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A B S T R A C T   

Transition metal oxide-based materials are an interesting alternative to substitute noble-metal based catalyst in 
energy conversion devices designed for oxygen reduction (ORR), oxygen evolution (OER) and hydrogen evo
lution reactions (HER). Perovskite (ABO3) and spinel (AB2O4) oxides stand out against other structures due to the 
possibility of tailoring their chemical composition and, consequently, their properties. Particularly, the elec
trocatalytic performance of these materials depends on features such as chemical composition, crystal structure, 
nanostructure, cation substitution level, eg orbital filling or oxygen vacancies. However, they suffer from low 
electrical conductivity and surface area, which affects the catalytic response. To mitigate these drawbacks, they 
have been combined with carbon materials (e.g. carbon black, carbon nanotubes, activated carbon, and gra
phene) that positively influence the overall catalytic activity. This review provides an overview on tunable 
perovskites (mainly lanthanum-based) and spinels featuring 3d metal cations such as Mn, Fe, Co, Ni and Cu on 
octahedral sites, which are known to be active for the electrochemical energy conversion.   

1. Introduction 

In recent years, society has become increasingly aware of the envi
ronmental impact of the use of fossil fuels for energy production. Several 
international treaties have been reached, especially on global warming 
due to anthropogenic greenhouse gas emissions and their impact on 
climate change. The first relevant agreement in this field was the Kyoto 
protocol, which was achieved in the United Nations Framework 
Convention on Climate Change in 1997. This set of rules came into force 
in 2005 and set the objective to reduce the net emissions of greenhouse 
gases causing global warming (UNFCC, 2008). Another recent treaty 
was the Paris Agreement, ratified within the United Nations Framework 
Convention on Climate Change in 2016, where the objective was to keep 
the global average temperature increase below 2 ◦C above preindustrial 
levels and make efforts to limit this increase preferably to 1.5 ◦C 
(UNFCC, 2015). Unfortunately, fossil fuels currently dominate the en
ergy market and, in order to achieve the proposed objectives, it is vital to 
reduce their use and promote renewable energies. 

In addition to international agreements, some countries have estab
lished their own standards to reduce the use of non-renewable fuels, 
such as making greater efforts to incorporate renewables into the 

electric power mix and replacing combustion-engine vehicles with more 
sustainable electric alternatives (based on either rechargeable batteries 
or fuel cells). As for combustion engine vehicles, the United Kingdom 
will ban the sale of this type of car by 2030 (Perry, 2020), while Ger
many in its action program against climate change foresees that public 
transport will stop using fossil fuels by 2050 and will forbid the regis
tration of conventional cars in 2035 (Wehrmann, 2020). It is then 
necessary the development of technologies which, based on alternative 
energy sources, are able to reduce the emission of greenhouse gases 
(Mulder et al., 2011; Chel and Kaushik, 2018; Thomas and Zalbowitz, 
1999). One of these technologies could be fuel cells, which are electro
chemical devices that produce electrical energy directly from chemical 
energy. Fuel cells appeared for the first time in 1839, when William 
Grove suggested the possibility of producing electricity by electro
chemically combining oxygen and hydrogen (Hurley, 2002). Grove 
called his invention a “gas battery”, a device that basically consisted of 
two platinum electrodes immersed in an electrolyte solution of sulfuric 
acid and fed with both gases. Since then, fuel cell technology has 
experienced extensive modifications to improve reagent feed, ion 
transport, reaction kinetics and, ultimately, its overall efficiency. One of 
the available technologies is the Alkaline Fuel Cell (AFC) which uses an 
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alkaline electrolyte such as potassium hydroxide. This technology was 
developed by NASA in 1960 and, due to its high price and operation 
characteristics, it is only employed in space missions (Andújar and 
Segura, 2009). Currently, among the diverse available options, the 
technology developed in the 1960s by General Electric Co, and known as 
Proton Exchange Membrane Fuel Cell (PEMFC), seems to be the most 
promising to replace combustion engines (Andújar and Segura, 2009; Li 
et al., 2003; Dekel, 2018; Wang et al., 2011). 

If the proton exchange membrane is replaced by an anion exchange 
membrane, we are describing an Alkaline Anion Exchange Membrane 
Fuel Cell (AAEMFC) (Pan et al., 2018). In the anode of the fuel cell the 
hydrogen oxidation reaction (HOR) occurs, whereas in the cathode the 
oxygen reduction reaction (ORR) takes place. Both reactions require a 
catalyst, which is especially important for the ORR because of its worse 
kinetics, and current vehicles employing fuel cell technology use 
Pt-based catalysts for both reactions. Due to the scarcity and high price 
of this metal, it is very important to develop new catalysts based on 
alternative elements, which can reduce production costs without 
reducing their catalytic properties too much (Kongkanand et al., 2019). 

The kinetics of ORR is well-known in both acidic and alkaline media. 
The reaction can proceed mainly through two different routes (Ram
aswamy and Mukerjee, 2012; Hong et al., 2015; Shinagawa et al., 2015), 
as observed in Table 1. The ideal mechanism involves a 4-electron 
pathway, which produces the direct conversion of O2 into H2O or OH−

in acidic and alkaline medium, respectively. This is the preferred route, 
due to its better energy efficiency and the lack of peroxide formation, 
which is highly corrosive. However, the reaction can also proceed 
through a 2-electron pathway, yielding H2O2 and HO2

− in acidic and 
alkaline medium, respectively. These species can be then reduced to 
H2O and OH− , which results in an overall 2 + 2 electron mechanism. 
Moreover, both species (H2O2 and HO2

− ) can also suffer disproportion
ation reactions as those described in Eq. 4 in Table 1. 

Usually, the more selective catalysts for water formation show higher 
activity for ORR. In this way, catalysts based on platinum such as plat
inum nanoparticles supported on carbon materials (Stacy et al., 2017; 
Wu and Yang, 2013) appear among the best group of catalysts at the 
moment. They show also some problems such as the lack of stability due 
to Pt leaching, which is more important in alkaline medium (Zadick 
et al., 2015), or those derived from the loss of catalytic activity by 
CO-poisoning, which makes necessary to feed the fuel cell with high 
purity H2 (Zhang, 2008). 

Multiple strategies have been studied to reduce costs and to improve 
the stability of Pt-based catalysts. For example, new catalysts were 
prepared by supporting Pt nanoparticles with different sizes and mor
phologies on carbon materials (Luo and Alonso-Vante, 2015). However, 
it is necessary to find cheaper alternatives which, based on more 
abundant elements, can provide a similar electrocatalytic activity. In 
this context, metal alloys have been used to enhance some catalytic 
properties and to lower the price of the final catalyst (Shao et al., 2016). 
Materials based on transition metal oxides, especially those containing 
3d metals, appeared as suitable alternatives because they gather some 
key features: their synthesis is usually straightforward, different oxida
tion states are attainable (which is important for some electrocatalytic 
applications) and they can be modified to show enhanced electrical 

conductivity or chemical stability (Hong et al., 2015; Goswami et al., 
2018; Osgood et al., 2016). Particularly, metal oxide materials with 
perovskite or spinel structures are interesting options because it is 
possible to tailor their chemical structure and composition and, conse
quently, their physicochemical properties (Goswami et al., 2018; Zhu 
et al., 2016). 

It is worth mentioning that the importance of the oxygen reduction 
reaction is not limited to PEMFC related technology. Other prominent 
applications such as metal-air batteries or hydrogen peroxide produc
tion make use of such a reaction (Lim and Hoffmann, 2019; Yuan et al., 
2011). Contrary to fuel cells, conventional batteries are closed systems 
where electrode materials play a key role in the redox reactions as 
“active masses” and energy storage and conversion occur in the same 
compartment (Winter and Brodd, 2004). On the other hand, metal-air 
batteries can be considered as hybrid systems, containing a battery 
electrode in the anode and an electrode fed with oxygen in the cathode. 
Such an arrangement generates larger energy density because oxygen 
can be continuously supplied by the atmosphere and no storage is 
required (Winter and Brodd, 2004; Li and Lu, 2017; Chawla, 2019). 
Some of these devices are rechargeable, which makes important the 
oxygen evolution reaction, the reverse reaction to ORR (Shirvanian and 
van Berkel, 2020; Zhang et al., 2020a; Eftekhari, 2017). Since OER ex
hibits sluggish kinetics, the use of catalysts based on noble metals, such 
as RuO2 or IrO2 (Ma et al., 2018; Nguyen et al., 2016; Reier et al., 2012), 
is necessary. Similarly, metal oxide nanoparticles have been employed 
to reduce costs and to enhance activity (Nguyen et al., 2016) and the 
stability has been improved by synthesizing alloys with noble metals 
such as Pt (Ollo et al., 2015). However, it is still necessary to find lower 
cost alternatives based on more abundant elements. Some transition 
metal oxides are known to show interesting bifunctional behavior as 
they can catalyze both ORR and OER (Zhu et al., 2017; Liu et al., 2020a). 

