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Evolution Reaction 

Mengli Liu, Siran Xu, and Bang-An Lu 

Abstract The oxygen evolution reaction (OER), one of the semi-reactions of water 
electrolysis, is expected to play an important role in the conversion and storage 
of energy in the future. The sluggish four-electron transfer reaction has become 
the primary bottleneck of electrochemical water splitting, which can be signif-
icantly alleviated with the development of low-cost and durable OER catalysts, 
fortunately. Carbon-based composite nanomaterials can function well in alkaline 
environments because of their excellent mechanical and electrical properties, low 
cost, high abundance, and large surface area. This chapter discusses recent break-
throughs in carbon-based OER electrocatalysts, mainly including metal-free cata-
lysts, atomically dispersed metallic carbon, metal-encapsulated carbon nanoparti-
cles, and carbon nanoparticles supported by metal nanoparticles. The knowledge 
offered in this chapter can be used to rationally design OER carbon-based composite 
nanomaterial catalysts, which may help shed light on the future of carbon-based OER 
development. 

7.1 Introduction 

In recent years, with the increase of the global population, the total energy demand 
has increased rapidly, leading to excessive consumption of traditional fossil energy 
and accompanied by increasingly serious environmental pollution problems [1, 2]. 
As a result, the urgent need for new energy forms and carriers, as well as the desire to 
reduce long-term excessive reliance on fossil energy, researchers in energy-related
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fields are exploring and developing environmentally friendly and sustainable new 
energy and production technologies. In order to achieve the goal of carbon neutrality 
and find alternatives to renewable energy and clean energy, such as wind energy, tidal 
energy, solar energy, and geothermal energy, a lot of efforts have been made [3, 4]. 
However, due to the lack of suitable energy storage technology, these intermittent 
energy sources cannot be widely used [5, 6]. Hydrogen energy has significant advan-
tages as a zero-carbon energy source. Because of its high energy density, H2 can 
be used to store large amounts of energy indefinitely. Low-pollution fuel cells can 
then be used to regenerate the electrical energy. Additional to this, the high-value-
added chemicals can also be produced by using H2 [7–9]. Fossil fuels, biomass, and 
water splitting are the three primary sources of hydrogen production currently avail-
able. However, hydrogen production from fossil fuels and biomass involves the use 
of limited fossil energy, resulting in environmental contamination. Electrochemical 
water splitting to produce hydrogen is therefore expected to become the primary 
method of producing hydrogen because of its durability and low pollution [10–12]. 

The electrocatalytic water splitting is the reverse process of the fuel cell reac-
tion, including the hydrogen evolution reaction (HER) at the cathode and the oxygen 
evolution reaction (OER) at the anode [13–15]. Both of these reactions require effi-
cient catalysts to accelerate the reaction kinetics. HER is a relatively simple two-
electron transport process involving electrochemical H+ adsorption and H2 desorp-
tion. In contrast, the OER process involves a complex four-electron-proton coupling 
process. Due to its slow kinetic reaction, it becomes a bottleneck for the produc-
tion of hydrogen by electrochemical water splitting [16]. Meanwhile, OER is also 
an important semi-response of rechargeable metal-air batteries. However, due to the 
inherent slow kinetics of OER, the metal-air battery has low life, low energy conver-
sion efficiency, and limited stability [17]. The reaction path of OER process in acidic 
and alkaline electrolytes is shown in the following formula: 

Acid: 

H2O (l)+∗ → OH∗ + (
H+ + e−)

(7.1) 

OH∗ → O∗ + (
H+ + e−)

(7.2) 

O∗ + H2O(l) → OOH∗ + (
H+ + e−)

(7.3) 

OOH∗ → ∗ + O2(g) +
(
H+ + e−)

(7.4) 

Alkaline: 

OH− + ∗  →  OH ∗ +e− (7.5) 

OH∗ + OH− → O∗ + H2O(l) + e− (7.6)
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O∗ + OH− → OOH∗ + e− (7.7) 

OOH∗ + OH− → ∗ + O2(g) + H2O(l) + e− (7.8) 

In the formula, (l) and (g) are gas and liquid phases, respectively, * is the active 
site on the catalyst, and O*, OH*, OOH* are adsorption intermediates. 

The OER can be divided into four steps. Each step involves the transfer of an 
electron. The overpotential of OER can be determined by the free energy of the 
reaction of all four steps [18]. The energy barriers of different reaction intermediates 
are related to the catalyst’s electronic structure and interface structure. This basic 
identification of OER mechanism and activity source is a prerequisite for designing 
advanced OER electrocatalysts [19, 20]. 

