion of OH. The amount of Ovs on the anode surface and 
the binding energy of OH to the anode surface both affect 
the adsorption and dissociation of H2O, and affect oxygen 
evolution potential (OEP) of the electrode from a thermody-
namic point of view [46]. For a specific electrode material, 
the more Ovs, the more places for the adsorption and disso-
ciation of substances, which is conducive to the occurrence 
of catalytic reactions. Therefore, scholars have developed a 
variety of preparation methods based on hydrothermal and 
electrode position methods. By changing the solute of the 
precursor solution, an electrocatalyst with a special mor-
phology is obtained to achieve the purpose of increasing 
Ovs [47–49]. Furthermore, the further dehydrogenation of 
OH leads to the formation of oxides of high oxidation state 
with lower oxygen reduction potentials on the electrocata-
lyst surface [Eq. (3)], which adsorb O and OH on the surface 
of these oxides, which can interact with molecules or free 
radicals. They collide with each other to form the less oxidiz-
ing H2O2 and HO2 [Eqs. (4)–(6)], thereby reducing the yield 
of OH. In general, the stronger the binding energy of OH 
to the electrode surface, the lower the OEP, which increases 
the possibility of side reactions from a thermodynamic point 
of view [46]. Ovs existing on the surface of different active 
catalysts has different binding energies of OH, and for the 
desorption of OH, low binding energy is beneficial to the 
generation of homogeneous OH [35,50]. Therefore, finding 
anode materials with more Ovs and optimizing the bind-
ing energy of anode materials with OH are the key factors 

Fig. 2. Schematic diagram of degradation mechanism of PPCPs on the electrodes (Reprinted from Qian et al. [52], 
License Number: 5437510978948).
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to obtain good degradation efficiency. Costentin et al. also 
analysed the electrocatalytic mechanism from the kinet-
ics of multi-electron, multi-substrate molecular catalysis, 
and built a model to derive kinetic rate constants from 
the peak currents and peak potentials of multi-electron 
and substrate electrocatalytic reactions [51].

The diffusion process of OH in the interface between 
the catalyst and the bulk solution is often easily overlooked. 
In order to explore the influence of the interface on the elec-
trocatalytic effect, Qian et al. [52] successfully adjusted the 
active area of OH (Fig. 2) by hydrophobicizing the surface 
of the Ti/SnO2-Sb/La-PbO2 anode and increased the con-
tact between OH and organic pollutants (Pharmaceuticals 
and Personal Care Products, PPCPs).

2.2. Active species produced by persulfate

In recent years, some scholars have found that PDS can 
generate SO4

•– through direct electron transfer on the sur-
face of graphite rods, carbon fibres and Pt cathodes [37]. 
Furthermore, a non-radical pathway exists for the activa-
tion of PDS on boron-doped diamond (BDD) thin-film 
electrodes [51]. The discovery of a non-radical pathway 

for PDS activation has updated people’s understanding of 
the activation mechanism of PDS and promoted the fur-
ther exploration of new catalytic materials. At present, 
great progress has been made in the research of several 
effective anode materials in PS activation process, such 
as BDD [25,28,42,43,53–57], Ti/IrO2-Ta2O5 [43], SnO2/Ni@
NCNT [58], B-TNT anode [54], and carbon-based anode 
[59–62]. There are currently two main forms of non-radical  
pathways, which correspond to distinct PDS activation 
processes. Among them, electrocatalytic activation of PDS 
to generate 1O2 is the main research object. Furthermore, 
in some special systems, activation of PDS can only occur 
by electron transfer. These findings are discussed in detail 
below. The radical pathway generates strongly reactive 
radicals (•OH, SO4

•– and superoxide radicals (O2
•–)) through 

electrocatalytic activation of PDS. In addition to activat-
ing PDS to generate active species to remove pollutants, 
scholars have also found in situ generation of PDS on 
BDD anodes in sulphate electrolytes [Eqs. (8)–(10)] [42,43], 
it would be beneficial for cost reduction. In addition, 
PDS was also confirmed to generate SO4

•– [Eq. (7)] during 
cathodic activation, broadening the application range  
of PDS.

