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Abstract
Fenton processes allow to degrade and mineralize toxic organic contaminants, yet classical Fenton processes require con-
tinuously adding hydrogen peroxide and ferrous ions, costly solution pH adjustment, and treatment of secondary iron sludge 
pollution. Heterogeneous electro-Fenton processes deliver oxidizing radicals with only oxygen and electricity consumed. 
Bifunctional catalysts allow the synthesis and activation of hydrogen peroxide simultaneously, eliminate additional chemical 
reagents, and yield no metal residues in treated water. Here, we review bifunctional catalysts for heterogeneous electro-Fenton 
processes. We describe the mechanisms of oxidizing radical generation from oxygen. Then, we compare different types of 
bifunctional catalysts based on their elemental compositions: (1) metal/carbon composite catalysts, i.e., monometallic iron/
carbon composite catalysts, bimetallic/trimetallic carbon composite catalysts, and transition metal single-atom catalysts; (2) 
metal composite catalysts without carbon; and (3) metal-free carbon catalysts. Then, we present five other approaches beyond 
electrocatalysts, which have been used to improve the performance of heterogeneous electro-Fenton processes.

Keywords Heterogeneous electro-Fenton processes · Bifunctional electrocatalyst · Hydrogen peroxide synthesis · 
Hydrogen peroxide activation · Advanced oxidation processes · Organic contaminants

Introduction

Water pollution is a critical environmental challenge in the 
world. Every year, large amounts of toxic organic contami-
nants from personal care products, pesticides, dyes, and 
antibiotics are released to the environment via industrial, 
agricultural, and domestic wastewater (Dsikowitzky and 
Schwarzbauer 2014; Caban and Stepnowski 2021). They 
cannot be effectively degraded and mineralized by conven-
tional wastewater treatment processes. Additional treat-
ment steps are required to eliminate them, such as adsorp-
tion (Wang and Wang 2019), membrane separation (Chong 
et al. 2010; Mohammad et al. 2015), and advanced oxida-
tion processes (Pignatello et al. 2006). Advanced oxidation 
processes rely on in situ generated reactive oxygen species 
to degrade and mineralize organic contaminants (Liu et al. 
2021a). For example, hydroxyl radicals (·OH) with a redox 

potential of 2.8 V can non-selectively oxidize most organic 
compounds. Among various advanced oxidation processes, 
such as sonochemical oxidation (Montoya-Rodríguez et al. 
2020), photocatalytic oxidation (Serpone et al. 2017), and 
electrochemical oxidation (Garcia-Segura and Brillas 2011), 
Fenton processes are relatively simple, in which Fenton rea-
gents (e.g., ferrous ion  (Fe2+)) react with hydrogen peroxide 
 (H2O2) to generate reactive oxygen species (Brillas et al. 
2009; Hussain et al. 2021).

In conventional homogenous Fenton processes, exter-
nal  H2O2 and  Fe2+ must be added to the wastewater at 
the optimal pH of around 3. The cost of  H2O2, the safety 
associated with handling, transportation, and storage of 
high concentration explosive  H2O2, and the treatment of 
resulting iron sludge (Fe(OH)3) as reaction waste prod-
ucts bring significant drawbacks. The electro-Fenton pro-
cess was first reported in the early 2000s (Oturan et al. 
2000, 2009; Sirés et al. 2014).  H2O2 is synthesized in situ 
by the oxygen reduction reaction and then activated to 
yield reactive oxygen species. In homogenous electro-
Fenton processes, the addition of  Fe2+ is required, still 
resulting in Fe sludge. In heterogeneous electro-Fenton 
processes, Fe species are anchored in heterogeneous iron 
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catalysts, which minimizes the leaching of free  Fe2+, sig-
nificantly reducing iron sludge generation. They can also 
work under a wider pH conditions than homogenous pro-
cesses. Further, heterogeneous electro-Fenton processes 
often consume less  H2O2 per mole contaminant degraded. 
However, their reaction rate is usually much slower than 
homogenous electro-Fenton processes. Both  H2O2 syn-
thesis and its activation strongly influence the efficiency 
of heterogeneous electro-Fenton processes in degrading 
target contaminants.

Several recent review articles have discussed the devel-
opment of Fenton and electro-Fenton processes. For exam-
ple, He and Zhou summarized mechanisms and kinetic 
models of electro-Fenton processes. They also discussed 
the effects of critical parameters, including electrode 
materials,  H2O2,  Fe2+, and contaminant concentrations, 
pH, electrolyte, current density,  O2 supply rate, tempera-
ture, and distance between electrodes (He and Zhou 2017). 
Wang et al. systematically summarized three routes to 
generate  H2O2 from  O2 by various chemical, electrocata-
lytic, and photocatalytic reactions and their mechanisms. 
They also discussed the applications of such methods in 
the degradation of some emerging contaminants (Liu et al. 
2021c). Pi et al. (2020) summarized some catalysts used 
for  H2O2 generation and activation, such as zero-valent 
metals and  Fe2+ species used for  O2 reduction, noble met-
als used for  H2-enabled reactions, as well as photocata-
lysts. Further, metal–organic framework-derived catalysts 
(Cheng et al. 2018), graphene-based catalysts (Divyapriya 
and Nidheesh 2020), and single-atom catalysts (Shang 
et al. 2021) used in electro-Fenton processes have also 
been reviewed. The synthesis and activation of  H2O2 can 
be catalyzed on a single catalyst (a bifunctional catalyst) 
or two different catalysts. Bifunctional catalysts can selec-
tively and efficiently catalyze both reactions, bringing 
significant benefits for practical applications. The recent 
development of bifunctional catalysts for heterogeneous 
electro-Fenton processes has not been reviewed to the best 
of our knowledge.

Here, we review recent advances of bifunctional catalysts 
used for the in situ electrocatalytic synthesis of  H2O2 and the 
activation of  H2O2 to yield reactive oxygen species. First, 
we discuss current mechanistic understandings on  H2O2 
synthesis by electrochemical oxygen reduction reaction and 
the activation of  H2O2 to generate reactive oxygen species. 
Next, we summarize different bifunctional catalysts explored 
in heterogeneous electro-Fenton processes, including metal/
carbon composite catalysts, metal composite catalysts with-
out carbon, and metal-free carbon catalysts. We further 
introduce some other performance improvement approaches. 
Last, we provide our perspectives on the future development 
of more efficient bifunctional catalysts. We hope this review 
can serve as a helpful guide and reference to mechanistic 

understandings and the latest development of bifunctional 
catalysts used in heterogenous electro-Fenton processes.

Transformation of  O2 into reactive oxygen 
species

The chemical reactions in electro-Fenton processes involve 
two critical steps. The first is the in situ synthesis of  H2O2 from 
 O2 by electrochemical oxygen reduction reaction. The second 
is the activation of  H2O2 to generate reactive oxygen species, 
such as ·OH, ·O2

−, or to generate high-valent Fe-oxo species 
 (FeIV). These reactive oxygen species would further react with 
organic contaminant molecules, leading to their degradation. 
We discuss current mechanistic understandings of these two 
critical steps in the following two subsections.