Generally speaking, there are two possible mechanism for the OER process, 
one is the traditional adsorbate evolution mechanism (AEM), and the other is the 
lattice oxygen mediated mechanism (LOM) [21–23]. AEM is considered to be a 
conventional OER mechanism. AEM involves four proton-coupled electron transfer 
processes centered on metal ions. The source of oxygen is mainly water molecules 
adsorbed in the electrolyte. Specifically, first, water molecules are adsorbed on the 
surface of the metal site through a single-electron oxidation process, forming an 
adsorbed *OH on the metal site (*). Then *OH forms *O species through proton 
coupling and electron removal. Another water molecule is adsorbed to form the 
*OOH intermediate in the next step. Finally, *OOH is oxidized, releasing O2, and the 
original clean metal active sites are restored. On the scale of reversible hydrogen elec-
trodes, AEM usually produces activity independent of pH. However, LOM clearly 
pointed out the necessity of considering the surface of the dynamic catalyst, and the 
active sites on the surface of the dynamic catalyst are not limited to the metal center. 
The LOM concept involving the reaction of lattice oxygen was first proposed by 
Damjanovic and Jovanovic in 1976 [24]. In late 2015, Binninger et al. [25] proposed 
a more formal description and coined the term for the lattice oxygen evolution reac-
tion in a typical LOM [25]. LOM involves the participation of lattice oxygen in the 
electrocatalyst, and oxygen is generated by lattice oxygen atoms. The first two steps 
are similar to those in AEM. However, in the third step, the adsorbed *O couples with 
the lattice oxygen on the electrocatalyst, releasing an oxygen molecule and leaving 
an oxygen vacancy. In order to produce adsorbed *H, the fourth step is supplemented 
with water and dissociated. The final deprotonation results in a clean metal site. Elec-
trocatalyst electronic structure can be controlled by LOM’s OER mechanism, which 
is based on LOM’s metal–oxygen covalent bond [26]. 

The catalyst plays a critical role in accelerating the reaction rate and increasing the 
selectivity/efficiency of the OER. As a result, theoretical and experimental research 
on the design and development of effective and stable OER catalysts is still an 
important area of study. Despite being the most advanced OER electrocatalysts, IrO2 

and RuO2 are not widely used because of their high cost and limited availability. In 
order to develop low-cost OER electrocatalysts with high activity and high stability, 
a great deal of work has been done thus far. For example, nitrides, phosphides,
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sulfides, and selenides have been investigated as alternative OER electrocatalysts 
[27–32]. Carbon-based composites have shown surprising advantages in OER in 
recent years, including the acceptable cost of carbon matrix, the structural diversity 
provided by carbon-based composites, good electrical and thermal conductivity, and 
mechanical strength and lightness that traditional materials cannot match [33]. It 
also has a wide range of compositions and good conductivity, thanks to the addition 
of heteroatoms. The electrode becomes more stable when oxygen escapes thanks to 
this combination (bubble formation) [34]. Therefore, carbon-based nanocomposites 
have great potential in catalyzing OER. 

OER carbon-based catalysts will be detailly introduced in this chapter including 
metal nanoparticle/alloy, atom dispersed metal–carbon, and metal hybrid carbon-
based electrocatalysts. A summary of current research of carbon-based OER 
electrocatalysts in this field is also presented. 

7.2 Metal-Free Carbon-Based Electrocatalysts for OER 

Noble metals and their oxides, such as palladium, platinum, and RuO2, IrO2, are  
considered the most advanced OER catalysts. Besides, transition metal oxides, 
hydroxides, metal hybrids, chalcogenide compounds, and other reasonably inex-
pensive OER electrocatalysts of transition metals and related compounds have been 
identified based on extensive research. However, these transition metal-based cata-
lysts will undergo oxidation, crystal structure changes, and uncontrolled dissolution 
when exposed to air or electrolytes. Therefore, in order to obtain high electrocat-
alytic activity and multifunctional carbon-based metal-free electrocatalyst, different 
carbon nanostructures are often doped with other heteroatoms and defect engi-
neering, such as nitrogen (N), boron (B), sulfur (S), phosphorus (P), and fluorine 
(F) [35–39]. These may change the electronic structure of carbon materials and 
become active sites for catalytic reactions, although other factors affect electrocat-
alytic activity. The charge transfer efficiency of catalysts depends on various factors, 
such as specific surface area, number of active centers, conductivity, adsorption 
energy of intermediate products, and electrolyte stability. 

In this context, carbon-based metal-free electrocatalysts for ORR have come a 
long way since their discovery in 2009 [40, 41]. Carbon-based metal-free electro-
catalysts as a substitute for noble metal-based electrocatalysts have been widely 
researched to be effective OER catalysts [35, 42]. In 2013, it is reported for the first 
time that N-doped porous carbon prepared from melamine formaldehyde containing a 
heteroatom doped can be used as a carbon-based metal-free electrocatalyst (Fig. 7.1a, 
b), and showed better OER performance than IrO2 (Fig. 7.1c). The observed OER 
performance is attributed to the favorable adsorption of positively charged C atoms by 
OH− ions generated by charge transfer induced by adjacent N doping. Experimental 
and theoretical studies have also shown that the high oxygen evolution activity of
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Fig. 7.1 Metal-free carbon-based electrocatalysts for OER. a and b The SEM and TEM images 
of the N/C. c Oxygen evolution activities of the N/C, N/C–NiOx, IrO2/C (20 wt%) and Pt/C 
(20 wt%) electrodes with KOH electrolyte (pH 13) analysed from RRDE system (loading catalyst: 
0.2 mg cm−1; rotation speed: 1500 r.p.m.; and scan rate: 5 mV s−1) [35]. Copyright 2013, Nature 
Publishing Group. d SEM image of NPC–CP. e OER curves of NPC–CP, NC–CP, IrO2, and pristine 
CP in O2-saturated 1 M KOH (scan rate: 2 mV s−1). f Chronoamperometric responses of NPC–CP 
and IrO2 at a constant potential of 1.54 V. Inset in panel f shows the corresponding chronopoten-
tiometry response curves with the constant current density held at 10 mA cm−2. g Initial structure of 
N and P co-doped carbons and the corresponding structures. h Volcano plots of OER overpotential 
versus the difference between the adsorption energy of O* and OH*, that is, Δ G(O*) − Δ G(OH*), 
for the simulated carbon structures. i The DOS for the chemically doped carbon structures [43]. 
Copyright 2017, WILEY–VCH