OER is closely related to the electrochemical production of hydrogen 
from water. It is expected that this clean and sustainable energy vector 
will play a significant role in the near future due to its high specific 
energy density and unlimited availability (Mazloomi and Gomes, 2012). 
At present, hydrogen production is based on natural gas reforming and 
carbon (or biomass) gasification, but water hydrolysis through either 
photo- or electrolysis has appeared as an eco-friendly promising alter
native (Mazloomi and Gomes, 2012; Huang and Wang, 2020; David 
et al., 2019). Between these two hydrolysis routes, electrolysis seems to 
be a better option to generate green hydrogen on a large scale. Devices 
based on Polymer Electrolyte Membrane Electrolyzers (PEME) are 
attracting great interest for that purpose (David et al., 2019; Abdol 
Rahim et al., 2016). Such a technology offers some advantages, as those 
related to the higher purity and outlet pressure of the product, smaller 
equipment size or higher security level. Apart from those devices based 
on polymer membrane for alkaline medium (Alkaline Exchange Mem
brane, AEM) and acidic medium (Proton Exchange Membrane, PEM), 
alkaline electrolyzers where the electrolyte is a water solution of KOH or 
solid-state devices (Solid Oxide Electrolysis, SOE) can also be found. 
Alkaline electrolyzers are preferred for large installations, whereas PEM 
devices, with better dynamics and gas quality, show better applications 
in electric energy production for industries or at a residential level. On 
the other hand, AEM and SOE electrolyzers are technologies still under 
development and must overcome the stability barriers to compete with 
other existing technologies (David et al., 2019). 

In PEME devices, hydrogen evolution reaction (HER) occurs at the 
cathode and OER at the anode. Both reactions require a catalyst, 
although HER is kinetically more favorable. In any case, Pt-based cata
lysts show probably the best activity for hydrogen formation and the 
design and optimization of alternative materials is needed (Kemppainen 
et al., 2015; Xu et al., 2015a). In this review, we will focus on the 
analysis of metal oxides with either perovskite or spinel structures 
because they show good electrocatalytic response for this reaction (Zhu 
et al., 2016; Zhang et al., 2020a; Retuerto et al., 2017). Moreover, 
transition metal oxides, apart from owning a good response for HER, 

Table 1 
Mechanisms proposed in the literature for ORR in acidic and alkaline medium.  

Reaction 
pathways 

Acidic medium Alkaline medium Eq. 

4 electrons O2 + 4H+ + 4e− →2H2O O2 + 2H2O+ 4e− →4OH− Eq.1 
2 + 2 electrons O2 + 2H+ + 2e− →H2O2 O2 + H2O+ 2e− →HO−

2 +

OH−

Eq.2 

H2O2 + 2H+ + 2e− → 
2H2O 

HO−
2 + H2O+ 2e− →3OH− Eq.3 

Disprop. 
Reaction 

2H2O2⇋ ​ O2 + 2H2 2HO−
2 ⇋ ​ O2 + 2OH− Eq.4  
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also show an outstanding activity for ORR and OER, which make them 
possible trifunctional catalysts (Zhang et al., 2020b; Wang et al., 2017a). 
In this context, the bibliographic analysis done will focus only on 
alkaline media because, on one hand, metal oxides have poor stability in 
acidic conditions and, on other hand, alkaline electrolytes minimize 
corrosion problems and the kinetics involved in ORR is slightly more 
favored. However, polymer alkaline membranes have some limitations 
due to degradation, making them a technology still under development. 
Once the aforementioned problems have been solved, AAEMFC batteries 
can be postulated as a real alternative to replace PEMFC batteries. 

2. General description of the electrochemical reaction 
mechanisms at metal oxides 

Diverse factors can influence the electrochemical activity of metal 
oxides in ORR, OER, and HER. These factors are mostly associated on the 
one hand to the crystal structure of the compound and, on the other, to 
the number of available oxygen vacancies. Therefore, before discussing 
the mechanisms of electrochemical reactions, it is important to analyze 
the structure of perovskite- and spinel-based metal oxides. The ABO3 
perovskite (Pan and Zhu, 2016; Rao and Meyers, 2003), where A is a rare 
earth metal or an alkaline earth metal cation and B is a 3d transition 
metal cation, shows a cubic structure (Fig. 1a). In this structure, A cat
ions are found at the vertices of the cube and B cations are located in an 
octahedral environment surrounded by 6 oxygen anions that generate 
the BO6 octahedron. According to the crystal field theory (CFT) (Griffith 
and Orgel, 1957), a d-orbital splitting of the B cation generates two 
orbital groups: a lower energy group of three t2g orbitals and a higher 
energy group of two eg orbitals. However, in the presence of vacancies or 
at the surface, the metal transition orbitals are stabilized adopting a 
square pyramidal symmetry, where the B cation is surrounded by only 5 
oxygen anions. In electrochemical reactions, this configuration favors 
that reactants and products can interact with the empty position (Gri
maud et al., 2013). 

BO6 octahedra can be also found in spinel-based structures, which 
are cubic close-packed anions arrays where cations are occupying 
tetrahedral and octahedral environments. In this unit cell of general 
formula AB2O4 (with A and B metals) there are 32 oxygen atoms with 16 
cations occupying octahedral sites and 8 cations occupying tetrahedral 
sites (Fig. 1b) (de Villiers et al., 2003). However, several spinel types can 
be distinguished (Grimes et al., 1989; Janani et al., 2020): The normal 
spinel, where A cation occupies tetrahedral sites due to its lower crystal 
field stabilization energy (CFSE), and B cation occupies octahedral sites 
due to its higher CFSE, which results in the formula A[tet]B[oct]

2 O4 . In the 
inverse spinel, A cations show higher CFSE and tend to fill octahedral 

sites, whereas B cations due to its lower CFSE can occupy either octa
hedral or tetragonal sites, which results in the formula B[tet] (A[oct]

B[oct])2O4. Mixed metal oxide spinels can also be found (Kaufman, 1993), 
for which both cations can hold octahedral and tetrahedral sites ac

cording to (AII
1− xBIII

x )
[tet]

(AII
x BIII

2− x)
[oct]O4 stoichiometry, where the inverse 

spinel is formed for x = 1 and a mixed one if 1 > x > 0. 
Generally, octahedral sites show a greater effect than tetrahedral 

positions on the catalytic activity of the spinel-based structure. This is 
particularly significant for ORR and OER reactions, for which at octa
hedral sites the high energy eg orbital can overlap with the O-containing 
molecules. On the contrary, at tetrahedral sites neither the eg nor the t2g 
orbital point to the oxygen, which leads to a weak interaction with ox
ygen species (Janani et al., 2020; Liu et al., 2019a). In the following 
sections, the reaction mechanisms involved in ORR, OER and HER re
actions at metal oxides with perovskite- and spinel-based structures will 
be discussed. 

2.1. The oxygen reduction reaction mechanism 

The mechanism of the oxygen reduction reaction at metal oxides is 
governed by the nature of the transition metal involved. Indeed, the 
optimum interaction between reaction intermediates and the metal site 
depends strongly on the outer electronic structure of this latter species. 
For this reason, diverse studies (Sunarso et al., 2012; Ashok et al., 2018; 
Celorrio et al., 2016a) were carried out to study the influence of the 
transition metal especially for lanthanum-based perovskites (LaBO3) 
(see Fig. 2). 

Sunarso et al. (2012) investigated this reaction on perovskites 
substituted with different transition metal cations at the B-site. They 
reported the following relative electrochemical activity: LaCoO3 >

LaMnO3 > LaNiO3 > LaFeO3 > LaCrO3, a result related with the intrinsic 
activity of the transition metal. The series of same perovskites was 
studied by Ashok et al. (2018) who found higher electrocatalytic activity 
for LaMnO3 as compared to LaCoO3 perovskite. Despite its lower current 
density, LaCoO3 showed higher stability and was a more feasible option 
for ORR. Celorrio et al. (2016a) reported also better electrocatalytic 
activity for LaMnO3, a result that was attributed to the presence of Mn3+

species. Particularly, it was suggested that the redox process 
Mn4+/Mn3+ appears close to the oxygen reduction and influences the 
activity of this perovskite. 