Fig. 3. General degradation process of azo compounds (R and R’ represent different aromatic groups, respectively) [81,82,84–87].
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The radical and non-radical oxidation mechanisms 
of the anodic surface activated PDS [Eqs. (11)–(17)] are as 
follows [63,64]:
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In order to determine the active species produced by PS 
and the reasons for its strong oxidative properties, many 
scholars have analyzed the activation mechanism of PS and 
the interaction between active species in different materials 
and degradation systems. Li et al. [65] found a synergistic 
effect between 1O2 (non-radical pathway) and SO4

•– (radi-
cal pathway). Ding et al. [66] found that the active sites of 
the three transition metals (Fe, Co, and Ti) on the catalyst 
surface can achieve a clear synergistic activation effect and 
induce the coexistence of SO4

•– and OH. Li et al. [40] found 
that even though the transition metals in the CuFe2O4 cat-
alyst entered the solution in an ionic state, these dissolved 
iron and copper ions would still be converted to SO4

•– by 
activating PS. Furthermore, they found that SO4

•– and H2O 
could react to form OH under rebasication conditions, which 
was also confirmed by other studies [67,68]. Notably, some 
studies have found the opposite. Bu et al. [53] studied the 
degradation of ATZ in the BDD/PS system, and they found 
that the degradation effect decreased with increasing pH. 
They believe that this result is caused by the higher oxy-
gen evolution overpotential in the acidic environment. 
Song et al. [69] found that the participation of PDS slightly 
inhibited the degradation of ATZ and methylene blue (NB) 
in the Ti/Pt anodic PDS system, which was inconsistent 
with the pattern of other persistent pollutants, and consid-
ered it to be PDS is a direct electro-oxidative competition 
on the electrode surface between ATZ and NB.

Carbon materials are good catalysts for activating PS. 
Some studies have found that sp2 hybrid carbon (C=O) is 
the main active site, while sp3 hybrid carbon (CH, =CH2, 
C–OH) cannot activate PS [70]. Song et al. [54] determined 
that the active species is not the heterogeneous activation of 
PS by carbon materials, but originates from electrochemi-
cal reactions of PS that take place on the surface of carbon 
materials. During the electrochemical activation of PS, the 
anodic discharge can convert the adsorbed PDS or PMS 
molecules into a special transition-state structure PDS*/
PMS* [Eq. (17)]. Unlike stable PDS or PMS molecules, 
PDS*/PMS* is in an activated state and is highly reactive.

PDS/PMS BDD BDD PDS PMS� � � �� �/ 	 (17)

A similar phenomenon was found on Pt anodes, Song 
et al. [69] demonstrated the existence of a special transi-
tion state M(*S2O8

2–) on the Ti/Pt anode surface. Unlike the 
active sites of carbon materials, PDS adsorbed on the Pt 
anode is thought to form a transition state induced by the 
electric double layer discharge. PDS does not directly pro-
vide electrons, but changes the electronic structure through 
the flow of electrons during the discharge process of the 
electric double layer, transforming into a transition state. 
When a suitable electron donor is available, the activated 
PDS molecules are rapidly converted to SO4

2–, which is con-
sistent with the conclusions obtained for the BDD anode. 
Notably, PS can form a similar transition state in the car-
bon catalyst/PS/phenol system without electroactivation. In 
this system, electrons are spontaneously transferred from 
phenol (electron donor) to PDS (electron acceptor) through 
a specific carbon material (electron mediator) to activate 
PDS [71]. However, this phenomenon of direct electron 
transfer has not yet been discovered on BDD [54].

In subsequent studies, scholars confirmed that the 
active species in the carbon catalyst/PS/phenol system were 
mainly 1O2 generated by the decomposition of PS [72]. The 
sites for the activation of PS by carbon catalysts mainly exist 
at edges/vacancies (pyridine nitrogen and pyrrolic nitro-
gen) [73], oxygen activation (C=O) [74], and doped het-
eroatoms (graphite nitrogen) [75]. Different dopant atoms 
also lead to different propensities for non-radical mecha-
nisms. For example, in N-doped biochar (NBC), pyridine 
and pyrrolic nitrogen act as PS activation sites. But activa-
tion will not only produce 1O2, but also produce a variety 
of active substances [76]. However, such studies are only 
significant for the treatment of phenol-containing waste-
water, and such phenomena have not been found in other  
pollutants.