nitrogen/carbon materials comes from pyridine nitrogen or/and quaternary-nitrogen-
related active sites [35]. The N–P co-doped mesoporous carbon produced by pyrol-
ysis of polyaniline aerogels generated in the presence of phytic acid in 2015 had 
a high surface area of around 1663 m2 g−1 and shown outstanding electrocatalytic 
activity in the OER and ORR. It is also attractive advantages after being used in 
zinc-air batteries. After mechanical charging, the two-electrode rechargeable battery 
is stable for up to 240 h and 180 cycles at 2 mA cm−2. Its maximum power density 
is 55 mW cm−2. In terms of alkaline electrolytes, it is comparable to commercial
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metal air batteries. For chemical species’ adsorption and catalytic activity, density 
functional theory (DFT) calculations show that a distance between the doping site 
and the edge of the carbon structure appears to be critical. For ORR and OER to 
function in both modes, a high-porosity foamed carbon network and N/P heteroatom 
co-doping are required [42]. Coincidentally, multi-stage porous N/P co-doped carbon 
nanofibers were immediately produced on conductive carbon paper by electrochem-
ically induced polymerization in the presence of aniline monomer and phosphonic 
acid. (Fig. 7.1d). The synthesized material has stable stability (the activity decays 
little after 12 h of continuous operation) and high activity (Fig. 7.1e, f). Through 
DFT calculations, a model of double doping of N and P heteroatoms was constructed 
(Fig. 7.1g), and it was found that the P doping at the edge is more conducive to the 
precipitation of oxygen than the P dopant at the center. From a thermodynamic point 
of view, the ideal catalyst is the lower the overpotential, the better the catalytic perfor-
mance. From the volcano plots of overpotential versus the difference between the 
adsorption energy of O* and OH* on the carbon nanostructures, it can be seen that 
N, P-doped carbon has the smallest overpotential (0.505 V) (Fig. 7.1h), even better 
than IrO2. In addition, according to the density of states (DOS) (Fig. 7.1i), the N, 
P-doped carbon exhibits metallic properties with a relatively higher DOS crossing 
the Fermi level (EF), which indicates that the electron transfer capability is improved 
and the charge distribution is optimized. Theoretically verified the effectiveness of 
the co-doping of N and P atoms in the collaborative creation of OER active sites 
and the improvement of the electronic conductivity of the carbon network [43]. Due 
to the effectiveness of heteroatom doping, carbon materials co-doped with three 
heteroatoms have been studied. By thermally activating a mixture of polyaniline-
coated graphene oxide and ammonium hexafluorophosphate (AHF), a multifunc-
tional electrocatalyst constituted of graphene doped with nitrogen, phosphorus, and 
fluorine is generated. The gas from the thermal decomposition of AHF promotes the 
formation of a template-free porous structure. The synthesized N, P, and F three-
doped graphene exhibit good electrocatalytic activity for ORR, OER, and HER. It 
is further used as an OER-HER dual-function catalyst for oxygen and hydrogen 
production in an electrochemical water splitting device. The device is powered by 
an integrated Zn-air battery based on an air electrode made of the same ORR elec-
trocatalyst. Therefore, low-cost metal-free trifunctional electrocatalysts have broad 
application prospects [39].

Carbon-based metal-free electrocatalysts can also benefit from construction defect 
engineering in addition to heteroatom doping. Nitrogen-doped ultra-thin carbon 
nanosheets (NCNs) can be made by pyrolyzing a citric acid and NH4Cl mixture and 
then using a spontaneous gas foaming method. Ultra-thin sheet structure, ultra-high 
specific surface area (1793 m2 g−1), abundant edge defects, low overpotential, and 
stable ORR, OER and HER properties were achieved by synthesizing NCN-1000–5. 
Its high energy density, low charge/discharge voltage gap, high reversibility, and long 
cycle stability all come from the zinc-air rechargeable battery’s use of NCN-1000–5 
as the cathode catalyst. In ORR, OER, and HER, it is determined that the intrinsic 
active sites are the carbon atoms on the armchair’s edge and adjacent graphite N 
dopants, thanks to DFT calculations [44].
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7.3 Atomically Dispersed Metal Carbon-Based 
Electrocatalysts for OER 