Early studies revealed that the electrocatalytic behavior of a transi
tion metal is affected by the number of d electrons. In the 80’s Bockris 
and Otagawa (1984) obtained a correlation between this parameter and 
the strength of Metal-OH- bonds and Tejuda and Fierro (Tejuca and 

Fig. 1. a) A perovskite-based metal oxide structure where the octahedral site can be observed and b) A Spinel-based metal oxide structure where both octahedral and 
tetrahedral sites can be observed. 
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Fierro, 1989) reported the metal reactivity for CO oxidation versus the 
number of d electrons in the form of a volcano plot. More recently, 
Suntivich et al. (2011a) analyzed the effect of eg orbital filling on the 
intrinsic activity of transition metals towards ORR by means of the 
volcano plot, which was adapted by Risch (2017) and it is shown in 
Fig. 3. 

From this plot, it can be concluded that the eg orbital filling governs 
the metal-oxygen interaction and an optimum is found when the occu
pancy of the eg orbital is close to one electron. In fact, the metal-oxygen 
species interaction is very strong for fillings below 1 and too weak above 

this value, which does not benefit the ORR. Fig. 3 reveals that LaMnO3, 
LaCoO3 and LaNiO3 perovskites are very active materials for this reac
tion, what is in agreement with the experimental results presented in 
Fig. 2. Although, there is a disagreement in the order of the specific 
activity of the oxide materials, which might be related to the physico
chemical properties produced by the synthesis method. The importance 
of eg orbital filling was implicitly discovered by Matsumoto et al., 1977a, 
1977b, who tried to find the factor that governs the catalytic activity of 
metal oxide perovskites towards ORR. They found that the σ* orbital 
from the B–OH bond has 1 electron, which comes from the eg orbital of 
the transition metal. Moreover, it was demonstrated that the covalency 
level of the B–O bond between the transition metal and the lattice ox
ygen influences the rate limiting steps. The mechanism proposed by 
Suntivich et al. (2011a) and adapted by Li et al. (2016a) is depicted in 
Fig. 4 and consists of four elementary steps. The rate-determining steps 
are the OH− /O2

2− exchange (step 1) and the OH− regeneration (step 4) 
on the transition metal surface. 

In the first step an OH− /O2
2− exchange occurs according to the 

equation (5). 

B3+ − OH− + O2 + ​ e− →B4+ − BO2−
2 + OH− (5) 

Firstly, the O2 molecule interacts with the σ* orbital of the B–OH- 

species and then an electron injected from the cathode and an electron 
from the B cation form the more stable configuration B–O2

2- with the 
desorption of the OH− species. As a result, the Bm + cation is oxidized to 
B(m+1)+. In the second step the reduction of B(m+1)+ to Bm + occurs and 
the O2

2− species reacts with a water molecule from the electrolyte to 
produce a hydroperoxide ion (HO2

− ) and an OH− is released to the so
lution. In the third step, the adsorbed HO2

− species reduces to yield 
adsorbed O2− and OH− (released to the solution) because two electrons 
are again gained from the cathode and the metal producing the oxida
tion of Bm + to B(m+1)+. Finally, in the fourth step, O2− adsorbed on the 

Fig. 2. Study of the catalytic activity of LaBO3 perovskites in ORR a) Reprinted with permission from Ref. 59. Copyright 2012, American Chemical Society, b) 
Reprinted with permission from Ref. 61. Copyright 2016, John Wiley and Sons, c) Reprinted from Ref. 60. Copyright 2017, with permission from Elsevier, and d) 
Stability of the LaMnO3 and LaCoO3 materials through chronoamperometric experiments. Reprinted from Ref. 60. Copyright 2017, with permission from Elsevier. 

Fig. 3. The relationship between the eg occupancy and ORR activity of various 
transition metal oxide surfaces, assessed by the potential at the specific current 
of 50 μA cm− 2

ox (current density related to the surface area of oxides). Reprinted 
from Ref. 65. 
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cation combines with a water molecule to yield two OH− ions; one is 
released to the solution and the other remains adsorbed on Bm+, which 
was obtained from the reduction of B(m+1)+ by the cathodic current. The 
rate-determining step depends on the occupancy of eg orbitals: above 1 
electron, the OH− /O2

2− exchange is slowed because it is not formed a 
more stable interaction between the exchanged specie and the B-site 
cation during the displacement, thus the ORR reaction kinetics may be 
limited by the rate of OH− /O2

2− exchange (step 1). However, for an 
occupancy below 1 electron, the B–O2- species is not sufficiently desta
bilized and the reaction is limited by OH− regeneration (step 4) (Sun
tivich et al., 2011a). The same mechanism can be applied to spinel-based 
materials (Lee et al., 2015a; Wang et al., 2018) because 3d transition 
metals are also in an octahedral site in this structure. Long et al. (2019) 
confirmed that the catalytic activity to ORR depends on the covalency of 
the B–O bond (oxygen from the lattice) by using soft X-ray Absorption 
Spectroscopy (sXAS). 

Several studies revealed the role played by oxygen vacancies in ORR 
(Risch, 2017; Ji et al., 2020; Matsumoto et al., 1978). Matsumoto et al. 
(1978) studied their effect in LaNiO3 perovskite and found that HO2

−

species adsorbed on the transition metal cation can combine with Ni3+

active sites and oxygen vacancies making the reduction to OH− easier. 
Fig. 5 shows the reaction mechanism involving oxygen vacancies as 
interpreted by Risch (2017). The active site is depicted as two transition 
metal atoms with OH− adsorbed and an oxygen vacancy (c1). Then, an 
OH− ion is displaced by an O2 molecule which interacts with a metal site 
and occupies the oxygen vacancy (c2). In the next step (c3) a water 
molecule interacts with the adsorbed dioxygen producing the breaking 
of the O–O bond, thus releasing an OH− and leaving an O species in the 
vacancy position. Then, a further interaction with a water molecule 
occurs producing an OH− , which is released to the solution, and a H+

species that interacts with O in the oxygen vacancy position yielding and 
OH species. Finally, the oxygen vacancy is recovered through the release 
of OH− . In each one of these four steps an electron is supplied by the 
cathode giving rise to the four electron reduction of the dioxygen 
molecule. 

The mechanisms described above involve a 4-electron pathway. 
However, in an alkaline medium the oxygen reduction reaction can also 
proceed through a 2 + 2 electron pathway or, alternatively, through a 
chemical reduction (Mattick et al., 2018; Miyahara et al., 2014). The 
detailed mechanisms are described in Table 1 for alkaline medium. At 
low overpotentials (roughly between 0.5 and 0.7 V) the reduction pro
ceeds through either a 4-electron pathway (Eq. 1) or a 2-electron 
pathway generating HO2

− (Eq. 2). The peroxide species cannot be 

subsequently reduced to OH− at such a high potential and, instead, it 
undergoes a disproportionation reaction (Eq. 4). In contrast, at higher 
overpotentials (~0.25 V), peroxide ions are reduced electrochemically 
to yield hydroxyl ions through a 2-electron pathway (Eq. 3). 

2.2. The oxygen evolution reaction mechanism 

The mechanism for the oxygen evolution reaction on perovskite and 
spinel-based metal oxide materials also involves 3d metal cations as 
active sites, which are in octahedral environment. The presence of ox
ygen vacancies in metal oxide centers also improves the electrocatalytic 
activity through OER. 

The OER mechanism at metal oxide perovskites was established in 
the studies of Bockris and Otagawa (1984). It was concluded that the 
rate-determining step in OER is the reaction of OH− with the adsorbed 
O2
− to generate adsorbed HO2

− . In parallel to ORR, filling with 1 electron 
the σ* orbital of the B–OH- bond (coming from 1 electron in the eg orbital 
of the transition metal) also seems to be important due to the partici
pation of these species in the reaction mechanism. In this sense, the 
strength of the B–OH- interaction has a strong influence in the reaction 
mechanism, where moderate values are preferred to maximize the per
formance of the reaction and to generate the desired product, according 
to the Sabatier’s principle (Medford et al., 2015). Suntivich et al. 
(2011b), who studied both OER and ORR, reported a volcano plot 
connecting the eg orbital filling with the measured potential at a constant 
current density. The optimum filling was suggested to be of ~1.2 elec
trons (Fig. 6). A high covalency of B–O bonds is also relevant because it 
promotes the charge transfer between surface cations and adsorbed 
species such as O2

2− and O2− , which results in a higher activity of OER. 
From the results in Fig. 6, it is concluded that LaCoO3 and LaNiO3 are the 
most active perovskites of the LaBO3 series. 