In addition to self-activation to generate active spe-
cies, its adsorption at the active site also affects the acti-
vation of other species. Zhou et al. [77] discovered for the 
first time that PS facilitates the direct one-electron genera-
tion of atoms H* and 1O2 for the degradation of tetracy-
cline (TTC) via cathodic electroactivation of MnFe3O4@PZS 
core-shell catalysts. Manganese-oxygen bonds (Mn–O), 
pyridine nitrogen and sulfur-oxygen bonds (S=O) are the 
adsorption sites for H2O and O2. The presence of Mn and 
PS facilitates the direct one-electron transfer of adsorbed 
H2O and O2 to generate atomic H* and 1O2 [Eqs. (18)–(20)]. 
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This discovery expands the scope of non-radical processing 
mechanisms for organic pollutants.

O e O HO2 � �� � � � �
2 2/ 	 (18)

� � � � �O HO O22 2
1/ 	 (19)

S O H O+e SO OH HSO O2 28
2

2 4 4
1� � � � �� � � � �� 	 (20)

3. Summary of the degradation process of azo dyes

Azo dyes are the most widely used synthetic organic 
dyes in the textile industry and are usually found in print-
ing and dyeing wastewater. The chemical composition of 
azo dyes consists of alternating aromatic groups and azo 
bonds (–N=N–). Since –N=N– can absorb visible light of 
a certain frequency, it can be used as dye, acid–base indi-
cator and metal indicator [78–83]. Most azo dyes will 
decompose under specific conditions of the human body 
to produce various aromatic amines [83], which have car-
cinogenic effects on the human body. Therefore, in addi-
tion to the strict control and use of azo dyes, the treatment 
and detoxification of dye wastewater is an essential link. 
Due to its low energy consumption and high degrada-
tion efficiency, electrochemical oxidation has become an 
important method for the removal of azo dyes.

The two ends of –N=N– in the azo dye molecule are 
connected with different aromatic groups, and there are 
various other functional groups on these aromatic rings, so 
it is difficult to mineralize from macromolecular azo com-
pounds to inorganic substances. According to the group 
characteristics shared by the azo compound family, the pro-
cess of OH oxidative degradation to azo compounds can be 
simply summarized into three stages: –N=N– destruction; 
evolution and ring opening of aromatic compounds; min-
eralization of small molecular carboxylic acids. Fig. 3 shows 
the main process of mineralization of azo compounds, 
clearly showing the general law of azo compounds being 
oxidized by OH. This section also mentions some specific 
decomposition processes.

Indirect electrooxidation generates a large number of 
oxidative active species (mainly OH) to attack the azo com-
pound molecules, mainly attacking the conjugated struc-
ture of –N=N– and aromatic rings [81], so this indicates that 
the active species can have two attack sites dots (shown in 
paths (a) and (b)), one attacks the azo side of the macro-
conjugated system and the other attacks the aromatic side 
(usually the benzene ring) [85].

3.1. Middle of the azo bond

Pathway (a) in Fig. 3, there are two cases: one is the 
ring-opening reaction of the naphthalene ring; the other is 
the evolution of the nitrogen on the benzene ring.

The ring-opening of naphthalene is dominated by OH 
attack [86]. The ring-opening reaction is mainly divided 
into three stages: (1) OH oxidation removes some nitro-
gen-containing sulfur-containing groups on the naphtha-
lene ring, and an unsubstituted environment is obtained 

on a certain ring of the naphthalene ring; (2) The unsubsti-
tuted OH will The epoxidation of the base opens the ring 
to obtain a benzene ring substituted by a dicarboxylic acid 
(i.e., phthalic acid); (3) OH terephthalic acid is further oxi-
dized to remove the substituent, and the oxidation ring 
is opened to obtain a small molecular carboxylic acid.

The nitrogen on the benzene ring can be interconverted 
between the amine group (–NH3) and the nitro group 
(–NO2) [Reaction (21)], –NH3 is oxidized from OH to –NO2, 
and conversely, by protons and solvated electrons (e–), the 
latter is a complex alternating attack process headed by 
–NH3 protonation [84,86]. Intermediates generated during 
the mutual evolution of –NH3 and –NO2 groups can also 
polymerize, polymerizing two benzene rings into a naph-
thalene ring. This evolution will not last forever, as OH 
can convert aniline- or nitrobenzene-based intermediates 
to phenols, diphenols [Eqs. (4), (12), (16)], and unsaturated 
hydroxycarboxylic acids [Reaction (5) in pathways (d)]. It 
should be noted that the evolutionary incarnation process 
leads to the production of macromolecular polymers, which 
form a polymer film on the electrode surface, which greatly 
reduces the degradation efficiency. Reaction (1) initiated 
by pathway (a) leads to the formation of an unstable tran-
sition state –N–N(OH)– which will further combine with 
OH to form –NH–N(OH)– [Fig. 3 Reaction (2)]. Therefore, 
N is dissociated from the macroscopic conjugated system. 
–NH–N(OH)– is not stable [82], it can rearrange to open 
N–N bonds to give final products – arylamines, nitroarenes 
and their copolymers. In the studies of Wang et al. [81], 
Zhang et al. [82], Thomas et al. [85] and Florenza et al. [86], 
the decolorization rates of the azo dyes all reached high 
values in a relatively short period of time, indicating that 
the attack rate of OH on the azo side is high and the speed  
is also fast.