Synthesis of  H2O2 by dioxygen reduction

Electro-Fenton processes often take place in acidic aqueous 
solutions. As illustrated in Fig. 1a, electrochemical oxygen 
reduction reaction in acidic media may proceed via three pos-
sible reaction pathways. In associate oxygen reduction reac-
tion,  O2 is first adsorbed on an active catalytic site (*) (Eq. 1), 
followed by taking a proton and electron pair from the cathode 
to form a reaction intermediate (*OOH) (Eq. 2). Afterward, 
*OOH may take one more proton and electron pair and then 
desorb from the active catalytic site as an  H2O2 molecule in 
the 2  e− pathway (Eq. 3). Equation 4 is the overall reaction 
formula. Alternatively, *OOH can be reduced to two  H2O 
molecules in three steps (Eq. 5–7) by accepting three more 
proton and electron pairs in the 4  e− pathway. Equation 8 is the 
overall reaction formula. Alternatively, in dissociative oxygen 
reduction reaction,  O2 first directly dissociates (Eq. 9) on two 
active catalytic sites (*), yielding two *O reaction intermedi-
ates. Then, *O proceeds to  H2O (Eq. 6–7).
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In the associate oxygen reduction reaction, there is a 
competition between  H2O2 and  H2O formation from the 
*OOH reaction intermediate, as illustrated in Fig. 1b. 
The key to increasing the selectivity toward  H2O2 (Eq. 3) 
is to suppress the dissociation of O–O bond in *OOH 
(Eq. (5)), which are controlled by the energy barriers of 
these two steps (Fig. 1c). Therefore, catalysts with strong 
O adsorption energies are unsuitable for  H2O2 generation 
because they are more favorable for *O formation (Eq. 9). 
In contrast, catalysts with weaker O adsorption energies 

(8)O
2
+ 4

(

H
+ + e

−
)

→ 2H
2
O

(9)O
2
+ ∗ + ∗→ 2

∗
O

are more favorable for  H2O2 generation (Lin et al. 2021; 
Wang et al. 2021b). However, many catalysts that show 
selectivity toward  H2O2 formation are also catalytically 
active to further reduce  H2O2 to  H2O because  H2O is the 
thermodynamically more stable final product for the oxy-
gen reduction reaction.

Because *OOH is the only intermediate involved in the 
2  e− pathway toward  H2O2 formation, the reaction limit-
ing step would be forming or removing *OOH on a catalyst 
surface. The theoretical overpotential for  H2O2 formation 
( U

H
2
O

2
 ) correlates with the adsorption energy of *OOH 

( ΔG
HOO∗ ). Since the three possible reaction intermediates 

(*OOH, *O, and *OH) all bind to an active catalytic site 
through an O atom, their adsorption energies are correlated 
to each other by linear scaling relationships (Kulkarni et al. 
2018). Thus, the adsorption energy of *OH ( ΔG

OH
 ) is often 

Fig. 1  a Three possible reaction pathways in electrochemical oxygen 
reduction reaction and b equilibrium potentials and the competition 
between two reaction pathways in associative electrochemical oxygen 
reduction reaction. Reprinted with permission of (Guo et  al. 2019), 
Copyright ACS. c A free energy diagram of associative electrochemi-
cal oxygen reduction reaction via 2  e− (red) and 4  e− (blue) pathways 

and the energy barriers from *OOH to  H2O2 or *O; d limiting poten-
tials of individual reaction steps in Eq.  (4) and Eq.  (5), showing a 
strongly bound *OH region (solid purple line) and a weakly bound 
*OOH region (solid green line) for the 2  e− pathway. Reprinted with 
permission of (Kulkarni et al. 2018), Copyright ACS 



3840 Environmental Chemistry Letters (2022) 20:3837–3859

1 3

used a descriptor in evaluating the catalytic activity of differ-
ent oxygen reduction reaction catalysts. The limiting poten-
tials for the two reactions (*OOH →  H2O2 and  O2 → *OOH) 
can be expressed as Eq. 10 (green line in Fig. 1d) and Eq. 11 
(purple line in Fig. 1d), respectively:

On the left side (solid purple line) of Fig. 1d, *OOH 
would adsorb strongly on a catalyst, and *OOH →  H2O2 
is the limiting step. The 4  e− pathway to produce  H2O is 
favorable. In contrast, on the right hand (solid green line), 
*OOH would adsorb weakly on a catalyst, the selectivity 
toward  H2O2 is high, but the catalytic activity would be neg-
ligible. Thus, an ideal catalyst with both high activity and 
selectivity toward  H2O2 synthesis may be found at the peak 
in the middle, where the adsorption energy of *OOH on a 
catalyst is moderate.

Reactive oxygen species generation by  H2O2 
activation

The O–O bond strength in  H2O2 (142 kJ  mol−1) is not strong; 
thus, it is relatively easy to cleave the O–O bond to gener-
ate ·OH. There is still no consensus on the detailed reaction 
mechanism of ·OH generation from  H2O2. Two major reac-
tion routes can generate ·OH from  H2O2 in electro-Fenton 
processes: Fenton reactions or direct  H2O2 reduction via a 1 
 e− pathway.  H2O2 is first generated on the cathode via electro-
chemical oxygen reduction reaction, as illustrated in Fig. 2a 
(Yang et al. 2018a). Conventional homogenous Fenton reac-
tions occur by adding  Fe2+ to the  H2O2 solution at a low pH of 
around 3, yielding ·OH and  Fe3+ (Eq. 12). It should be noted 
that when pH > 3, the formation of Fe(OH)+ ions would result 

(10)U∗OOH→H
2
O

2
= −ΔG

HO
+ 1.72

(11)U
O

2
→∗OOH = ΔG

HO
− 0.32

in a low activity in activating  H2O2 to ·OH. Further, because 
·OH has a short lifetime,  Fe2+ needs to be added continuously 
to maintain a desirable ·OH concentration. For example, a 
previous study showed that 1 mM  Fe2+ was needed for effi-
cient perfluorooctanoate removal (Liu et al. 2015a). Although 
some  Fe3+ may be directly reduced at the cathode to regenerate 
consumed  Fe2+ (Eq. 13), significant Fe(OH)3 sludge would 
be produced from  Fe3+ as solid wastes. Alternatively, hetero-
geneous Fenton processes have been investigated to activate 
 H2O2, in which Fe species are stabilized in solid catalysts and 
activate  H2O2 to form surface bound radicals (Hou et al. 2017). 
Under neutral or even alkaline condition, surface-bound ·OH is 
formed via the reaction between surface Fe species (≡Fe(II)) 
and  H2O2 (Eq. 14), contributing to pollutant degradation 
(Yu et al. 2019). A key advantage of heterogeneous Fenton 
processes is that it can be operated in a wider pH range than 
homogenous Fenton processes.

In the other route,  H2O2 generated on a cathode can be 
directly reduced to ·OH via the 1  e− pathway and then des-
orb from the solid catalyst surface. The Gibbs free energy of 
generating ·OH from *H2O2 is -3.02 eV (Eqs. 15–16), which 
is much lower than that of the direct desorption of *H2O2 at 
-0.91 eV (Eq. (17); thus, the 1  e− pathway is thermodynami-
cally favorable. The overall reaction from  O2 to ·OH can be 
considered as an electrochemical oxygen reduction reaction 
via a 3  e− pathway (Eq. 18), as illustrated in Fig. 2b (Xiao 
et al. 2021a).
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O + Fe

3+
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Fig. 2  a Generation of  H2O2 
on the cathode and activation 
of  H2O2 in an electro-Fenton 
process. Reprinted with permis-
sion of (Yang et al. 2018a), 
Copyright ACS. b A free energy 
diagram of ·OH generation 
from  O2 by electrochemical 
oxygen reduction reaction via 
a  3e− pathway on a FeCo alloy 
catalyst encapsulated by carbon 
aerogel. Reprinted with permis-
sion of (Xiao et al. 2021a), 
Copyright Wiley 
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In addition to the major reactive oxygen species (·OH) in 
the Fenton process, several other types of reactive oxygen 
species may also be generated via  H2O2 activation. Hydrop-
eroxyl radicals  (HO2

·) with a lower oxidation power can 
also be produced  (H2O2 +  OH− →  H2O +  HO2

·) (Tang and 
Wang 2018).  HO2

· may react with  H2O2 to generate  HO· 
 (HO2

· +  H2O2 →  HO· +  H2O +  O2). Alternatively,  HO2
· can 

react with ·OH to form  O2.  HO2
· can also facilitate the reduc-

tion of Fe(III) to Fe(II) (Fe(III) +  HO2
· → Fe(II) +  H+  +  O2). 

Further, Fe(IV) has also been identified as reactive oxygen 
species in the Fenton process (Fe(II) +  H2O2 →  H2O + Fe(IV)
O2+) (Wang and Wang 2020).