Among the reaction mechanisms proposed for OER, the adsorbate 
evolution reaction mechanism (AEM) considers that the redox processes of 
the transition metal are essential for the development of the reaction. 
OER progresses in the opposite direction to ORR, as it can be observed in 
Fig. 7a (Suntivich et al., 2011b; Mefford et al., 2016; Rong et al., 2016; 

Fig. 4. Proposed mechanism for perovskite-based materials in ORR. Adapted 
from Li et al. Reprinted from Ref. 68. Copyright 2016, with permission 
from Elsevier. 

Fig. 5. Mechanism for ORR involving the lattice oxygen vacancies from the 
metal oxides. The square represents an oxygen vacancy. Reprinted from Ref. 65. 
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Yoo et al., 2018), with two rate-determining steps: the formation of an 
O–O bond in HO2

− adsorbed on a B cation (step 2) and the deprotonation 
of HO2

− to generate O2
2− (step 3). The first step starts with OH− adsorbed 

on a Bm + cation that reacts with another OH− species to generate H2O 
and O2

− . Also, an electron is generated as a result of the oxidation of Bm +

to B(m+1)+. In the second step, O2
− species adsorbed on B(m+1)+ reacts with 

OH− to yield HO2
− , thus reducing the metal cation to Bm+ and releasing 1 

electron. In the third step, an OH− species coming from the solution in
teracts with HO2

− to give H2O and O2
2− , which remains adsorbed on the 

cation and is able to oxidize the metal species to B(m+1)+. Finally, in the 
fourth step, the O2

2− species adsorbed on a B(m+1)+ cation is replaced by 
OH− , which produces O2, the release of one electron and the recovery of 
Bm + oxidation state. 

On the other hand, Fig. 7b shows the mechanism that considers the 
covalency of the B–O bond and the role played by oxygen vacancies. 
Such a mechanism is known as the lattice oxygen oxidation mechanism 
(LOM) (Mefford et al., 2016; Rong et al., 2016; Yoo et al., 2018). The first 
step starts with an adsorbed OH− species on the Bm + cation that reacts 
with OH− from the solution, yielding H2O and releasing 1 electron. 
Besides, a surface O transfer generates O2

− species and the O vacancy. In 
a second step, an exchange of O2

− species with OH− in solution takes place 
to generate O2 and 1 electron. In the third step, the O vacancy becomes 
unstable and OH− fills the vacancy and protonates the surface O lattice, 

which generates 1 electron. Finally, in the fourth step, OH− from the 
solution reacts again to yield H2O and 1 electron and inducing a 
deprotonation that restores the initial surface. In the case that the ma
terial owns surface O vacancies, the LOM mechanism occurs from the 
third step (Rong et al., 2016). It is worth mentioning that there exists a 
direct relation between the covalency of the B–O bond and the presence 
of oxygen vacancies, because the latter can increase the overlapping of 
M 3d and O 2p orbitals, thus enhancing the covalency of the bond, which 
favors OER (Mefford et al., 2016). 

These two mechanisms can occur at metal oxide-based materials, but 
from a global energy point of view, the LOM mechanism is slightly more 
favorable than AEM mechanism (Yoo et al., 2018), which demonstrates 
the significant role of lattice oxygen and oxygen vacancies. It is worth 
noting that a high concentration of oxygen vacancies could be detri
mental, since the metal oxide stability decreases due to cation leaching 
and the surface structure can be damaged (Rong et al., 2016). Similarly 
to ORR, the OER reaction can proceed through two different reaction 
mechanisms (Mattick et al., 2018; Miyahara et al., 2014) involving the 
equations described previously in Table 1 for alkaline conditions (Eq. 
1-Eq. 4) but in the opposite direction. O2 can be produced through a 
4-electron pathway (Eq. 1) but also by a 2 + 2 electron pathway. At low 
potentials, HO2

− is generated through a 2-electron pathway (Eq. 3), 
followed by oxidation to O2 by a further 2-electron pathway (Eq. 2). At 
high potentials, HO2

− is obtained again (Eq. 3) and it is subsequently 
oxidized to O2 through a disproportionation reaction (Eq. 4). 

2.3. Hydrogen evolution reaction mechanism 

The hydrogen evolution reaction proceeds in an alkaline medium 
through either a combination of Volmer-Tafel or Volmer-Heyrovsky 
mechanisms (Wei et al., 2018; Sheng et al., 2013; Pennycook et al., 
2014), which are summarized in Table 2. Both of them involve the 
adsorption of a H2O molecule on the metal surface and its subsequent 
electrochemical reduction to OH− together with the formation of Hads as 
an intermediate species. 

The first volcano plot in an acidic medium was reported by Trasatti 
(1972). The exchange current density, which is related with the equi
librium reaction, was represented versus the metal hydride (M-H) en
ergy of formation. Sheng et al. (2013) performed similar studies in 

Fig. 6. The relationship between eg occupancy and OER activity at perovskite- 
based metal oxide materials, assessed by the potential at the specific current of 
50 μA cm− 2

ox (current density related to the surface area of oxides). From Ref. 77. 
Reprinted with permission from AAAS. 

Fig. 7. Mechanisms involved in OER: a) AEM and b) LOM. The squares represent oxygen vacancies. Reprinted from Ref. 78.  

Table 2 
Mechanisms involved in the hydrogen evolution reactions.  

Volmer-Tafel Volmer-Heyrovsky 

H2O+ ​ e− → ​ Hads + OH− H2O+ ​ e− → ​ Hads + OH−

​ Hads + ​ Hads→H2 ​ Hads + H2O+ ​ e− →H2 + ​ OH−
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alkaline medium and found a relation between the exchange current 
density and the hydrogen adsorption energy. The reaction rate in HER 
also depends on the strength of the M-Hads interaction and, according to 
the Sabatier principle, it is preferable a moderate interaction to promote 
the formation of H2. From the plot it was concluded that Ni, Co, and Fe 
exhibit better activity towards HER. Meanwhile, Quaino et al. (2014) 
related the activity of metals in HER to the free energy for H adsorption 
and found a better electrocatalytic response for Ni and Co. 

3. Perovskite metal oxide-based catalysts 

As mentioned above, perovskite metal oxide-based materials with 
LaBO3 structure are of great interest for electrocatalytic reactions 
involving molecular oxygen. The wide use of lanthanum as the A-cation 
is based on the results obtained after the substitution of a set of lan
thanides in the AMnO3 structure. It was observed that the catalytic ac
tivity decreases in the order: La > Pr > Nd > Sm > Gd > Y > Dy > Yb 
(Hyodo et al., 1996). La3+, having no 4f electrons, provides better 
electrical conductivity and, consequently, an enhancement of the elec
trocatalytic activity (Kozuka et al., 2015). In contrast, the decrease in the 
ionic radius in the previous series of elements produces a reduction of 
the Goldschmidt tolerance factor, which results in the formation of 
progressively less symmetrical structures, which induce distortion and 
rotation of the BO6 octahedron. Among those cations without 4f elec
trons, La3+ offers better results compared to, for example, Y3+ (Kozuka 
et al., 2015) mainly because of a better compromise between ionic 
radius and 4f electrons is reached. Celorrio et al. (2018) studied the 
effect of substituting the A-cation in AMnO3 perovskites (A = Y, Ca, La, 
Sr) and reported that LaMnO3 was the best material under ORR condi
tions. This was attributed to the formation of an octahedral site around 
the Mn3+ cation, with very similar Mn–O bond distances. In contrast, for 
YMnO3 and SrMnO3 different Mn–O bond distances were observed, 
which cannot provide the ideal octahedral site for the catalytic activity. 

Despite that some studies (Li et al., 2016a; Kim et al., 2016; Li et al., 
2018; Kéranguéven et at., 2017; Miao et al., 2020) pointed to the exis
tence of a certain bifunctional character of LaMnO3 towards ORR and 
OER, this material showed poor long-term stability. In this way, more 
stable metal oxide perovskites such as LaCoO3 (Ashok et al., 2018; Liu 
et al., 2017; Yang et al., 2018) and LaNiO3 (Lee et al., 2015b; Alexander 
et al., 2018) were suggested for both reactions. However, metal oxide 
perovskite materials with La in their structure tend to be almost inactive 
towards HER. The only exception appears when different A-cations are 
combined, as in La0.5(Ba0.4Sr0.4Ca0.2)0.5Co0.8Fe0.2O3-δ. This material 
supported on reduced graphene oxide (rGO) has a structure quite similar 
to the LaBO3-based structure previously described, which shows a 
bifunctional character for OER and HER (Hua et al., 2017). 