Although the possibility of OH attacking the azo side 
is high, the most critical process affecting the degradation 
effect often occurs in other cases, which is caused by the 
formation of refractory intermediates, so comprehensive 
degradation process analysis is particularly important.

3.2. Both ends of the azo bond

Fig. 3 Path (b) is another location for an OH attack. 
Unlike route (a), this route OH attacks the benzene ring 
of the large conjugated system, so –N=N– must donate an 
electron to reach a new stable state, resulting in the cleav-
age of C–N [Reaction (12)]. But this pathway requires a 
strong electron withdrawing group attached to the aro-
matic ring at the other end of –N=N– to reduce the electron 
cloud density on –N=N– for activation [74]. This pathway 
produces another intermediate, phenol, in the degradation 
of azo compounds.

If the supporting electrolyte under degradation con-
ditions is chloride ions (i.e., the degradation process is an 
indirect electrooxidation involving active chlorine), route 
(b) presents another special case in which the active chlorine 
species may also attack the C–N bond [Reactions (14)–(16)], 
which requires attention because the resulting organochlo-
rine derivatives are extremely difficult to degrade fur-
ther and these compounds are still dangerous [Reaction 
(18)] [3,81]. For example, when Ding et al. [37] studied the 
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degradation process of bisphenol A involving chlorine-ac-
tive substances, he found that the organochlorine deriva-
tives (C6H3Cl3O) produced during the degradation process 
were more toxic than untreated bisphenol A.

With the disintegration of –N=N–, azo compounds 
gradually evolve into aromatic intermediates, which have 
been mentioned in the previous section. Most aromatic 
intermediates are aromatic amines, nitroarenes and their 
polymers, and phenols. They cannot exist for a long time 
in the presence of strong oxidative active substances such 
as OH, and further oxidize and open the ring to generate 
small molecular carboxylic acids. For pathways (a) and 
(b), OH-dominant oxidation occurs at a faster rate, oxidiz-
ing aniline and nitrobenzene intermediates to diphenols. 
The diphenol is further oxidized by OH to open the ring 
to obtain a small molecular carboxylic acid. Among the 
resulting diphenols, catechol and hydroquinone undergo 
Reactions (9), (10) and (22), (19), (20), respectively, to form 
small carboxylic acids such as malic acid, malonic acid, 
acetic acid, oxalic acid and formic acid [87].

3.3. Quantum chemical calculations for prediction of 
oxidation mechanisms

The growing number of emerging pollutants in the 
environment requires an efficient approach to facilitate 
reactivity prediction and gain insight into reaction mecha-
nisms. Quantum chemical calculation is a tool to meet this 
demand, and it has a good performance in the theoretical 
study of chemical reactions at the molecular level. Modern 
computational chemistry is based on quantum mechanics 
and computer technology to explain and predict the prop-
erties of molecules or to speculate on the starting condi-
tions of reactions [88]. Commonly used methods include 
wave function theory (Hartree-Fock and post-Hartree-Fock 
methods), density functional theory (DFT), semi-empirical 
and other computational methods [88]. Quantum chemical 
calculations, especially using DFT methods, can be applied 
to larger molecular systems with thousands of atoms [89]. 
Compared with semi-empirical methods, DFT calculations 
can describe geometric, electronic structure and spectral 
properties well. While both wave function theory and DFT 
are first-principles methods, unlike wave function meth-
ods, DFT does not solve Hartree-Fock-Rothaan equations 
followed by Hartree-Fock processing (such as configura-
tion interactions and Møller-Plesset perturbation theory), 
instead considering the ground state energy as the electron 
density, so that all other electronic properties in the sys-
tem can be broadly determined [90]. This method makes 
the DFT calculation faster than the wave function theory 
method. In most cases, the DFT results are in good agree-
ment with the experiments. Therefore, DFT has become 
the most popular quantum chemical calculation method in 
current computer architectures. At present, the most widely 
used DFT first-principles calculation methods mainly 
include quantitative structure-activity relationship (QSAR), 
quantitative structure-activity relationship (QSPR), linear 
free energy relationship (LFER) and group contribution 
method (GCM) [89–92].