Bifunctional catalysts for reactive oxygen 
species generation from  O2

The above reaction mechanisms indicate that an efficient 
catalyst is essential for  H2O2 synthesis via electrochemical 
oxygen reduction reaction and the activation of  H2O2 to gen-
erate ·OH in heterogeneous electro-Fenton processes (Wang 
et al. 2013; Liu et al. 2018; Su et al. 2019). Traditionally, two 
different catalysts are required for these two steps separately. 
Recent studies show that some Fe or alloys nanoparticles 
encapsulated in carbon substrates have excellent activities 
for both  2e− oxygen reduction reaction and heterogenous 
Fenton reactions, which may serve as bifunctional catalysts 
for reactive oxygen species generation directly from  O2. Fur-
ther, some transition metal single-atom catalysts and metal-
free carbon catalysts also show promising catalytic activities 
as bifunctional catalysts. We will discuss recent advances 
in these new catalysts in the following subsections, respec-
tively. Their electrocatalytic performance for contaminant 
degradation is summarized in Table 1.

Metal/carbon composite catalysts

Monometallic Fe/carbon composite catalysts

Iron species supported on a wide range of materials have 
been used as catalysts for heterogeneous Fenton processes 
(Munoz et al. 2015). Carbon materials, such as activated car-
bon, carbon nanotubes, and graphene, provide high specific 
surface area, porous structures, and relatively good chemical 

(15)∗ H
2
O
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+ e

−
→∗ OH + OH

−

(16)∗ OH →∗ + ⋅

OH

(17)∗ H
2
O

2
→∗ +H

2
O

2

(18)O
2
+ 2H

+ + 3e
−
→

⋅

OH + OH
−

stability. They are often used as substrates of Fe catalysts in 
heterogeneous Fenton processes. Efficient electron transfer 
is important for electro-Fenton processes. Carbon materials 
with their conductive matrix can provide efficient electron 
transfer. Thus, they are widely used as conductive substrates 
for electrocatalysts. Recent studies have shown that oxidized 
carbon materials are also efficient catalysts for  H2O2 gen-
eration by the  2e− ORR (Lu et al. 2018). Thus, Fe catalysts 
supported on carbon materials are promising bifunctional 
catalysts, in which carbon materials catalyze the synthesis of 
 H2O2 and Fe species activate  H2O2 to generate ROS.

For example, Gao et al. (2015) chelated  Fe2+ with par-
tially oxidized carbon nanotubes via surface carboxylate 
groups, which were used as a bifunctional catalyst to synthe-
size and active  H2O2 to ·OH. However, due to relatively weak 
electrostatic interactions between oxidized carbon nanotubes 
and  Fe2+, significant  Fe2+ was leached during reactions. As 
shown in Fig. 3a, about 95%  H2O2 was activated in 5 min in 
the first reaction cycle, whereas only around 5%  H2O2 was 
activated in 5 min in the second cycle. The leaching of  Fe2+ 
led to fast catalyst deactivation. In another study, Yao et al. 
(2021) synthesized  FeIIFeIII layered double hydroxide on 
carbon felt as a bifunctional catalyst. Similarly,  Fe2+ leached 
easily from catalysts in acidic solutions.

Forming strong chemical bonds between Fe species 
and carbon substrates or trapping Fe species inside carbon 
structures have been explored to reduce Fe leaching, thus 
improving catalyst stability and reusability. For example, 
Wang et al. (2013) incorporated 5 wt.% ferrites  (Fe2O3) 
into a 3D carbon aerogel. The carbon aerogel itself did not 
catalyze the decomposition of  H2O2. At low pH, both dis-
solved Fe ions and surface Fe contributed to the activation 
of  H2O2. At neutral pH, surface Fe species activate  H2O2. 
Liu et al. (2018) fixed highly dispersed  Fe3O4 nanoparti-
cles on carbon nanofibers (CNFs) via covalent bonds. The 
 H2O2 was generated in situ on CNFs, then was activated 
to ·OH on  Fe3O4 nanoparticles. This bifunctional catalyst 
can effectively degrade carbamazepine and retain 90% of its 
catalytic activity after 3 reaction cycles. However, only the 
surface of nonporous  Fe3O4 nanoparticles could contribute 
to ·OH generation. Increasing the mass loading of  Fe3O4 
nanoparticles on CNFs would result in  Fe3O4 nanoparticle 
aggregation, limiting the specific activity of this catalyst. 
Wang et al. (2021c) synthesized carbon nanotubes from Fe/
Fe3C nanoparticles loaded on carbonized wood. The com-
posite materials were used as self-supported cathode and 
anode. Fe/Fe3C nanoparticles and carbon nanotubes acted 
as a bifunctional catalyst.

Metal–organic frameworks are porous materials con-
sisting of metal ions or clusters coordinated to organic 
ligands. Because their large specific surface and porous 
structures can host abundant and easily accessible metal 
catalytic active sites after carbonization, they have been 
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used as precursors to synthesize bifunctional catalysts 
(Cheng et al. 2018). For example, Liu et al. (2019) reported 
a bifunctional catalyst by anchoring calcinated Fe con-
taining Metal–organic framework nanoparticles on porous 
carbon monolithic substrates. Calcinated metal–organic 
frameworks nanoparticles uniformly deposited in 
macropores of carbon monolith are easily accessible by 
electrolytes and dissolved  O2 molecules (Fig. 3b, c). The 
porous carbon monolith can catalyze  H2O2 synthesis over 

a wide pH range (4, 7, and 10) with a much higher pro-
duction rate than nonporous carbon materials. The close 
interactions between calcinated metal–organic framework 
nanoparticles and active catalytic sites in carbon monolith 
also enabled much faster ·OH generation. The resulting 
catalytic activity depended on the specific metal–organic 
framework precursor used (MIL-88-NH2). The MIL-
88-NH2 derived nanoparticles show a core–shell struc-
ture, in which a  Fe3C intermediate layer is sandwiched 

Fig. 3  a Activation of  H2O2 on a heterogenous electro-Fenton reac-
tion catalyst (carbon nanotube-COOFe2+) and its regeneration by 
reduction over 3 reaction cycles.  [H2O2]ef and  [H2O2]in refer to the 
concentration of  H2O2 in effluent and influent of the flow-through 
electro-Fenton reactor, respectively. Reprinted with permission of 
(Gao et al. 2015), Copyright ACS. b A scanning electron microscopy 
(SEM) image and c a transmission electron microscopy image of 
metal–organic framework nanoparticles anchored inside macropores 
of carbon monolith, d a transmission electron microscopy image of 
a core–shell nanoparticle derived from MIL-88-NH2 metal–organic 
framework, showing a core–shell structure, e a transmission electron 
microscopy image of a  Fe3O4 nanoparticle derived from a metal–
organic framework (MIL-88). Reprinted with permission of (Liu 
et al. 2019), Copyright ACS. f Polarization curves of  FeOx/NHPC750 
and  FeOx/HPC750 catalysts at 1200  rpm (solid lines) with a scan 

rate of 10  mV   s−1 and simultaneous  H2O2 oxidation currents at the 
ring electrode (dashed lines), N doping improving the selectivity and 
activity for  2e− oxygen reduction reaction g the corresponding  H2O2 
selectivity related to (f), (h) electrochemical impedance spectroscopy 
curves of  FeOx/NHPC750 and  FeOx/HPC750 catalysts obtained in an 
Ar-saturated electrolyte, a lower charge transfer resistance of  FeOx/
NHPC750 than  FeOx/HPC750. Reprinted with permission of (Cao 
et  al. 2020a), Copyright Elsevier. i A transmission electron micros-
copy image of FeNC@C catalyst, with  Fe3C and  FeNx nanoparti-
cles uniformly distributing in graphitic layers, j–k  H2O2 synthesis in 
electrolytes with and without  SCN− at pH 3 and pH 7, respectively, 
and l  Fe3C acting as active sites for  H2O2 synthesis, and  H2O2 activa-
tion on  FeNx nanoparticles in heterogenous electro-Fenton reaction. 
Reprinted with permission of (Hu et al. 2021c), Copyright ACS 
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between a graphitic carbon shell and a  Fe3O4 core 
(Fig. 3d). Despite their similar specific surface area and 
pore structures, they delivered a higher reaction rate con-
stant, almost twice those derived from the metal–organic 
framework (MIL-88) without the  Fe3C intermediate layer 
(Fig. 3e) (Liu et al. 2019). It was proposed that the  Fe3C 
intermediate layer acted as quasi electron conductors, 
which facilitate the electron transfer between the  Fe3O4 
core and graphitic carbon shells. The  Fe3C intermediate 
layer also helped to lock Fe in  Fe3O4 and  Fe3C, inhibiting 
the leaching of  Fe2+. Thus, the catalyst had no significant 
changes in its degradation performance after 3 reaction 
cycles. In a recent study, Dong et al. (2021) pyrolyzed 
a metal–organic framework (MIL-101(Fe)) anchored on 
a polyaniline-modified carbon fiber paper at 400 ℃. The 
resulting catalyst contained  Fe3O4 nanoparticles covered 
by graphene-like carbon layers. The catalyst retained good 
performance after 10 reaction cycles.