3.1. Perovskite metal oxide-based materials with partial substitution of A- 
site cation 

The use of lanthanum at A-sites in LaBO3 perovskites (where B is a 3 
d transition metal) provides these metal oxides with better catalytic 
activity for a number of reactions. However, the catalytic activity can be 
significantly improved after a partial substitution of A cations with 
lower valence elements, such as alkaline-earth metals. This generates on 
the one hand more oxygen vacancies and, on the other, an increase of 
the ratio B4+/B3+ to compensate charges. It was observed that these two 
effects improve the catalytic activity in electrochemical reactions (Chen 
et al., 2015). 

Strontium is one of the most studied alkaline-earth metals to partially 
substitute La3+ as the A-cation in metal oxide perovskites: La1-xSrxMnO3 
(Chen et al., 2017; Yuan et al., 2019a; Xue et al., 2017; Zhao et al., 
2017a; Stoerzinger et al., 2015) and La1-xSrxCoO3 (Mefford et al., 2016, 
2019). A suitable ORR performance was observed for the former group 
of materials when Sr concentration was around 30% (Xue et al., 2017; 
Stoerzinger et al., 2015). Such a value seems to favor an optimum Mn4+

concentration that generates oxygen vacancies and increases the elec
trical conductivity. On the other hand, the covalency of the Mn–O bond 
is enhanced, which favors the electron transfer and the adsorption of 
oxygen on the perovskite. In the case of La0.8Sr0.2MnO3, good results 
were obtained for both ORR and OER (Chen et al., 2017; Yuan et al., 
2019a). Yuan et al. (2019a) studied the possibility of generating more 
oxygen vacancies by means of the A cation deficiency, which favors the 
catalytic activity of the material because the kinetics is improved. Zhao 
et al. (2017a) reported good catalytic activity for ORR and OER with a 
La0.4Sr0.6MnO3 perovskite. Again, the best performance was attributed 
to a combination of factors: the formation of a Mn3+/Mn4+ redox couple, 
a higher covalency of the M-O bond and a larger Mn4+ concentration. 
Mefford et al. (2019) reported 40–60% as the optimum Sr concentration 
for this type of metal oxide perovskite for a good catalytic performance 
in ORR. In the case of OER, the oxide SrCoO2.7 (Mefford et al., 2016) 
exhibited better catalytic activity because of its higher concentration of 
oxygen vacancies, which actively participate in the reaction mechanism. 

Apart from strontium, another alkaline-earth metal employed in 
some works to substitute lanthanum is Ca2+ (Celorrio et al., 2016b; 
Bradley et al., 2019; Abe et al., 2020). Celorrio et al. (2016b) reported a 
progressive reduction of activity of these materials towards ORR on 
increasing Ca concentration and, unfortunately, the most active perov
skite was the unsubstituted one. The change in activity compared to the 
pure lanthanum perovskite can be ascribed to diverse factors, such as the 
formation of less symmetrical structures or the greater tendency of La3+

to segregate at the metal oxide surface with respect to Ca2+, which 
somehow promotes the optimum oxidation state of Mn. Abe et al. (2020) 
observed that, in a La1-xCaxNiO3 perovskite series, the incorporation of 
calcium decreased the eg orbital filling below 1 electron, which wors
ened its catalytic activity towards ORR. 

3.2. Perovskite metal oxide-based materials with partial substitution of B- 
site cation 

To enhance the catalytic activity and stability of LaBO3 materials 
under ORR and OER conditions, a partial substitution of B cations has 
been studied. Such a process usually results in the appearance of 
different effects such as synergy between the two cations, beneficial 
morphological modifications or better reaction kinetics induced by the 
presence of mixed oxidation states (Chen et al., 2015). Sunarso et al. 
(2012) studied the effect of replacing 50% of Ni cations in LaNiO3 pe
rovskites with other 3d transition metals. They reported a larger current 
density for ORR that decreases in the order LaNi0.5Mn0.5O3 > LaNi0.5

Cr0.5O3 > LaNi0.5Co0.5O3 > LaNi0.5Fe0.5O3 > LaNiO3. The enhancement 
observed in the catalytic performance was attributed to the appearance 
of a synergistic effect between both cations that favors the reaction 
kinetics. 

Due to the good catalytic activity of LaMnO3 and LaCoO3, several 
authors proposed doping LaMnO3 perovskites with cobalt (Hu et al., 
2015; Lee et al., 2015c; Liu et al., 2018; Lv et al., 2019; Sun et al., 2020; 
Vazhayil et al., 2022). Particularly, Hu et al. (2015) and Lee et al. 
(2015c) observed that a small cobalt substitution is sufficient to produce 
a significant improvement of the catalytic response in ORR, with a better 
onset potential and a higher current density. Moreover, the incorpora
tion of Co to LaMnO3 induces the formation of oxygen vacancies that 
facilitate oxygen diffusion, increase the electrical conductivity of the 
material and favor the oxygen adsorption. Another effect caused by this 
substitution is the occurrence of Mn3+/Mn4+ and Co2+/Co3+ redox pairs 
that enhance the electrical conductivity and, in addition, the increase of 
Mn4+concentration offers a higher oxidation capacity than Mn3+. It was 
also concluded that the presence of Co favors the filling of the eg orbital 
until an optimum value to enhance catalytic activity. Instead, Liu et al. 
(2018) reported small differences in ORR and found that LaMnO3 ex
hibits the best catalytic response because the presence of Co induced 
undesired changes in the crystal structure. On the contrary, under OER 
conditions LaMn0.7Co0.3O3 material shows the best performance, 
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making it a suitable alternative for bifunctional catalysts. On the other 
hand, Lv et al. (2019) made a small substitution of Cu and Co in LaMnO3 
perovskites and reported high catalytic activity towards both reactions 
(Fig. 8a and b) and good stability that was associated to the occurrence 
of higher Mn4+ concentration that compensates the presence of a 
lower-valence cation. The high oxidation state of manganese benefits 
the O2

− /OH− exchange and favors the disproportionation reaction of 
HO2

− to O2. In addition, oxygen vacancies are generated, what increase 
the covalency of the B–O bond and also favors the O2

− /OH− exchange, 
thus improving the activity for ORR. Sun et al. (2020) reported in a 
similar study the doping of LaCoO3 perovskite with Mn. They concluded 
that the best bifunctional material for ORR and OER was LaMn0.3Co0.7O3 
(Fig. 8c and d). The enhancement was associated to the filling of eg 
orbital with* approximately 1 electron (value closer to the optimum 
value of 1 electron compared to 1.23 estimated for the LaCoO3 sample). 
In addition, the covalency of the Co–O bond was improved, which 
promoted the reaction kinetics. In the same way, Vazhayil el at (Vaz
hayil et al., 2022). reported that the LaMn0.2Co0.8O3 perovskite had a 
good stability and acceptable OER activity. The good performance was 
associated to the mesoporous structure and to the presence of Co3+ and 
Mn4+ ions on the surface, which enhance OER activity. Moreover, the 
introduction of Co improves the charge transfer and promotes an eg 
orbital filling close to the unity (~0.97), which are beneficial for OER. 

Flores-Lasluisa et al., 2019a, 2020a studied the LaMnO3 perovskite 
modified to include cobalt centers in B sites formerly occupied by Mn. 
Lanthanum ions are always predominant at the surface of the LaMn1-x

CoxO3 catalyst but high cobalt-substitution levels stimulate the surface 
enrichment in B cations in their respective higher oxidation states (Mn4+

and Co3+ against Mn3+ and Co2+). The presence of cobalt at low con
centration influences the catalytic activity positively, and better 
bifunctionality is attained. However, their low electrical conductivity 
limits their applicability in electrochemical devices and the 

electrochemical performance improved significantly by physically 
mixing with carbon black. The existence of a synergistic effect between 
the metal oxide perovskite and the carbon material was interpreted in 
the light of a strong carbon–oxygen–metal interaction, obtaining 
promising electrocatalysts towards both ORR and OER. 