In recent years, the research on isolated metal atoms has increased dramatically, 
which has aroused widespread scientific interest in the new frontier field of atomic-
level dispersion catalysis. The atomically dispersed active sites usually exhibit the 
most excellent catalytic activity [45]. In contrast to nanoparticle catalysts, atomically 
dispersed catalysts typically contain positively charged monodisperse metal atoms 
and coordination sites devoid of metal–metal bonds of the same metal. However, 
reducing the size of a metal particle to a single atom increases its surface free 
energy, making it easy to aggregate or Ostwald ripening. Therefore, it is neces-
sary to anchor and strongly bond atomically dispersed metal atoms on a suitable 
carrier [46]. Carbon-based materials have proven to meet this need because they 
provide a large surface area. Metal ions can be stabilized on the carbonaceous carrier 
by forming ions or covalent bonds with heteroatoms (C, N, S, and P), thereby over-
coming high aggregation tendency. Unique catalytic mechanisms, including elec-
tron transfer pathways or interactions with reactants, intermediaries, and products, 
are made possible by the singular electronic and geometric properties of the single 
atom (SAC). Scientific research and industrial applications have paid close atten-
tion to the unique properties and catalytic performance of atomic-level dispersion 
catalysts. As summarized in some excellent review articles [47, 48] the characteri-
zation of atomic-level dispersion catalysts is mainly based on some modern atomic 
resolution techniques, such as aberration-corrected high-angle circular dark-field 
scanning transmission electron microscopy (AC-HAADF-STEM). To identify scat-
tered metal atoms on a carbon substrate, [49] X-ray absorption spectroscopy (XAS) 
is also useful, X-ray absorption near edge structure (XANES) provides information 
on the oxidation state of metal atoms, and extended X-ray absorption fine structure 
(EXAFS) technology provides detailed information about the coordination structure 
[50]. In addition, advanced theoretical modeling and simulation methods can build 
a reliable model for the active site to simulate the catalytic cycle [51]. The dispersed 
metal carbon-based electrocatalysts discussed in this chapter are typically formed of 
isolated atoms and carbon support materials that attach, restrict, or coordinate with 
isolated metal atoms. 

The design and manufacture of isolated metal atoms as heterogeneous catalyti-
cally active substances can be traced back to 1995, which Thomas and colleagues 
reported that an oxygen-coordinated Ti SAC was used in the epoxidation reaction of 
cycloolefins [52]. The complex is grafted onto mesoporous silica and then calcined 
to synthesize. Until 2011, Zhang et al. [53] used the co-precipitation method to fix 
atomic Pt on the FeOx carrier and proposed the concept of single-atom catalysis for 
the first time. Since then, researchers’ scientific interest in single atoms has increased 
dramatically, and atomic-level dispersed metal–carbon-based catalysts have entered 
a new stage of development. 

In an earlier study, Jahan et al. [54] described the OER activity of Cu SAC in GO-
MOF. Ding et al. [55] developed a sandwich structure in which a uniform polymer
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ionic liquid (PIL) is coated on the surface of carbon nanotubes, and Co atoms are 
dispersed on the interface (Fig. 7.2a, b). In terms of electrochemical performance, 
the OER catalytic activity of CoSSPIL/CNT is significantly better than Co3O4/CNT

Fig. 7.2 Atomically dispersed metal carbon-based electrocatalysts for OER. a and b ADF-
STEM images of the CoSSPIL/CNT. c CV of different samples normalized to the geometric area 
of the active electrode area [55]. Copyright 2017, WILEY–VCH. High-resolution TEM images 
enable the direct visualization of the atomic metals of d Ni, e Fe, and f Co embedded in the 2D 
graphene lattice. The overlaid schematics represent the structural models determined from XAFS 
analysis. Scale bars, 0.5 nm. The bright region at the top part of d is attributed to out-of-focus 
thick graphene layers or non-planar flakes. g Fourier transformed magnitudes of the experimental 
K-edge EXAFS signals of M–NHGFs along with reference samples (solid lines). The dashed lines 
represent calculated spectra based on a divacancy-based MN4C4 moiety enclosed in the graphene 
lattice. The Fourier transforms are not corrected for phase shift. h and i Proposed reaction scheme 
with the intermediates having optimized geometry of the single-site (a) and dual-site mechanisms 
(b) towards  OER.  j Free energy diagram at 1.23 V for OER over Fe–NHGF, Co–NHGF, and Ni– 
NHGF with a single-site mechanism, and Ni–NHGF with a dual-site mechanism. The highlights 
indicate the rate-determining step with the values of the limiting energy barrier labeled. k OER 
activity evaluated by LSV in 1 M KOH at a scan rate of 5 mV s−1 for NHGF, Fe–NHGF, Co– 
NHGF, and Ni–NHGF along with a RuO2/C catalyst as a reference point. The data are presented 
with current-resistance (iR) correction [56]. Copyright 2018, Nature Publishing Group
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Fig. 7.2 (continued) 

and CoCO3 (Fig. 7.2c). In addition, the outstanding electronic conductivity of carbon 
nanotubes makes it a good carrier for OER. Subsequently, in order to identify the level 
of activity of different transition metals on OER, Fei et al. [56] reported a method of 
systematic X-ray absorption fine structure analysis and direct transmission electron 
microscopy imaging to identify a series of monodisperse atomic transition metals 
(such as Fe, Co, Ni) are embedded in nitrogen-doped porous graphene frameworks 
(NHGFs) (Fig. 7.2d–f). This work clearly determined their atomic structure and its 
correlation with the electrocatalytic activity of OER. Through in-depth analysis of 
EXAFS and XANES, it is proved that different M-NHGFs adopt the same MN4C4 

group, have the same local atomic coordination configuration, and are embedded 
in graphene. In the crystal lattice (Fig. 7.2g). The clear structural configuration of 
MN4C4 allows the use of density functional theory (DFT) to investigate the catalytic 
performance of M-NHGFs on OER, indicating that the metal’s catalytic activity and 
mechanism path are strongly dependent on the d orbital configuration. The activity 
trend is inversely proportional to the d orbital configuration, namely Ni-NHGF > 
Co–NHGF > Fe–NHGF (Fig. 7.2h–j). Electrochemical tests have further confirmed 
this (Fig. 7.2k). Determining the atomic structure and its correlation with catalytic 
performance is a key step for the rational design and synthesis of noble metals or 
non-precious metal SACs with extremely high atom utilization and catalytic activity.