The slow in situ  H2O2 synthesis and inefficient surface 
Fe(II) regeneration are often the bottlenecks of Fe/C com-
posite catalysts. Incorporating N into Fe/C composite cata-
lysts has shown promising results in resolving these bot-
tlenecks. For example, Cao et al. (2020a) embedded  FeOx 
nanoparticles derived from a metal–organic framework 
 (NH2-MIL-88B(Fe)) into N-doped hierarchically porous 
carbon  (FeOx/NHPC750). Doped N atoms, especially pyri-
dinic and pyrrolic N, modified the electronic structures 
of carbon materials to optimize the adsorption of *OOH 
intermediate, which improved the selectivity and activity 
for  2e− oxygen reduction reaction.  FeOx/NHPC750 showed 
an overpotential (~ 190 mV) in  H2O2 synthesis much lower 
than that of  FeOx/HPC750 without N doping (~ 390 mV) 
(Fig. 3f) and higher selectivity (95–98%) (Fig. 3g). Further, 
graphitic N atoms with higher electronegativity can extract 
electrons from adjacent C atoms. The resulting positively 
charged carbon substrates facilitate electron transfers with 
 FeOx nanoparticles, enhancing the regeneration of surface 
Fe(III) to Fe(II). Figure 3h shows that  FeOx/NHPC750 has 
a lower charge transfer resistance than  FeOx/HPC750. Hu 
et al. (2021c) synthesized a core–shell structured Fe cata-
lyst (FeNC@C) containing  Fe3C and  FeNx nanoparticles 
encapsulated by porous graphitic layers. Figure 3i shows 
that  Fe3C and  FeNx nanoparticles distribute uniformly in 
graphitic layers. The comparison of  H2O2 synthesis with 
or without  FeNx sites blocked by  SCN− at pH 3 (Fig. 3j) 
and 7 (Fig. 3k) suggested that  Fe3C served as active sites 
for  H2O2 synthesis while  FeNx were  H2O2 activation active 
sites (Fig. 3l). Density functional theory calculation results 
show that Fe atoms on  FeNx have a higher  H2O2 binding 
energy than that on  Fe3C, which could elongate the O–O 
bond length of absorbed  H2O2 from 1.47 to 1.98 Å, benefi-
cial for ·OH formation. Xiao et al. (2021b) carried out simul-
taneous carbonization and  NH3 etching of Fe-metal–organic 

framework materials, yielding homogeneously dispersed 
 Fe3N nanoparticles (70 nm) in an N-doped graphitic carbon 
framework. The  Fe3N nanoparticles and pyridinic N pro-
moted the  H2O2 activation to generate ·OH with low leaching 
over 6 reaction cycles.

Bimetallic or trimetallic carbon composite catalysts

Bimetallic or trimetallic catalysts, which combine metal 
species with variable valences, such as Fe, Cu, Co, Ce, Mn, 
Mo, Ni, and La, have demonstrated high activity and stabil-
ity as bifunctional catalysts. Several synthesis routes have 
been reported to obtain bimetallic or trimetallic catalysts 
(Yan et al. 2021; Wang et al. 2022b; Yang et al. 2022). The 
most common approach is incorporating metal alloy nano-
particles or multi-metal composites in carbon substrates. For 
example, Zhao et al. (2016a) used metal-resin precursors 
containing Fe and Cu to synthesize a porous bimetallic cata-
lyst (FeCuC aerogel). A two-step gas activation process was 
applied. The calcination in  CO2 first increased the accessi-
bility of metal sites in carbon aerogel. Next, the calcination 
in  N2 further increased porosity and reduced metal oxides 
to  Fe0 and  Cu0. The porous carbon aerogel catalyzed  H2O2 
synthesis via  2e− oxygen reduction reaction at a wide pH 
range (3–9). Surface Fe(II) activated  H2O2 to create ·OH 
(Eq. 14). The regeneration of Fe(II) from Fe(III) occurred 
directly on catalyst surfaces under the applied potential on 
the cathode (Eq. 19). The authors proposed that  Cu0 served 
as a reduction promoter to enhance electron transfer. Fur-
ther, the surface Cu(I)/Cu(II) cycle (Eq. 20) also activated 
 H2O2 to create ·OH (Eq. 21). Importantly, negligible Fe 
and Cu leaching was observed even in acidic solutions due 
to the efficient encapsulation of Fe and Cu species in the 
porous carbon aerogel. Another Fe-Cu embedded carbon 
aerogel was reported as a bifunctional catalyst. It was pro-
posed that Fe/Fe3C encapsulated by graphitic layers would 
boost oxygen reduction reaction activity, while Cu’s exist-
ence improved the selectivity toward  H2O2 generation. The 
catalyst showed high degradation efficiency after 6 reaction 
cycles (Zhao et al. 2018).

Several other combinations of different metal species 
have been explored. For example, Mn and Fe were incor-
porated into porous carbon by carbonizing Mn-doped MIL-
53(Fe) metal–organic framework. The electron transfer 
between surface Fe(II)/Fe(III) and Mn(II)/Mn(III)/Mn(IV) 
promoted the activation of  H2O2 (Zhou et al. 2020). Ce and 

(19)≡ Fe(III) + e
−
→≡ Fe(II)

(20)≡ Cu(II) + e
−
→≡ Cu(I)

(21)≡ Cu(I) + H
2
O

2
+ H

+
→≡ Cu(II) + ⋅

OH + H
2
O
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Fe were loaded on graphite felt. The authors proposed that 
the introduction of  CeO2 improved the chemical absorption 
of  O2, thus boosting the generation of  H2O2. The coexist-
ence of surface Fe(II)/Fe(III) and Ce(III)/Ce(IV) redox cou-
ples enhanced interfacial electron transfer, which promoted 
 H2O2 synthesis and activation (Qiu et al. 2021). Liu et al. 
(2021d) synthesized FeOCl and  MoS2 on graphite felt. The 
authors proposed that the electron transfer between surface 
Fe(II)/Fe(III) and Mo(IV)/Mo(VI) boosted  H2O2 synthesis 
and activation. Sun et al. (2019) synthesized mesoporous 
 NiMn2O4 nanoparticles on carbon felt. The two redox cou-
ples (Mn(IV)/Mn(III) and Ni(III)/Ni(II)) increased the gen-
eration of radicals.

Alternatively, Xie et al. (2022) loaded  LaCoO3 perovs-
kite incorporated with Cu  (LaCoxCu1−xO3−δ) on oxidized 
carbon felt. They found that  H2O2 synthesis catalyzed by 
carbon felt declined after loading  LaCoxCu1−xO3−δ. How-
ever, the overall efficiency in producing ·OH increased sig-
nificantly. The redox pairs (Co(II)/Co(III) and Cu(I)/Cu(II)) 
played similar roles as other bimetallic catalysts in facili-
tating the generation of radicals. Further, the authors pro-
posed introducing Cu in  LaCoO3 could form more oxygen 
vacancies. Oxygen vacancies could facilitate the formation 
of adsorbed O species and efficiently promote the genera-
tion of ·OH from  H2O2. Moreover, the interaction between 
oxygen vacancies and  O2 could also reduce adsorbed  O2 to 
generate ·O2

− (Eq. 22), which is also an efficient reactive 
oxygen species for contaminant degradation.