In the search for the best bifunctional catalyst for ORR and OER, 
other authors have chosen the combination of Co2+ and Ni2+ cations in B 
positions. This strategy is based on the contrasted catalytic power of Ni 
under OER conditions. The partial substitution of Ni in LaCoO3 perov
skite has also a positive effect on ORR due to the formation of a Ni3+/ 
Ni2+ redox couple and oxygen vacancies, which enhance not only the 
electrical conductivity, but also and the catalytic activity (Vignesh et al., 
2016; Kalubarme et al., 2014; Wang et al., 2019). Vignesh et al. (2016) 
observed a positive effect in OER caused by the replacement of Ni by Co 
in LaCo0.97O3-δ, as well as a significant improvement of stability. The 
incorporation of Ni to octahedral centers increases the number of cata
lytic sites and affects the eg orbital filling, thus decreasing the adsorption 
strength of OH− species and improving the OER performance. Wang 
et al. (2019) concluded that LaCo0.5Ni0.5O3 exhibits good stability under 
potential cycling and it can be employed as a bifunctional catalyst for 
ORR and OER. 

Apart from binary combinations, more complex assortments 
implying Mn3+, Co2+ and Ni2+ cations have been studied. Sun et al. 
(2021) synthesized LaMnNiCoO3 perovskites (with 1:2:3 ratio for Mn: 
Ni:Co) and reported higher catalytic activity than LaCoO3 for ORR and 
OER, which was attributed to the filling of eg orbital with almost 1 
electron and to the better kinetics resulting from the higher covalency of 
the Co–O bond. Bradley et al. (2019) studied the effect of replacing Mn 
by Ni and found good catalytic behavior of La0.85Mn0.7Ni0.45O3-δ ma
terial in both reactions, which was ascribed to diverse factors, such as 
the presence of oxygen vacancies created by the substitution of Ni2+ by 
La3+, the formation of Mn3+/Mn4+ and Ni2+/Ni3+ redox couples and the 

Fig. 8. a) and b) Catalytic activity of LaMnO3 and LaMn0.8B0.2O3 materials (B= Cu and Co) in ORR and OER, respectively. Reprinted from Ref. 111. Copyright 2019, 
with permission from Elsevier. c) and d) Catalytic activity of LaMnO3, LaCoO3, and LaMn0.3Co0.7O3 materials in ORR and OER, respectively. Reprinted with 
permission from Ref. 112. Copyright 2020, American Chemical Society. 
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increase of Mn4+ concentration, which favors the disproportionation 
reaction. 

3.3. Perovskite metal oxide-based materials with partial substitution of A 
and B cations 

Some studies have shown that the simultaneous and partial substi
tution of A and B cations may have a positive influence on the catalytic 
activity of metal oxide perovskites towards ORR and OER. Due to the 
improved activity observed after partial replacement of Sr by La, great 
attention was paid to the substitution of B centers in La1-xSrxB1-xB’xO3 
materials, where B and B′ were 3d transition metals (Yuan et al., 2019a; 
Park et al., 2015; Majee et al., 2018; Safakas et al., 2019; Alegre et al., 
2018; Wang et al., 2016a; Zhao et al., 2018; Aoki et al., 2018). Among 
the diverse combinations of 3d transition metals, probably the most 
studied involves Fe and Co, despite the presence of iron was reported to 
decrease the number of oxygen vacancies and to increase the filling of eg 
orbitals (Safakas et al., 2019). This makes the interactions between ox
ygen species and B cations stronger and increases the risk of obtaining a 
limited ORR activity. Majee et al. (2018) observed that nanoparticles of 
La0.699Sr0.301Co0.702Fe0.298O3-δ (δ = 0.05–0.11) exhibit the best elec
trocatalytic response in OER, which was attributed to their crystal 
structure and to the fact that this composition favors OH− adsorption 
and O2 desorption, which enhance the reaction kinetics. The presence of 
cobalt favors ORR and iron favors OER, which makes materials based on 
the formula La1-xSrxCo1-xFexO3 suitable as bifunctional catalysts (Park 
et al., 2015; Alegre et al., 2018). 

The positive effect of introducing Fe was also studied in 
La0.8Sr0.2MnO3 by replacing half of Mn sites. A better catalytic behavior 
was observed, especially for OER, due to the higher concentration of 
oxygen vacancies that improves reaction kinetics (Yuan et al., 2019a). 
Other researchers studied the effect of introducing Ni in La1-xSrxMnO3 
perovskites (Wang et al., 2016a; Aoki et al., 2018). Aoki et al. (2018) 
observed that replacing 10% Mn by Ni is sufficient to obtain a good 
catalytic activity in ORR due to the presence of 1 electron in the eg or
bitals, which resulted from the higher concentration of Mn3+ on the 
surface. However, Wang et al. (2016a) replaced a higher proportion of 
Mn and reported better bifunctional character for the resulting 
La0.8Sr0.2Mn0.6Ni0.4O3 perovskite. The additional redox pair, that in
creases the specific surface area and the number of oxygen vacancies, 
was suggested to be at the origin of the improvement. In fact, high Mn4+

concentration is one of the factors that can enhance the activity towards 
ORR, whereas high Ni3+ concentration could favor OER. Zhao et al. 
(2018) carried out a similar study, but they replaced Mn by Co and 
observed enhanced bifunctionality for La0.8Sr0.2Mn0.6Co0.4O3, which 
was attributed to the presence of oxygen vacancies and higher Mn4+

concentration that favor both reactions. However, in this case OER was 
not promoted, which was explained in terms of the lower catalytic ac
tivity of Co3+ compared to Ni3+. 

4. Spinel metal oxide-based catalysts 

The spinel-based structure can be formed with a single 3d transition 
metal. In this case, the formula is expressed as M3O4, where M is usually 
Mn, Fe or Co. Among these materials, Mn3O4 and Co3O4 show a standard 
spinel structure where M3+ cations occupy octahedral sites, whereas 
Mn2+ cations are located in tetrahedral sites with a 2:1 ratio (Chai et al., 
2017; Reddy et al., 2017). The structure of Fe3O4 is that of an inverse 
spinel, where Fe2+ cations are located in a half of octahedral sites and 
Fe3+ cations occupy both sites (Rado et al., 2017). 

Materials with Mn3O4 structure have been investigated mainly for 
ORR due to the good catalytic activity of Mn3+ species in the octahedral 
position (Chai et al., 2017; Najam et al., 2020; Wu et al., 2019; Gao and 
Geng, 2014; Liu et al., 2016a; Zhang et al., 2020c). Many of these studies 
focused on the support employed because it can enhance the catalytic 
activity of the metal oxide. For example, reduced graphene oxide (rGO) 

was reported to improve the electrical conductivity of the metal oxide 
(Chai et al., 2017). Other suitable supports are N-doped carbon mate
rials, which provide high electrical conductivity (Najam et al., 2020; Wu 
et al., 2019; Gao and Geng, 2014). In addition, a synergistic effect be
tween the constituting materials seemed to improve the catalytic ac
tivity through formation of Mn–N–C bonds. Those interactions favor the 
electron transfer (Wu et al., 2019) and the presence of N species lowers 
the adsorption energy of O2 (Najam et al., 2020). Liu et al. (2016a) 
synthesized Mn3O4 with different morphology and obtained 
nanoflake-like structures whose (001) plane are more active than (101) 
plane, because the first electron transfer process is thermodynamically 
more favored in this (001) plane. Another interesting way of increasing 
the ORR activity consists on generating Mn defects that improve the 
electrical conductivity and increase the surface Mn3+ concentration 
(Zhang et al., 2020c). 

The iron Fe3O4 spinel has been applied mainly to ORR, despite it 
shows certain activity towards OER and HER. To improve its catalytic 
activity, the metal oxide has been supported on carbon materials with 
better electrical conductivity and higher surface area, such as reduced 
graphene oxide (rGO) (He et al., 2021) and porous N-doped carbon 
materials (Zhang et al., 2019; Li et al., 2016b; Hu et al., 2020; Deng 
et al., 2020). Apart from high surface area, the latter presents several 
advantages related to N sites, such as pyridinic and graphitic sites, which 
enhance the adsorption of O2 and to the formation of Fe–N–C bonds that 
enhance ORR. Hu et al. (2020) encapsulated Fe3O4 nanoparticles in a 
carbon support with micro- and macroporosity. The microporosity 
favored the formation of Fe3O4 nanoparticles in the cavities. Moreover, 
the carbon material also contains atomically dispersed Fe–N–C species 
which can be active for ORR. The combination of both elements favored 
the O2 adsorption on Fe–N–C, which increased the activity towards ORR. 
Deng et al. (2020) observed the formation of oxygen vacancies in the 
Fe3O4 spinel when supported on an N-doped mesoporous carbon ma
terial, what favor the ORR kinetics. 