Since then, the transition metal Ni has been favored by researchers. Hou et al. 
[57] reported an electrocatalyst in which atom-dispersed nickel coordinated with 
nitrogen and sulfur in porous carbon nanosheets (S|NiNx–PC), which showed excel-
lent activity and durability, even better than the commercial Ir/C. Theoretical and 
experimental results show that the well-dispersed S|NiNx species serves as the 
active site of OER. This unusual electrocatalytic activity is derived from the opti-
mized density of states distribution of the S|NiNx center and the enhanced electron 
transfer capability spectrum measurement, which synergistically promotes the oxida-
tion kinetics, according to experimental observations and theoretical calculations. 
Zhang et al. [58] reported a simple method to construct a hollow carbon matrix deco-
rated with isolated nickel and N atoms (HCM@Ni–N). Combining experimental 
and theoretical methods revealed that effective electronic coupling through Ni–N
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coordination is the key to regulating the OER mechanism. Precisely, the electronic 
coupling can significantly move the Fermi level downward, which may substantially 
impact the adsorption of the intermediate and the final OER kinetics. The new Ni– 
OG SACs developed by Li et al. [59] have a three-dimensional porous framework, a 
two-dimensional (2D) ultra-flaky structure, a single Ni atom uniformly distributed, a 
suitable Ni–O coordination, a significant activating effect on OER, and outstanding 
activity and durability. 

Although some single-atom OER catalysts have been reported, [54–59] bimetallic 
catalysts with secondary metal introduction are generally more active than single-
metal catalysts. Bai et al. [60] reported a cobalt-iron diatomic catalyst (Co–Fe–N–C), 
which was generated from atomically dispersed Co pre-catalyst (Co–N–C) by an in-
situ electrochemical method in an iron-containing alkaline electrolyte. Compared 
with Co–N–C, Fe is necessary to enhance the activity of Co–Fe–N–C, and the 
former’s activity increases with the increase of Fe content. Operando XAS data 
shows that Co–N–C undergoes significant structural changes after being immersed 
in an alkaline electrolyte, and Fe is incorporated in the electrochemical activation 
process to form a dimer Co–Fe structural element, which is the active site of OER. Han 
et al. [61] proposed a strategy for preparing heteroatom-doped bimetallic single-atom 
catalysts. Pyrolysis was used to create N-doped hollow carbon nanocubes (CoNi-
SAs/NC) with atomically dispersed double Co–Ni sites using the dopamine-coated 
metal–organic framework (MOF) as a template. The atomically isolated bimetallic 
configuration in CoNi–SAs/NC was identified using a combination of microscopy 
and spectroscopy techniques. When used as an oxygen electrocatalyst in an alkaline 
medium, the resulting CoNi–SAs/NC hybrid material exhibits excellent catalytic 
performance in dual-function ORR/OER, which improves the efficiency of a real-
istic rechargeable zinc-air battery. According to theoretical calculations based on 
density functional theory, the synergistic effect of uniformly dispersed single atoms 
and adjacent Co–Ni bimetallic centers can optimize adsorption/desorption character-
istics, reduce overall reaction barriers, and ultimately promote reversible oxygen elec-
trocatalysis. This research provides ideas for the controlled synthesis of atomically 
isolated advanced materials. These research results will guide the further rational 
design and preparation of SACs with multiple active sites and a deep understanding 
of synergistic effects in energy-related catalysis applications. 

7.4 Metal Nanoparticles Encapsulated Carbon-Based 
Electrocatalysts for OER 

Transition metal (TM)-based electrocatalysts in OER face two major challenges: 
poor efficiency and unstable performance. It is possible to use nanoparticles made 
of TM encapsulated in carbon-based materials, which are stable against dissolution 
under operating conditions and prevent the agglomeration of small metal fragments 
[62]. In addition, the carbon shell’s good electrical conductivity and high porosity
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make it easier for electrons and electrolytes to move through the material. As a 
result, it is believed that the core structure of the transition metal particles influences 
the electronic structure of the thin carbon shell layer, thereby increasing its OER 
[18, 63]. The electronic effect of the metal-based core is dependent on the thick-
ness of the graphite layer, which is worth noting. This effect will be reduced if the 
carbon layer is too thick. For carbon/transition metal composite catalysts, core–shell 
composite structure (i.e. carbon encapsulation) provides synergistic effect. Encapsu-
lated metal nanoparticle carbon-based catalysts are discussed, as are the difficulties 
and opportunities currently facing this field. 