A recent study proposed another reaction mechanism for 
FeCo alloy nanoparticles encapsulated in carbon aerogel 
(Xiao et al. 2021a). Rather than activating  H2O2 by surface 
metal species, Xiao et al. (2021a) proposed that the carbon 
shell would activate  H2O2 to ·OH by the 1  e− pathway, whose 
local electronic environment was tuned with electrons from 
encapsulated FeCo alloy nanoparticles. The new approach 
of ·OH generation avoided the slow surface Fe(II)/Fe(III) 
regeneration and demonstrated excellent stability over 50 
reaction cycles.

A unique approach to synthesize bimetallic catalysts 
transition is to anchor metal-based layered double hydrox-
ides on carbon substrates. Layered double hydroxides are 
ionic solids with a layered structure that contain metallic 
cations octahedrally coordinated by hydroxyl groups. They 
can provide well-dispersed metal sites. Ganiyu et al. (2017) 
synthesized CoFe layered double hydroxides on carbon felt. 
Some  Fe2+/Co2+ leached from the catalyst joined homogene-
ous Fenton reactions in low pH acidic solutions. At neutral 
pH, surface-catalyzed reaction demonstrated good stability 
over 7 reaction cycles. In a recent study, Yu et al. (2021a) 
synthesized CoFe layered double hydroxides supported on 

(22)O
2
+ e

−
→ ⋅O

−

2

carbon felts (CoFe-LDH/CF) by a hydrothermal process at 
temperatures ranging from 70 to 150 °C. The synthesis tem-
perature strongly influenced catalyst morphology, specific 
surface area, and active catalytic sites. Figure 4a compares 
the catalytic performance of CoFe-LDH/CF synthesized at 
different temperatures in norfloxacin removal (quantified by 
total organic carbon) at different pH (3, 6, and 9). CoFe-
LDH/CF synthesized at high temperatures (120 and 150 °C) 
only showed high activity in acidic solutions, which was 
attributed to homogenous Fenton reactions catalyzed by 
 Fe2+ and  Co2+ leached from the catalyst (Eq. 12 and Eq. 23). 
In contrast, CoFe-LDH/CF synthesized at lower tempera-
tures (70 and 90 °C) showed better performance at pH 6 and 
9. Density functional theory calculations were performed 
to understand the reaction mechanisms. Figure 4b shows 
that the reduction of *OOH to  H2O2 has a lower barrier 
(-0.417 eV) on carbon surfaces, while the high  O2 adsorption 
energy on CoFe-LDH indicates that active catalytic sites for 
 H2O2 synthesis are on carbon felts. Further, Fig. 4c shows 
that the energy required for the reaction step from *OOH 
to  H2O2 changes from downhill at pH = 0 or 3 to uphill at 
pH = 6, 9, or 11, explaining a decrease in  H2O2 synthesis in 
neutral or basic solutions. Density functional theory calcula-
tions also examined the  H2O2 reduction pathway via the 1 
 e− transfer to generate ·OH on CoFe-LDH (Fig. 4d) and the 
competitive  H2O2 oxidation pathway to  O2 (Fig. 4e).  H2O2 
synthesized on carbon felts would first desorb from carbon 
felts and then be adsorbed on Co or Fe sites (Eq. 24) in 
both pathways. In the reduction pathway, *H2O2 receives 1 
 e− to become *OH intermediate (Eq. 15). In contrast, *H2O2 
loses 1  e− to become *OOH in the oxidation pathway. The 
density functional theory calculation results showed that the 
desorption of ·OH (Eq. 16) from a Co atom (2.61 eV) or a 
Fe atom (3.44 eV) both have high energy barriers, indicat-
ing that ·OH generation on Co and Fe sites is unfavorable. 
Based on the density functional theory calculation results 
in this study, it is still challenging to explain the fast ·OH 
generation on CoFe-LDH/CF unless organic contaminate 
molecules could strongly bond to surface bonded ·OH, as 
illustrated in Fig. 4f. On the other hand, the beneficial roles 
of Co could come from two aspects: leached  Co2+ might 
contribute to the regeneration of  Fe3+ (Eq. 25), and Co sites 
might be more favorable than Fe sites for ·OH generation.

In summary, compared to monometallic Fe/carbon 
composite catalysts, additional metals in bimetallic or 

(23)Co
2+ + H

2
O

2
→ Co

3+ + OH
− + ⋅OH

(24)∗ +H
2
O

2
→∗ H

2
O

2

(25)Fe
3+ + Co

2+
→ Fe

2+ + Co
3+
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trimetallic carbon composite catalysts may boost catalyst 
performance in several different ways: (1) in addition to 
Fe, other metal species can also activate  H2O2 to gener-
ate ·OH; (2) additional metals form redox couples, which 
facilitate the reduction of Fe(III) to Fe(II), promoting the 
Fenton reaction; (3) introducing some metals, such as Cu, 
may create oxygen vacancy, which may reduce adsorbed 
 O2 to generate ·O2

−, and (4) local electronic environment 
of carbon materials may be tuned by electrons from encap-
sulated alloy nanoparticles, resulting in the activation of 
 H2O2 to ·OH by the 1  e− pathway.

Transition metal single‑atom catalysts

In catalysts containing supported metal nanoparticles, a 
significant fraction of active sites would be inaccessible to 
reactants, such as  O2 or  H2O2 in heterogeneous electro-Fen-
ton processes, limiting their mass-based catalytic activity. 
Recent studies show that single-atom catalysts with metal 
nanoparticles downsized to atomically dispersed metal 
atoms have significantly improved catalytic performance 
(Zhang et al. 2018; Chen et al. 2019). Several transition 
metal single-atom catalysts have been applied as bifunctional 

Fig. 4  a Comparison of organic compound degradation at different 
pHs by CoFe-LDH/CF catalysts synthesized at different tempera-
tures, TOC refers to total organic carbon; b a free energy diagram of 
 2e− oxygen reduction reaction on CoFe layered double hydroxides 
(CoFe-LDH), carbon felt (CF), and Pt (111) at pH = 0; c a free energy 
diagram of  2e− oxygen reduction reaction on carbon felts (CF) at dif-

ferent pHs; d geometric structures and potential energies of  H2O2 
activation to ·OH and e  H2O2 decomposition to  O2 on CoFe–LDH; 
(f)  H2O2 synthesis, ·OH generation, and a contaminant (NFXM) deg-
radation on CoFe-LDH/CF. Reprinted with permission of (Yu et  al. 
2021a), Copyright Elsevier
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catalysts in heterogeneous electro-Fenton processes. For 
example, Cao et al. (2020b) developed a single-atom cat-
alyst containing Fe anchored on 3D porous carbon using 
metal–organic framework (Cu/MIL-88B(Fe) as precursors. 
X-ray absorption spectroscopy and density functional theory 
calculation results suggested that Fe atoms were more likely 
captured on defective edges of isolated holes in the porous 
carbon (Fig. 5a, b). The catalyst demonstrated fast degrada-
tion kinetics, 59 times higher than  Fe3O4 nanoparticles sup-
ported on porous carbon. Further, this catalyst selectively 
absorbed specific organics depending on their charged prop-
erties and electron distribution. The authors proposed that 
the surface-confined ·OH could selectively oxidize absorbed 
organic compounds. Thus, the catalyst exhibited different 
degradation selectivity toward various organic compounds, 
i.e., benzoic acid, phenol, and nitrobenzene (Fig. 5c). Song 
et al. incorporated Fe atoms into defect-enriched graphene 
sheets. They found that Fe atoms were anchored on abundant 
pyridinic-N sites. The synergistic effects of Fe–N and Fe–O 
sites contributed to the high  H2O2 synthesis selectivity and 
efficient organic contaminant (chloramphenicol) removal 
under extreme pH conditions (pH < 4 or pH > 10) (Song et al. 
2021). Zhang et al. (2022a) synthesized a hollow sea-urchin-
shaped carbon-anchored Fe single-atom catalyst (SAFe@
HSC, see images in Fig. 5d, e) using ZnFe metal–organic 
framework as precursors. A transmission electron micros-
copy image shows well-dispersed bright spots (i.e., single 
Fe atom sites) on the carbon matrix (Fig. 5f). The catalyst 
containing 1.62 wt.% Fe showed the highest selectivity 
toward  H2O2 (Fig. 5g, based on the ring current intensity). 
When the Fe content increased to 2.04 wt.%, the selectivity 
toward  H2O2 decreased due to the formation of Fe nanopar-
ticles. The electron transfer number (n) for oxygen reduc-
tion reaction is around 2.8 (Fig. 5h), indicating that besides 
the dominant  2e− oxygen reduction reaction,  4e− oxygen 
reduction reaction to  H2O,  3e− to ·OH, and  1e−  H2O2 to 
·OH might also occur. Further, no DMPO (5,5-dimethyl-
1-pyrroline N-oxide)-OH electron spin resonance signal was 
detected on porous carbon without Fe (Fig. 5i). And, the 
signal decreased a lot when Fe was chelated by 1,10-phen-
anthroline (Fig. 5j), suggesting that Fe atoms were active 
sites to activate  H2O2 to produce ·OH.