A Asghar et al. [5] used quantum chemical analysis 
to predict the degradation potential of the recalcitrant dye 

Acid Blue 113 for H2O2, O3, OH and SO4
•–. Natural bond 

orbital analysis shows that acid blue 113 is highly structur-
ally stable due to its strong intermolecular and intramolec-
ular interactions. They then compared the reactivity of dyes 
with oxidants based on the highest occupied molecular 
orbital (HOMO) and lowest unoccupied molecular orbital 
(LUMO) energy values. The results show that acid blue 
113 is nucleophilic and easily degraded by O3 and OH due 
to the lower HOMO-LUMO energy gap of O3 and OH. In 
contrast, the HOMO-LUMO gaps of SO4

•– and H2O2 are 7.92 
and 8.10 eV, respectively, indicating that they are not easily 
degraded by acid blue 113. This study shows that quan-
tum chemical analysis can effectively aid in the selection of 
suitable active substances to treat organic dye wastewater.

Since DFT is computationally intensive, most of the 
computations are usually performed in ultra-vacuum sys-
tems. However, during the electrochemical process, an 
electric double layer structure exists on the electrode sur-
face. This structure is different from an ultra-vacuum sys-
tem. The composition (solvent and solute) and the ability 
to form a local electric field at the electrode surface inter-
fere with the calculation of the electrochemical potential 
(μe) and total electron number (Ne), and affect the total free 
energy (Φ) of the electrode surface [93–96]. To ensure that 
the calculated results are closer to the actual electrochem-
ical system, pure DFT will not be applicable and hybrid 
DFT calculations will be required, such as hybrid quantum 
mechanics/molecular mechanics (QM/MM) [97,98] meth-
ods that use force fields to treat the solvent/electrolyte 
atoms, and continuum methods [99] that treat the solvent/
electrolyte using only density and charge distribution. Shi 
et al. [100] summarized the effect of water on the adsorp-
tion energy of OER intermediates in DFT calculations and 
concluded that solvation-corrected DFT calculations were 
more accurate than pure DFT calculations. R G González-
Huerta et al. [92] used electrochemical polarization and 
DFT to analyze the kinetic pathways of OER on RuO2, IrO2 
and RuIrCoOx surfaces and the role of catalysts in the 
first fundamental reaction of OER. They found that the 
RuIrCoOx surface displayed the lowest Tafel slope values 
and that the rate-determining step at low overpotentials 
was the second H–O scission (Eq. 22). The study identified 
a change in the electronic structure of the slower reaction 
in the second-step compared to the first step (Eq. 21).

M H O M OH� � � � � �� � �
2 H e 	 (21)

M OH MO H� � �� � � � � e 	 (22)

4. Summary and outlook

Since Ov generates OH through the adsorption and dehy-
drogenation of water molecules on the surface of the anode 
material, the amount of Ov and its binding energy with 
intermediates can affect the adsorption, dissociation and 
desorption of H2O and its intermediates. Therefore, finding 
anode materials with more Ov and lowering their bind-
ing energy with OH is one of the key factor to obtain good 
degradation efficiency.
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With the deepening of the research on the PS oxidation 
mechanism, the research on carbon materials has gradually 
become the focus. In a BDD/PS system, PS can be generated 
in situ on the BDD. Electron transfer and 1O2 promote deg-
radation in a specific non-electrocatalytic system (carbon 
material  +  PS  +  phenol). In addition, there is a synergistic 
effect of degrading pollutants between the free radical oxi-
dation process and the non-radical oxidation process, but 
the mechanism of this effect is not clear. DFT, especially 
solvent-calibrated DFT, can predict the main degradation 
process of organics and the activation mechanism of the 
catalyst surface, so the mechanism of the synergistic reac-
tion can be further predicted by these methods.

In addition to the effect of active substances on degra-
dation, the decomposition process of organic dyes also has 
an important influence on its degradation effect. Although 
the potential for the active species to attack the azo side 
is high, the key processes affecting the degradation effect 
often occur elsewhere. These refractory intermediates will 
lead to a decrease in mineralization efficiency, and some 
intermediates are even more toxic than undegraded pre-
cursors, so it is necessary to strengthen the research on 
these intermediates.
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