Liang et al. [64] prepared a novel multilayer bent onion-like carbon nanosphere 
coated Co–N-C electrocatalyst (OLC/Co–N-C) by pyrolysis of surfactant P123-
coated ZIF-67 precursor. With the addition of surfactant micelles, it was demonstrated 
that the mesoporous/microporous structure formed by the OLC/Co–N–C material 
during pyrolysis has a large electrochemical surface area and a high concentration 
of active sites. Due to the interaction of electronic and nanostructural effects, the 
OLC/Co–N–C catalysts exhibit superior ORR/OER performance (E1/2 = 0.855 V 
in 0.1 M KOH, η10 = 344 mV in 1.0 M KOH) and Zn-air battery performance 
(small charge/discharge voltage gap: 0.8 V at 2 mA cm−2), as well as long-term 
cycling stability (>100 h). Theoretical calculations explain the experimental results 
by demonstrating that the curvature of graphitic carbon is critical for the activity of 
meta-carbon atoms near graphite N and ortho/meta carbon atoms near pyridine N. 

In addition to single atoms encapsulated in carbon materials, bimetallic nanopar-
ticles embedded in carbon show similar activity enhancement. Wang et al. [65] 
successfully developed a simple strategy to control the synthesis of a rare hexag-
onally sealed (hcp) NiFe nanoparticle (NP) crystal structure encapsulated in a 
nitrogen-doped carbon (NC) shell (hcp–NiFe@NC). Under alkaline conditions, hcp– 
NiFe@NC exhibited superior OER activity than the conventional face-centered cubic 
(fcc) NiFe encapsulated in N-doped carbon shells (fcc-NiFe@NC). When the Fe/Ni 
ratio is ~5.4%, hcp-NiFe@NC exhibits excellent OER performance, and the NC 
coating on the NiFe surface also gives it high stability during the OER process. The 
results indicate that hcp-NiFe NP has good electronic properties, which accelerates 
the reaction on the NC surface and thus improves the catalytic activity of OER. 
Besides, Hao et al. [66] reported a novel method to prepare FeCo alloy nanopar-
ticles (NPs) embedded with N, P co-doped carbon encapsulated N-doped carbon 
nanotubes (NPC/FeCo@NCNTs), where the NCNTs were derived from graphene 
oxide (GO) nanosheets and melamine. Specifically, the melamine-GO–PS–Fe–Co 
composites were obtained by strong complex interactions (e.g., electrostatic inter-
actions, covalent and coordination bonds) between melamine, GO, PS (polystyrene 
spheres), FeCl3, and Co(NO3)2. N-doped carbon nanotubes embedded with FeCo 
NPs (FeCo@NCNT) were generated by two-step calcination of the melamine-GO– 
PS–Fe–Co composites. The formation of NPC/FeCo@NCNT was achieved by calci-
nation of FeCo@NCNT in polyphosphazenes (Fig. 7.3a, b). Interestingly, the elec-
trocatalytic performance of NPC/FeCo@NCNT was greatly enhanced when it was 
used as a bifunctional catalyst for ORR and OER. In particular, the overpoten-
tial of NPC/FeCo@NCNT only needs 339.5 mV can provide a current density of
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Fig. 7.3 Metal nanoparticles encapsulated carbon-based electrocatalysts for OER. a and 
b TEM images of NPC/FeCo@NCNT. c OER polarization curves of NHGS, FeCo@NCNT, 
NPC/FeCo@NCNT, NPC, and RuO2 in 0.1 M KOH. d The optimized geometry models and e 
the calculated density of states of NCNT, FeCo@NCNT, and NPC/FeCo@NCNT [66]. Copyright 
2021, WILEY–VCH. f TEM image and g HR-TEM image of the amorphorized Co0.8Fe0.2OOH@C 
nanosheets. h Polarization curves of Co0.8Fe0.2OOH@C nanosheets, Co0.8Fe0.2OOH, CoFe–LDH 
nanosheets, commercial RuO2, and the CFP substrate at a scan rate of 5 mV s−1 in 1.0 M KOH 
[67]. Copyright 2020, WILEY–VCH

10 mA cm−2 for OER (Fig. 7.3c) and shows an onset potential of 0.92 V to drive ORR. 
More impressively, the bifunctional activity parameter (Δ E) of NPC/FeCo@NCNT 
is as low as 0.741 V, indicating that its bifunctional catalytic activity is better than 
most of the reported state-of-the-art bifunctional electrocatalysts. Three geometrical 
configurations, NCNT, FeCo@NCNT, and NPC/FeCo@NCNT, were constructed 
by density flooding theory (DFT) to simulate the occurring OER/ORR process 
(Fig. 7.3d). Figure 7.3e shows that all catalysts exhibit an ideal density of states, all 
above the Fermi energy level, indicating the high conductivity of these catalysts. The 
electronic states near the Fermi energy level of FeCo@NCNT are enhanced compared 
to those of NCNT, indicating the improved metallic character of the material. The 
metallic character of NPC/FeCo@NCNT can be enhanced due to the hybridization 
effect between the 2p state of the N atom and the adjacent C atom and the 3d state of 
the FeCo atom, resulting in a sharper peak near the Fermi energy level. The charge
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distribution analysis shows that the coupling of FeCo clusters to NCNT can achieve 
direct electron transfer from FeCo to NCNT (Fig. 7.3d). The above analysis indi-
cates that the interaction between FeCo NPs and NCNT and the presence of N and 
P co-doped carbon structures play an important role in the high catalytic perfor-
mance of NPC/FeCo@NCNT. Han et al. [67] rationally designed and successfully 
synthesized efficient electrocatalysts made of amorphous Co0.8Fe0.2OOH nanosheets 
encapsulated by carbon shells by using Co0.8Fe0.2P@C nanosheets as efficient precat-
alysts (Fig. 7.3f, g). The conversion of cobalt-iron phosphide to the corresponding 
hydroxide was achieved by in situ electrochemical oxidation and deep structural 
reconstruction, during which phosphorus species were leached from the phosphide 
structure, and the residual cobalt-iron species were oxidized. Detailed structural anal-
ysis and characterization demonstrate the complete transformation from phospho-
rylated cobalt-iron to cobalt-iron hydroxide with a bulk phase amorphous structure. 
Thus, the amorphous Co0.8Fe0.2OOH@C nanosheets have highly exposed active 
sites, abundant edge sites and pores, and an effective conducting framework, which 
synergistically achieves high oxygen precipitation activity. As a result, only low 
overpotentials of 254 and 292 mV are required to provide current densities of 10 and 
100 mA cm−2 (Fig. 7.3h) with excellent stability (15 days of continuous stable oper-
ation at 100 mA cm−2). However, in situ studies provide indirect evidence for struc-
tural and phase reconstruction during phosphorus leaching, and the origin of the OER 
active site in Co0.8Fe0.2OOH@C nanosheets remains unclear. Therefore, theoretical 
and in situ/operational conditions analyses are needed as future directions to investi-
gate the mechanism of structural reconstruction and the active catalytic sites on the 
Co0.8Fe0.2OOH surface. Nevertheless, the present work opens a path for the rational 
design of amorphous nanomaterials to achieve efficient energy storage/conversion 
applications.