Chlorinated organics are difficult to be degraded because 
their stable C–Cl bond is resistant to reactive oxygen spe-
cies. Zhao et al. (2021) synthesized a bimetallic single-atom 
catalyst by anchoring both Fe and Cu on N-doped porous 
carbon matrix (FeCuSA-NPC). Cu and Fe atoms were atomi-
cally coordinated by 4 N atoms in Fe-N4 and Cu-N4 sites. 
Detailed comparisons were carried out among FeCuSA-NPC 
and single metal element (FeSA-NPC and CuSA-NPC) ref-
erences and carbon catalyst (NPC) by the degradation of 
a model contaminant (4-chlorophenol). Figure 5k shows 
that 95% of 4-chlorophenol was degraded in 60 min on 

FeCuSA-NPC, 27, 81, 68% on NPC, FeSA-NPC, and CuSA-
NPC, respectively. Figure 5l shows that FeSA-NPC had the 
highest yield of ·OH (116 µmol  L−1), higher than that of 
FeCuSA-NPC (95.9 μmol  L−1) and CuSA-NPC (59.6 μmol 
 L−1). These results suggested that the degradation of 4-chlo-
rophenol did not solely depend on ·OH. The degradation 
of 4-chlorophenol was further compared in Ar-saturated 
solution, and Fig. 5m shows 100% 4-chlorophenol dechlo-
rination on FeCuSA-NPC, followed by 79.7% on CuSA-
NPC, 68.5% on FeSA-NPC, and 50.6% on NPC in 120 min. 
Density functional theory calculations were used to further 
compare 4-chlorophenol and  O2 adsorption on Fe-N4 and 
Cu-N4 sites.  O2 preferred to be adsorbed on Fe-N4, while the 
4-chlorophenol adsorption on Cu-N4 was favorable. Thus, 
the authors proposed that atomic Fe improved the  2e− oxy-
gen reduction reaction on N-doped carbon and facilitated 
the activation of  H2O2 to ·OH, whereas atomic Cu not only 
promoted  H2O2 generation but also accelerated the dichlo-
rination of 4-chlorophenol (Fig. 5n).

Metal composite catalysts without carbon

Other than relying on carbon materials to catalyze the syn-
thesis of  H2O2, some studies have demonstrated that metal 
composite catalysts without carbon materials can achieve the 
same. The synthesis and activation of  H2O2 may occur on 
the same or different metal active sites in metal composite 
catalysts. Tuning the ratio among metal species can affect 
their catalytic performance. For example, Ross et al. (2021) 
reported compositionally tuned trimetallic thiosphinels 
 (CuCo2−xNixS4, 0 ≤ x ≤ 1.2) as a bifunctional catalyst. Tran-
sition metal sulfides, such as  CuCo2S4, have shown activ-
ity for  2e− oxygen reduction reaction (Zhao et al. 2016b). 
Ni was used to substitute some Co in  CuCo2S4 to enhance 
its oxygen reduction reaction activity. Notably, the authors 
found that an acid treatment step in 0.05 M  H2SO4 solution 
was critical for ·OH generation. The leached soluble  Cu+ 
reacted with  H2O2 to produce ·OH. In another study, Zhang 
et al. (2022b) reported a core–shell Fe@Fe2O3-CeO2 com-
posite catalyst. However, it should be noted that an activated 
carbon filter was used in the cathode; thus, carbon materi-
als might still contribute to  H2O2 synthesis via  2e− oxy-
gen reduction reaction. A previous study has proposed that 
 H2O2 synthesis can also be directly catalyzed by  Fe0 (Eq. 26) 
(Shi et al. 2014). Thus, the authors proposed that  Fe0 in this 
catalyst promoted  H2O2 generation, and additional  Fe2+ fur-
ther acted as the Fenton reagents for ·OH production. Addi-
tionally, the synergistic effects between Fe(II)/Fe(III) and 
Ce(III)/Ce(IV) accelerated the generation of ·OH from  H2O2, 
similar to bimetallic catalysts discussed earlier.
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Fig. 5  a Fourier-transformed X-ray absorption spectra in R space at 
Fe K-edge for the single-atom Fe catalyst (AD-Fe/3DPC), Fe foil, and 
 FeCl3; b a density functional theory optimized atomic model of the 
 C3-Fe sited with an adsorbed  Cl2 (the red, light green and gray atoms 
represent Fe, Cl, and C atoms, respectively); and c the adsorption and 
degradation of different organic contaminants from an initial con-
centration of 0.12  mM and the corresponding reaction constant KM 
on the right. Reprinted with permission of (Cao et al. 2020b), Copy-
right ACS. d–e Scanning electron microscope images and f a trans-
mission electron microscope image of a hollow sea-urchin-shaped 
carbon-anchored single-atom Fe catalyst; g Polarization curves and 
ring electron current density (for  H2O2 detection) at 1600  rpm for 
Fe single-atom catalysts anchored in hollow sea-urchin-shaped car-
bon  (SAFe0.45@HSC,  SAFe0.77@HSC,  SAFe1.62@HSC), hollow 
sea-urchin-shaped carbon (HSC) and Fe nanoparticles supported on 

hollow sea-urchin-shaped carbon  (Fe2.04@HSC); h electron transfer 
electron number (n) of oxygen reduction reaction and  H2O2 selectiv-
ity; i DMPO (5,5-dimethyl-1-pyrroline N-oxide) spin-trapping elec-
tron spin resonance spectra (oxygen reduction reaction for 20  min), 
j DMPO spin-trapping electron spin resonance spectra in 5  mM 
1,10-phenanthroline or blank. Reprinted with permission of (Zhang 
et  al. 2022a), Copyright Elsevier. k 4-chlorophenol degradation on 
single-atom Fe and Cu anchored on N-doped porous carbon matrix 
(FeCuSA-NPC) and reference catalysts; l ·OH concentration as a 
function of reaction time; m 4-chlorophenol degradation by electro-
chemical reduction on different catalysts; n proposed reaction mecha-
nism of 4-chlorophenol degradation on FeCuSA-NPC, carbon for 
 H2O2 generation, Fe–N for  H2O2 activation, and Cu–N for dichlorina-
tion. Reprinted with permission of (Zhao et al. 2021), Copyright ACS 
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Metal‑free carbonaceous catalysts