Some studies have demonstrated that Fe3O4 can be also employed as 
electrocatalyst for OER (Wei et al., 2020; Zhang et al., 2020d). Wei et al. 
(2020) studied the effect of synthesis temperature on this metal oxide 
spinel and observed that calcination at 450 ◦C generates porous struc
tures that generate high surface area and structural defects that favor the 
OER kinetics. Zhang et al. (2020d) tried to increase the OER activity of 
Fe3O4 by an in situ electro-reduction method that generated a rougher 
surface structure, a reduction of the Fe3+/Fe2+ ratio, and an increase in 
the concentration of surface OH− . All these factors seem to increase the 
ORR activity. On the other hand, Liu et al. (2019b) obtained a multi
functional catalyst by synthesizing Fe3O4 nanoparticles from an ionic 
liquid that contained Fe. The nanoparticles were then supported on an 
N-doped porous carbon material obtained from biomass. The good cat
alytic response for OER and HER (Fig. 9a, b, c) was associated to the 
presence of N functional groups, which improve the electrical conduc
tivity of the carbon material and facilitates the adsorption of OH− and 
H* species. N functional groups and metal oxide nanoparticles enhance 
the electrocatalytic activity in ORR by a synergistic effect. 

Hybrid materials formed by carbon materials and Co3O4 spinel 
showed a promising catalytic behavior for both ORR (Liang et al., 2011; 
Wang et al., 2013; Liu et al., 2020b) and OER (Xu et al., 2016; Yao et al., 
2016; Leng et al., 2017). For this reason, diverse studies focused on the 
development of bifunctional catalysts with optimized performance for 
both reactions (Wang et al., 2017b; Zhao et al., 2017b; Jia et al., 2017, 
2019; Su et al., 2019; Guo et al., 2019; Tomon et al., 2021). N-doped 
carbon materials were used in most of these works (Wang et al., 2017b; 
Jia et al., 2017, 2019; Guo et al., 2019) because they offer specific active 
sites that improve the ORR avoiding the agglomeration of metal oxide 
nanoparticles. Moreover, a strong synergy between N functional groups 
and Co3O4 was observed. That effect improves considerably the electron 
transfer and hence the catalytic activity (Wang et al., 2017b; Guo et al., 
2019). Su et al. (2019) and Tomon et al. (2021) focused their efforts in 
enhancing the electrical conductivity and the catalytic activity by 
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synthesizing materials with oxygen vacancies and, thus, favoring the 
adsorption and dissociation of O2. Moreover, they observed that va
cancies were able to generate higher amounts of Co2+, which is essential 
to form CoOOH species, the active site for OER. 

Co3O4-based materials were also evaluated as bifunctional catalysts 
for OER and HER (Du et al., 2015, 2020; Wu et al., 2018a; Li et al., 
2017). These oxides are often used alone (Du et al., 2020; Wu et al., 
2018a) or with a small concentration of carbon material (Li et al., 2017) 
due to the poor activity that offers the latter component in both re
actions. Du et al. (2020) studied the effect of oxygen vacancies in mes
oporous Co3O4 nanoflowers and concluded that such structure provides 
high catalytic surface area and channels for ion diffusion. As expected, 
oxygen vacancies improve the electrical conductivity and favor the 
electron transfer. These vacancies could offer additional effects, such as 
promoting water adsorption and modulating the electronic structure, 
while the presence of surface hydroxide groups would favor HER and 
OER through water splitting (Fig. 9d and e) (Wu et al., 2018a). Du et al. 
(2015) synthesized also a nanocrystalline Co3O4 ink printed on carbon 
fiber paper. They associated the good activity to the higher number of 
active sites provided by nanoparticles and to the stronger interaction 
between the metal oxide nanoparticles and the carbon material, which 
favors the electron transfer improving OER and HER. 

4.1. Spinel metal oxide-based materials with AxB3-xO4 composition 

This section focuses on the catalytic behavior of spinel metal oxide- 
based materials with a partial substitution of the transition metal ac
cording to the formula AxB3-xO4 (A and B are 3d transition metals). This 
strategy can be used to modify the physicochemical properties of the 
starting metal oxides and, as a result, opens the possibility of modulating 
the catalytic activity towards the electrochemical reactions of interest. 

4.1.1. Spinel cobalt-based metal oxide materials with MxCo3-xO4 
composition 

The partial substitution of cobalt by a divalent metal cation M2+

results in the modified spinel MxCo3-xO4 (where M is usually Mn, Fe, Ni 

or Cu); this substitution generally improves the catalytic activity and 
stability of the Co3O4 compound. It was found that the crystal phase of 
the spinel metal oxide affects the catalytic activity and, in this context, 
the cubic phase is preferred because it provides a higher number of 
catalytic sites that may efficiently interact with O2 (Lee et al., 2015a; Li 
et al., 2015a). Yang et al. (2019) studied different MCo2O4 spinels and 
found that MnCo2O4 exhibits better electrocatalytic behavior in ORR 
due to an alteration in the electronic structure of the cations (Fig. 10a). 
Moreover, Wei et al. (2017) observed that this metal oxide spinel offers 
an optimum filling of eg orbitals, which favors ORR compared to other 
metal oxide spinels with a different Mn:Co ratio (Fig. 10b). MnCo2O4 
shows activity in OER as well (Lankauf et al., 2020) and diverse studies 
focused on their bifunctionality (Shenghai et al., 2019; Cao et al., 2014, 
2015). Metal oxides are usually supported on conductive materials to 
improve their activity. For example, Shenghai et al. (2019) synthesized 
MnCo2O4@C by combining a hydrothermal method with thermal 
decomposition. Such a synthesis procedure generates a particular 
morphology with higher specific surface area. The observed synergy 
between both components facilitates ORR and OER (Fig. 10c). 

Regarding the substitution of Ni by Co, which generates a NiCo2O4 
spinel, an enhancement of the catalytic activity towards ORR, OER, and 
HER was observed (Liu et al., 2019c; Gao et al., 2016; Béjar et al., 2019; 
Deng et al., 2017; Lim et al., 2019; Wei et al., 2019; Wang et al., 2016b) 
and, as a result, several works focused on its bifunctionality for 
ORR/OER (Béjar et al., 2019; Wang et al., 2016b) and OER/HER (Liu 
et al., 2019c; Gao et al., 2016; Deng et al., 2017). Increased catalytic 
activity was achieved through the synthesis of materials with specific 
porous structures or special morphology, which provide higher catalytic 
active sites. Particularly, Liu et al. (2019c) synthesized NiCo2O4-δ using a 
pulsed laser and obtained a material with enhanced electrocatalytic 
activity towards OER and OER. This effect was attributed to the modi
fied morphology that generates both higher active surface area and 
Ni3+/Ni2+ surface ratio. Another strategy to increase the activity con
sists on increasing the concentration of oxygen vacancies and several 
studies focused on this issue (Lim et al., 2019; Wei et al., 2019). 

Finally, the substitution of Co by Cu yields CuCo2O4, a material that 

Fig. 9. Electroactivity of Fe3O4–based materials obtained from an iron ions-containing ionic liquid and supported on carbon materials (N-doped and undoped) in a) 
ORR, b) OER, and c) HER, respectively. Reprinted from Ref. 142. Copyright 2019, with permission from Elsevier. Electrochemical activity of Co3O4 octahedral 
particles, cobalt foam and Pt/C in d) OER and e) HER, respectively. Reprinted from Ref. 158. Copyright 2018, with permission from Elsevier. 
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shows promising electrocatalytic activity towards ORR or OER and even 
HER (De Koninck et al., 2006, 2007; Serov et al., 2015; Cheng et al., 
2017; Jia et al., 2010; Wang et al., 2016c). Indeed, a great effort was 
done to synthesize bifunctional catalysts for either ORR/OER (De 
Koninck et al., 2006, 2007; Serov et al., 2015; Cheng et al., 2017; Wang 
et al., 2016c) or OER/HER (Jia et al., 2010). In the latter case, materials 
not supported on carbon materials, such as Ti/Cu0.3Co2.7O4, can be also 
employed. After the substitution of Co by Cu in Co3O4 spinels, Koninck 
et al. (De Koninck et al., 2006, 2007) observed better electrocatalytic 
response that was attributed to several factors. First, the introduction of 
Cu2+ increases the Co3+ concentration, thus enhancing the activity to
wards ORR because both species are active for O2 adsorption. Second, 
the presence of copper improves the electrical conductivity. These 
combined effects enhance the overall OER kinetics. In the same way, in 
some studies hydrothermal methods (Wang et al., 2016c) and nano
casting with a silica template (Serov et al., 2015) were employed to 
provide higher surface area and to increase the catalytic activity. Cheng 
et al. (2017) succeeded in improving the catalytic activity using N-doped 
carbon nanotubes, which form Co–N or Cu–N species as active sites for 
ORR. 