The activity performance of bimetallic transition metal hybrids encapsulated in 
carbon materials is also impressive. Cao et al. [68] reported a novel core–shell struc-
ture of a binary metal selenide hybrid electrocatalyst consisting of a selenide (cobalt, 
nickel) core and a nitrogen-doped carbon shell loaded on an electrochemically exfo-
liated graphite (EG) foil (EG/(Co, Ni)Se2–NC) on it. The hybrid catalysts were 
prepared by selenization of CoNi layered double hydroxide (CoNi-LDH)/zeolite 
imidazolate framework-67 (ZIF-67) nanosheet array. Due to the synergistic effect 
of the binary metals Co and Ni and N-doped carbon, the EG/(Co, Ni)Se2–NC 
hybrid exhibited remarkable OER electrocatalytic performance at a current density of 
10 mA cm−2 with a low overpotential of 258 mV and a small Tafel slope of 73.3 mV 
dec−1, which was superior to commercial Ir/C and most reported binary cobalt 
selenide based materials. In situ electrochemical Raman spectroscopy combined 
with non-in situ X-ray photoelectron spectroscopy analysis showed that the ultra-
high OER catalytic activity can be attributed to the highly active Co–OOH species 
and Ni elemental modification of the electron transfer process.



160 M. Liu et al.

7.5 Metal Nanoparticles Supported Carbon-Based 
Electrocatalysts for OER 

In addition to encapsulating metal nanoparticles in carbon-based materials, they can 
also be loaded onto carbon-based materials. Xu et al. [69] demonstrated that dual elec-
trical behavior modulation on the electrocatalyst achieved enhanced electrochemical 
water oxidation. By hybridizing metallic Ni3C nanoparticles with conductive carbon 
(Ni3C/C), the intrinsic metallic properties will promote electron transport within 
the electrocatalyst phase and the conductive carbon carrier, thus promoting charge 
transport on the catalyst surface, significantly improving the OER catalytic perfor-
mance compared to pure Ni3C, NiO and NiO/C. In addition, the catalytic mecha-
nism of Ni3C/C was investigated by XAFS characterization, HRTEM, and EELS 
spectroscopy; the NiOx/Ni3C/C heterostructure was shown to be an actual effective 
species for the OER process. Liang et al. [70] reported a hybrid material of Co3O4 

nanocrystals grown on mild graphene oxide (Fig. 7.4a) as a high-performance bifunc-
tional catalyst for oxygen reduction reaction (ORR) and oxygen precipitation reaction 
(OER). Although Co3O4 or graphene oxide alone has almost no catalytic activity, 
their hybrids exhibit unexpectedly high ORR activity, which is further enhanced 
by the nitrogen doping of graphene. The high activity for OER was also observed 
(Fig. 7.4c), making it a high-performance non-precious metal bi-functional cata-
lyst for ORR and OER. To collect the interactions between CO3O4 and GO, X-ray 
absorption near edge structure (XANES) measurements were performed (Fig. 7.4b).

Fig. 7.4 Metal nanoparticles supported carbon-based electrocatalysts for OER. a TEM images 
of Co3O4/N–rmGO hybrid. b C K-edge XANES of N–rmGO (blue curve) and Co3O4/N–rmGO 
hybrid (red curve). Inset shows O K-edge XANES of Co3O4 (black curve) and Co3O4/N–rmGO 
hybrid (red curve). c Oxygen evolution currents of Co3O4/N–rmGO hybrid, Co3O4/rmGO hybrid, 
and Co3O4 nanocrystal loaded onto Ni foam (to reach a high catalyst loading of ∼1 mg cm−2) 
measured in 1 M KOH [70]. Copyright 2011, Nature Publishing Group. d and e The SEM and TEM 
images of the obtained CoFe2O4@N–CNFs. f LSV polarization curves of different catalysts [71]. 
Copyright 2017, WILEY–VCH
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bond formation between CO3O4 and N-rmGO and changes in the chemical bonding 
environment of C, O, and Co atoms in the hybrid material may be responsible for 
the synergistic catalytic activity.