The concentration of  Fe2+ in homogenous Fenton processes 
is at its maximum at pH 2.8 (Brillas et al. 2009). Adjust-
ing solution pH and treating Fe sludge would dramatically 
increase the operating costs of Fenton processes. Although 
heterogeneous catalysts containing trapped or bonded metal 
species significantly limit the loss of metal ions and improve 
catalyst stability, leaching metal ions from metal-containing 
catalysts in acidic conditions cannot be avoided entirely. 
Thus, there is a vital interest in developing metal-free car-
bonaceous catalysts for heterogeneous electro-Fenton pro-
cesses. Early studies have already found that carbon materi-
als, such as graphite, activated carbon, and carbon black, are 
capable of catalyzing  H2O2 synthesis and activating  H2O2 
to generate ·OH (Georgi and Kopinke 2005). However, 
their activity is often much lower than metal-based cata-
lysts. Extensive efforts have been devoted to understanding 
the reaction mechanisms of carbon catalysts so their activ-
ity can be improved (Liu et al. 2015b; Iglesias et al. 2018; 
Kim et al. 2018; Lu et al. 2018; Hu et al. 2021a, 2021b). 
In general, several parameters have been found to influence 
their activity strongly. (1) High electrical conductivity is 
essential to facilitate electron transfer. (2) A high surface 
area is beneficial to host more catalytic active activity sites. 
(3) Suitable porosity can influence mass transfer and selec-
tivity. For example, Iglesias et al. showed that micropores 

(26)Fe
0 + O

2
+ 2H

+
→ Fe

2+ + H
2
O

2

decreased the residence time of  H2O2 in catalysts, which 
prevented its further reduction to water and improved the 
selectivity toward  H2O2. (4) Heteroatom dopings such as O, 
N, B, and defects in carbon materials strongly affect catalytic 
activity. However, it is still under debates the exact role of 
different doping or defect configurations. We introduce sev-
eral recent studies on heteroatom-doped carbon materials as 
bifunctional catalysts below.

Qin et al. (2021) used oxidized carbon nanotubes as a 
bifunctional catalyst for phenol degradation under neutral 
conditions. The O doping was introduced by acid  (HNO3 
and  H2SO4) treatment at 40 to 100 °C for 1 h. The  H2O2 
yield displayed a linear relationship with the percentage of 
 sp3-C bond on carbon nanotubes (Fig. 6a). Similarly, the 
degradation rate constants of phenol (kphenol) showed a posi-
tive linear relationship with the percentage of –C=O group 
on carbon nanotube surfaces (Fig. 6b). Yu et al. (2021b) 
used 1,6-hexamethylene diamine as a precursor to synthe-
size porous carbon monoliths, demonstrating an  H2O2 yield 
374% higher than carbon black. The catalytic activity was 
attributed to O functional groups and  sp3 structural defects. 
Figure 6c shows that porous carbon monoliths could not 
cleave  H2O2 without applied potentials, and it activated 
 H2O2 via the 1  e− pathway (Eqs. 15–16). Adding isopro-
panol would quickly quench ·OH generated. Porous carbon 
monoliths worked efficiently over a wide pH range (4–10) 
(Fig. 6d). Porous carbon monoliths also demonstrated excel-
lent mechanical strength, serving as free-standing electrodes 
without adding non-conductive binders in electrode fabrica-
tion (Fig. 6e).

Fig. 6  a, b Dependences of  H2O2 yield and kphenol and on the percent-
age of  sp3-C and –C=O on oxidized carbon nanotubes. Reprinted 
with permission of (Qin et al. 2021), Copyright Elsevier. c Degrada-
tion of napropamide by porous carbon monoliths under different reac-
tion conditions; d at different pHs; e Photographs of porous carbon 

monoliths before and after carbonization. Reprinted with permission 
of (Yu et al. 2021b), Copyright Elsevier. f Correlations between the 
yield of  H2O2 and concentration of ·OH with the percentage of graph-
ite N, and g the percentage of pyridinic N. Reprinted with permission 
of (Su et al. 2019), Copyright Elsevier 



3853Environmental Chemistry Letters (2022) 20:3837–3859 

1 3

Besides O doping, N has a similar atomic size to C with 5 
valence electrons, easily forming covalent bonds within the 
carbon matrix and inducing positive charges on adjacent car-
bon atoms. N doping carbon materials have shown catalytic 
activities for  H2O2 generation and activation. Various N-con-
taining molecules (i.e., ammonium nitrate and melamine) 
and polymers (i.e., polyaniline and polydopamine (PDA) 
have been used as N precursors to synthesize N-doped car-
bon catalysts (Iglesias et al. 2018; Yang et al. 2018b, 2019; 
Haider et al. 2019; Su et al. 2019, 2020). N atoms in the 
carbon matrix can form different N species, such as pyri-
dinic N, pyrrolic N, graphitic N, and pyridinic N-oxide. The 
abundance of these N species has been tailored by N and C 
precursors, pyrolysis temperature, and pore formation agents 
(i.e., KOH). It is still controversial on their catalytic roles. 
Some studies showed correlations between graphitic N and 
 H2O2 concentration (Fig. 6f) or between pyridinic N and ·OH 
concentration (Fig. 6g), suggesting that graphitic N could 
be active for  H2O2 synthesis and pyridinic N could activate 
 H2O2 to generate ·OH (Su et al. 2019). Further, boron (B)-
doped graphene was also used as a bifunctional catalyst (Wu 
et al. 2019; Chen et al. 2021). B atoms with positive charges 
(–BC3) could serve as active sites to cleave the O–O bond 
in  H2O2, while electrophilic B sites (e.g., –BC2O, –BCO2), 
mainly located at the edge and defect sites, could act as 
active sites for  O2 absorption and  H2O2 generation.

Other approaches to improve performance

Beyond the design of electrocatalysts themselves, recent 
studies also demonstrated several other approaches to 
improve the performance of heterogeneous electro-Fenton 
processes. They usually improve the mass transfer of reac-
tants or combine catalytic reactions with other processes. In 
this session, we briefly describe these approaches.

First, materials with large specific surfaces, such as acti-
vated carbon, have been widely used as adsorbents to absorb 
various contaminates. The lifetime (~ 20 ns) and diffusion 
length (~ 6 nm) of ·OH are usually very short (Georgi and 
Kopinke 2005). Thus, the efficiency of ·OH in heterogeneous 
electro-Fenton processes could be improved if contaminant 
molecules have been adsorbed on the surface of catalysts 
close to where ·OH is generated. Bifunctional catalysts with 
large specific surfaces have been used to combine their 
catalyst and adsorbent roles. Figure 7a illustrates the deg-
radation of Reactive Blue 19 on an activated carbon-based 
bifunctional catalyst (Zhou et al. 2019). Reactive Blue 19 
was adsorbed on the surface and inside pores of activated 
carbon.  H2O2 was generated on active sites within the pores 
of activated carbon, including the micro-, meso-, and macro-
pores, by the 2  e− oxygen reduction reaction.  H2O2 was par-
tially released into the bulk of the solution and was activated 

on the carbon surface to generate ·OH. Some  H2O2 was acti-
vated to ·OH inside the pores, which attacked Reactive Blue 
19 adsorbed inside the pores.

Second,  O2 has low water solubility, limiting the 2 
 e− oxygen reduction reaction. Rather than bubbling  O2 into 
aqueous solutions in common studies, Yu et al. (2014) pro-
posed a rotating disk reactor with two rotating graphite felt 
cathodes (Fig. 7b). At the low rotation speed of 10 rpm, the 
total organic carbon removal efficiency was threefold higher 
than the condition without rotation.

Third, the conversion from  O2 to reactive oxygen spe-
cies occurs at triple-phase interfaces.  O2 is usually supplied 
from the gas phase; the reactions take place on the surface 
of solid catalysts, while the resulting reactive oxygen species 
are released into the liquid phase. Thus, interface proper-
ties are expected to strongly influence reaction kinetics and 
the mass transfer of reactants and reaction products (Tang 
et al. 2018; Wang et al. 2019). Gas diffusion electrodes have 
a porous, hydrophobic, and hydrophilic structure, which 
allow sufficient  O2 delivered to solid–liquid–gas interfaces 
(Reis et al. 2012; Luo et al. 2015; Lu et al. 2021; Xu et al. 
2021). As illustrated in Fig. 7c, carbon felts modified by 
polytetrafluoroethylene served as the hydrophobic gas dif-
fusion layer and the current collector, while catalysts were 
loaded on the other side of the carbon felts exposed to water 
(Zhang et al. 2020). Gas diffusion electrodes often brought 
significant performance enhancement because they enabled 
much higher  O2 concentration and faster mass transfer of  O2 
molecules at reaction interfaces (Reis et al. 2012; Luo et al. 
2015; Lu et al. 2021; Xu et al. 2021).