In addition to monometallic nanoparticles, polymetallic nanoparticles loaded on 
carbon materials are also performed strongly. Li et al. [71] demonstrated a feasible 
electrostatic spinning method for the simultaneous synthesis of CoFe2O4 nanopar-
ticles (denoted as CoFe2O4@N–CNF) uniformly embedded in N-doped carbon 
nanofibers (Fig. 7.4d–e). By combining catalytically active CoFe2O4 nanoparticles 
with N-doped carbon nanofibers, the synthesized CoFe2O4@N–CNF nanohybrids 
exhibited excellent OER performance compared to their single-component counter-
parts (pure CoFe2O4 and N-doped carbon nanofibers) and commercially available 
RuO2 catalysts (Fig. 7.4f). The improved catalytic performance results from the 
unique one-dimensional structural features and the synergistic interaction between 
the constituents. Morales et al. [72] reported a highly active OER catalyst Fe0.3Ni0.7Ox 

using oxygen-functionalized multi-walled carbon nanotubes as a carrier, which was 
essentially activated as a bifunctional ORR/OER catalyst by the additional addition 
of MnOx. Carbon nanotube-loaded trimetallic (Mn–Ni–Fe) oxide catalysts demon-
strated extremely low ORR and OER overpotentials. The combination of rare earth-
rich transition metal oxides had a strong synergistic effect on catalytic activity. A four-
electrode configuration cell assembly comprised an integrated two-layer bifunctional 
ORR/OER electrode system with each layer dedicated to ORR and OER to prevent 
the deactivation of ORR activity commonly observed at monolayer bifunctional 
ORR/OER electrodes after OER polarization was used to evaluate the suitability of 
the prepared catalysts for reversible ORR/OER electrocatalysis. 

7.6 Conclusion and Perspective 

Carbon-based OER catalysts have received intense attention in recent years because 
of their structural and compositional diversity, as well as their good electrocatalytic 
properties, which have outperformed traditional metal oxide or metal hydroxide elec-
trodes and even noble metals, primarily under alkaline conditions. Although carbon 
itself does not contribute to these reactions, the high intrinsic OER activity, high 
possible surface area, and high electrical conductivity provided by the defective and 
heteroatom-doped structures result in excellent OER activity with low overpotential. 
The transition metals-doping can further boost carbon activity. Encasing metal or 
metal compound particles in thin graphite layers or nanotube structures is another 
strategy. The metal core’s electronic effects can activate the carbon layer for OER. In 
general, these core–shell layer materials are more active than doped carbon (except 
for atomically dispersed materials). 

Despite the exciting advances of carbon-based OER catalysts, there are still some 
challenging questions to be answered:
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(1) It is blurry for the real active sites and reaction mechanisms of various carbon-
based materials. High-resolution in situ microscopy and spectroscopic tech-
niques combined with advanced theoretical calculations (i.e., considering elec-
trolytes and potentials) may help fully understand the role of doped elements 
and metal/metal compound cores. 

(2) Increasing the number of active sites is also an effective strategy to enhance 
OER performance. For example, the metal atom loading is very low for atom-
ically dispersed catalysts. Increasing the metal loading while maintaining 
atomic dispersion is a challenging task. More advanced synthesis methods 
need to be developed. 

(3) To better evaluate the activity and stability of carbon-based electrocatalysts, 
the assessment of industrial electrolytic cell parameters is necessary. To date, 
almost all evaluation data are based on liquid cell test reports and may not 
represent the electrolytic cell’s actual performance. The viability of carbon-
based materials as anode and cathode catalysts should be evaluated in the 
industrial electrolytic cell. The results of such tests are essential to guide the 
future development of carbon-based electrocatalysts. 

(4) Development of in-situ characterization. Most transition metal-based catalysts 
undergo phase changes under OER conditions, including structure, valence 
state, and coordination environment. Most of the research works have used 
non-in situ techniques, which can only give the characterization results before 
and after OER measurements. However, the basic origin of the structural evolu-
tion information and self-reconstruction during OER is not fully understood. 
Therefore, the use of in situ techniques to detect intermediates and their adsorp-
tion/desorption behavior is essential to obtain direct experimental evidence for 
the proposed OER mechanism. The combination of in situ techniques, theo-
retical calculations, and electrochemical measurements can more effectively 
reveal the reaction mechanism and guide the rational design of optimized OER 
electrocatalysts. 

(5) Balancing the cost, stability, and universality of materials. Low cost, including 
synthetic feedstock and manufacturing process and robust stability, can be 
effectively operated in commercial facilities for several years. In addition to 
this, the ability to catalyze OER at a wide range of pH values, especially in 
acidic media and environmentally neutral electrolytes. However, so far, no OER 
electrocatalyst has been able to satisfy both of these advantages. Therefore, 
more efforts should be made in the future. 

It provides some case studies for the design and development of new, efficient, 
low-cost, carbon based OER catalysts, and puts forward some challenges that still 
exist at present. This provides them with a great opportunity to surpass precious metal 
based OER catalysts in the clean energy and other technology markets. Continuing 
research and development in this exciting area will improve fuel economy and reduce 
the cost of producing important industrial chemicals.
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