Fourth, in some electro-Fenton processes,  H2O2 was 
activated by  Fe2+ (Eq. 12), which requires the regenera-
tion of  Fe2+ from  Fe3+ on cathodes (Eq. 13). The optimal 
potential required for  H2O2 synthesis (e.g., − 0.5 V) may not 
be the same for  Fe2+ reduction. The high potential for the 
 2e− oxygen reduction reaction might lead to Fe film forma-
tion on cathodes. Liang et al. (2021) proposed to adjust the 
potential applied on cathodes to balance the efficiency of the 
 2e− oxygen reduction reaction and  Fe2+ reduction. Under the 
optimum potential of − 0.1 V applied on the gas diffusion 
electrode, high  H2O2 production and slow  Fe2+ consumption 
rates were achieved (Fig. 7d).

Fifth, to avoid using bifunctional catalysts, Wang et al. 
(2021a) proposed a dual-cathode reactor to separate  H2O2 
synthesis and activation (Fig. 7e). Poly(3,4-ethylenedioxy-
thiophene) modified carbon cloth (PEDOT/CC) was applied 
as the catalyst for  H2O2 synthesis, and a stainless steel mesh 
was applied to activate  H2O2 to ·OH. The PEDOT/CC cath-
ode yielded the highest  H2O2 concentration (243.1 mg  L−1) 
at − 0.9 V, while the stainless-steel-mesh cathode can con-
vert the in situ generated  H2O2 to ·OH at the highest rate at 
− 0.8 V. The dual cathode reactor showed a higher removal 
efficiency of RhB under these two different potentials, 
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compared to PEDOT/CC cathode alone or stainless-steel-
mesh cathode alone, respectively.

Conclusion

Bifunctional catalysts in heterogeneous electro-Fenton pro-
cesses can synthesize and activate  H2O2 simultaneously, 
which has the potential to overcome the shortcomings of 
conventional Fenton processes used in water and wastewa-
ter treatment. Rationally designed bifunctional catalysts 
are expected to provide high activity and selectivity, work 
in a wide pH range, and have excellent stability for reuses 
in multiple reaction cycles. This review has summarized 
recent progress in developing various bifunctional catalysts 
to achieve this goal. Although remarkable progress has 
been achieved, there are still significant gaps for practical 

applications. We propose the following areas to be priorities 
in upcoming research studies:

1. There is still no consensus on the reaction mechanisms 
of converting  O2 to reactive oxygen species. It is widely 
recognized that different catalytic active sites might be 
required for  H2O2 synthesis via the 2  e− oxygen reduc-
tion reaction and  H2O2 activation toward ·OH. However, 
it is unclear what specific active sites could achieve a 
high selectivity of the 2  e− oxygen reduction reaction 
over the 4  e− oxygen reduction reaction or catalyze the 
formation of ·OH from  H2O2 rather than producing  H2O 
or  O2. Breaking linear scaling relationships among the 
adsorption energy of different O intermediates on cata-
lyst surfaces may be the key to achieving high selectiv-
ity toward a specific reaction pathway. It is also unclear 
what the consequence is if such selective catalytic sites 
are put close together on a bifunctional catalyst. In situ 
spectroscopic studies of model catalysts with well-

Fig. 7  a Mechanism of an acti-
vated carbon-based bifunctional 
catalyst for simultaneous Reac-
tive Blue 19 (RB19) adsorption 
and degradation. Reprinted 
with permission of (Zhou et al. 
2019), Copyright Elsevier. b A 
rotating disk reactor with two 
rotating graphite felt cathodes. 
Reprinted with permission of 
(Yu et al. 2014), Copyright 
ACS. c Carbon felts modified by 
polytetrafluoroethylene (PTFE) 
served as the hydrophobic gas 
diffusion layer and the cur-
rent collector, while catalysts 
loaded on the other side of the 
carbon felts exposed to water. 
Reprinted with permission of 
(Zhang et al. 2020), Copyright 
Springer Nature. d Adjust-
ing the potential applied on 
cathodes to balance  2e− oxygen 
reduction reaction (ORR) and 
 Fe2+ reduction reaction (FRR) 
in electro-Fenton (EF) process. 
Reprinted with permission of 
(Liang et al. 2021), Copyright 
Elsevier. e A dual-cathode reac-
tor to separate  H2O2 synthesis 
and activation on two cathodes. 
PEDOT/CC refers to Poly(3,4-
ethylenedioxythiophene) modi-
fied carbon cloth. Reprinted 
with permission of (Wang et al. 
2021a), Copyright National 
Academy of Sciences 
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defined catalytic sites in combination with theoretical 
calculations should be used to resolve these puzzles. The 
improved understanding can guide the design of new 
catalysts.

2. In electro-Fenton processes, the generation of ·OH on 
bifunctional catalysts often involves two steps. First, 
 H2O2 is synthesized on active site 1 and then desorb 
from the active site  (O2→*O2→*H2O2→H2O2). Next, 
 H2O2 is adsorbed on active site 2 to be activated in situ 
to generate ·OH   (H2O2→*H2O2→*OH→·OH). The 
mass transfer is usually the rate limit step in the whole 
process. It could be more efficient to design a bifunc-
tional catalyst with active sites that can catalyze the 
generation of ·OH from  O2 directly via the 3  e− oxygen 
reduction reaction:  O2→*O2→*H2O2→*OH→·OH. 
Both theoretical and experimental studies will be needed 
to verify whether such a process would be feasible on a 
suitable catalyst.

3. The desorption of generated surface-bond ·OH has a 
high energy barrier, while its lifetime is short (~ 20 ns). 
Further, its diffusion length is also short (~ 6 nm). The 
desorption of ·OH is a rate-limiting step in the electro-
Fenton process. It may be helpful to develop tri-func-
tional catalysts which enable strong bondings between 
organic molecules and surface-bonded ·OH, eliminating 
the ·OH desorption step. Innovative catalyst designs will 
be needed to realize such a catalyst.

4. Heterogeneous electro-Fenton processes used for water 
treatment likely require many bifunctional catalysts. 
Although catalysts with complex nanoscale structures 
have demonstrated superior performance in research 
labs, their complex synthesis methods and high cost 
might prohibit their adoption in practical applications. 
It is essential to carry out comprehensive evaluations of 
new catalysts to narrow the gap between fundamental 
catalyst research and practical applications. Thus, an 
important task should be balancing catalyst performance 
and costs.

5. Since heterogeneous electro-Fenton processes occur at 
triple-phase interfaces, catalyst interface designs and 
reactor designs are expected to play critical roles to 
enable the efficient mass transfer of reactants and reac-
tion products, similar to what we have reviewed earlier. 
More research from fundamental understanding, elec-
trode material design, and process simulation would be 
required to deliver the desired superior performances.

6. Fast catalyst performance degradation is a critical chal-
lenge for many catalysts in heterogeneous electro-Fenton 
processes. Metal leaching, surface fouling, chemical 
property changes, and structural destruction can sig-
nificantly shorten catalyst service life. More efforts are 
required to understand the degradation mechanism of 

bifunctional catalysts and eventually design more stable 
catalysts with long service life.

Although there are still many challenges ahead, we 
believe that more bifunctional catalysts will be applied in 
heterogeneous electro-Fenton processes with improved 
fundamental understandings and innovative engineering 
designs. They will sustainably produce  H2O2 and ·OH with 
only  O2 and electricity consumed. They can play a criti-
cal role in addressing environmental challenges globally. 
This exciting area calls for more research to resolve current 
challenges.
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