4.1.2. Spinel iron-based metal oxide materials with MxFe3-xO4 composition 
The effect of partial substitution of Fe in MxFe3-xO4, where M is a 3d 

transition metal, generally produces a positive effect on the catalytic 
activity towards the three reactions of interest. The catalytic activity can 
be modulated by selecting the appropriate metal cation. Zhu et al. 
(2013) studied the ORR on MxFe3-xO4 (M = Fe, Cu, Co, Mn) nano
particles supported on a carbon material. MnFe2O4 showed good activity 

towards ORR, which was associated to the activation of a Mn2+/Mn3+

redox process at potentials close to the onset of oxygen reduction. 
However, MnFe2O4 showed poor activity under OER conditions and it 
was discarded as a bifunctional catalyst in favor of CoFe2O4 (Fig. 11a 
and b) (Si et al., 2017). There is no general agreement on the best 
MxFe3-xO4 catalyst for OER among the Cu, Co and Ni series. In fact, Silva 
et al. (2019) reported that CuFe2O4 is the most active material, Li et al. 
(2015b) concluded that the best option is CoFe2O4 and Yuan et al. 
(2019b) found that NiFe2O4 is the best bifunctional catalyst for 
OER/HER because of its better electrical conductivity and higher elec
trocatalytic active surface area (Fig. 11c and d). Other authors suggested 
that CoFe2O4 and NiFe2O4 are the best options for OER/HER bifunc
tional catalysis (Bian et al., 2014; Xu et al., 2015b; Liu et al., 2016b; 
Chanda et al., 2015). Further research is necessary to understand if the 
lack of agreement is due to the differences in particle size, structure and 
surface composition achieved with the different synthetic methods used. 

To discern which physicochemical properties can affect the ORR 
performance, Flores-Lasluisa et al., 2020b, 2022 studied the effect of the 
temperature in the post-calcination treatment after a solvothermal 
method in the synthesis of CuFe2O4- and MnFe2O4-based materials. For 
the CuFe2O4-based materials (Flores-Lasluisa et al., 2020b), it was 
observed that the crystal structure affects significantly the performance, 
being the cubic phase the most active. Moreover, the coexistence with 
other crystal phases such as CuO enhances the ORR activity due to a 
synergistic effect between both oxides. In the case of the MnFe2O4-based 
materials (Flores-Lasluisa et al., 2022), it was also observed that the 
crystal structure plays an important role in ORR together with the 
concentration of Mn3+ and Mn4+ species. It was reported that an excess 

Fig. 10. a) Catalytic activity of metal oxides ACo2O4 (where A is Mn, Fe, Ni or Cu) in ORR. Reprinted from Ref. 161. b) Volcano plot of various spinel-based materials 
which relates the eg orbital occupancy with the activity in ORR. Reprinted with permission from Ref. 162. Copyright 2017, John Wiley and Sons; c) Catalytic activity 
of MnCo2O4@C in ORR and OER. Reprinted from Ref. 164. Copyright 2019, with permission from Elsevier. 
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of Mn3+ can reduce the stability of the material because it can be 
oxidized to Mn4+ decreasing the number of active sites, thus an optimum 
concentration is required. 

5. The effect of carbon material on the catalytic properties 

Perovskite metal oxides and spinel metal oxides, likewise other metal 
oxides, have two main drawbacks when applied to electrochemical re
actions (Hu et al., 2015; Vignesh et al., 2016; Zhu et al., 2013; Samanta 
and Raj, 2019). On the one hand, their particles are prone to agglom
erate, which reduces the number of available active sites. On other hand, 
they exhibit poor electrical conductivity that makes the electron transfer 
difficult, thus reducing their catalytic activity. The number of active 
sites can be increased by synthesizing nanostructured materials (Kim 
et al., 2016; Park et al., 2015; Chai et al., 2017; Zhang et al., 2020e; 
Cheng et al., 2011) or with a porous structure (Li et al., 2018; Vignesh 
et al., 2016; Wang et al., 2019). However, in both cases it is necessary to 
support the metal oxides on other materials, to improve the electrical 
conductivity and, at the same time, increase the number of active sites 
exposed to the electrolytic medium. Carbon materials are excellent 
candidates to fulfil this role taking into account their interesting prop
erties such as high electrical conductivity, high thermal stability, high 
surface area, and, in some cases, low price. Different types of carbon 
materials have been used for this purpose, such as carbon blacks (De 
Koninck et al., 2007; Kéranguéven et al., 2015), carbon nanotubes 
(Alexander et al., 2018; Zhang et al., 2020e; Li et al., 2019), 
graphene-based materials (Hu et al., 2015; Samanta and Raj, 2019; 
Rebekah et al., 2020; Zhuang et al., 2021), activated carbons (Hu et al., 
2018; Flores-Lasluisa et al., 2019b) and nitrogen-doped carbon mate
rials (Chen et al., 2017; Park et al., 2015; Najam et al., 2020; Wu et al., 
2018b; Mathumba et al., 2020; Liu et al., 2021). Nevertheless, no suf
ficient attention is paid to the effect of the structure (at different levels) 
and surface chemistry of the carbon material on the interaction with the 
metal oxide and on its role on the catalytic activity improvement. This is 
a topic which requires further extensive research. 

Both the nature and the morphology of the carbon materials are 

expected to have an important effect on the final catalytic performance 
of the perovskite- and spinel-based materials. Generally, carbon mate
rials with large surface area and pore volumes are potential materials, as 
reported by Bo et al. (2015), which compared ordered mesoporous 
carbon materials with different structures, surface area, pore size and 
pore volume. It was observed that NiCo2O4 spinel nanoparticles syn
thesized in a carbon material with a high surface area and large pore 
volume produced the higher ORR activity because smaller nanoparticles 
were formed with a higher number of available active sites. 

Ryabova et al. (2017) compared the electrocatalytic behavior of 
Mn2O3 spinel physically mixed with different carbon materials, such as 
carbon black (Vulcan, Ketjenblack 300 J and acetylene black), 
multi-wall carbon nanotubes, catalytic filamentous carbon and pyrolytic 
carbon materials. It was reported that carbon materials with a moderate 
specific surface area (Vulcan carbon black and pyrolytic carbons) 
maximize both the accessibility of the metal oxide surface for 
charge-transfer reactions and the extension of the oxide/carbon inter
face. It was also found that both edge and basal graphene planes should 
be exposed to the surface for better ORR performance. On the other 
hand, it seems that highly hydrophobic carbon materials (acetylene 
black and multi-wall carbon nanotubes) should be avoided to obtain 
more homogenous catalytic layers. Another interesting work conducted 
by Kéranguéven et al. (2020) reported important features of the carbon 
materials for higher catalytic performance. Metal oxides were synthe
sized by employing an in situ autocombustion method with the same 
carbon materials described above. In this case, it was reported that 
materials with a high degree of structural order can act as strong 
reducing agents. Thus, they can decrease the number of active sites by 
reducing the Mn species to non-catalytic species. In addition, the 
morphology of carbon materials affected to the growth of the metal 
oxides. For catalytic filamentous carbon, nanoparticles were formed 
between nanotube bundles, but also at the nanotube openings and 
probably inside carbon nanotubes, resulting in a small voltammetric 
charge due to a lower accessibility of the electrolyte to the metal oxide 
nanoparticles. For pyrolytic carbon materials, nanoparticles are formed 
in the shell-like pores thus becoming less accessible to oxygen, which 

Fig. 11. Catalytic performance of CoFe2O4, MnFe2O4, and CoFe2O4 materials in a) ORR and b) OER. Reprinted from Ref. 181. Copyright 2017, with permission from 
Elsevier; Catalytic performance of NiFe2O4, CoFe2O4, and Fe-based materials in c) OER and d) HER. Reprinted from Ref. 184. Copyright 2019, with permission 
from Elsevier. 
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decreases the catalytic activity. Vulcan carbon black seems to be most 
suitable for this synthesis because its low porosity produces that the 
metal oxide nanoparticles are more accessible to oxygen. Kostuch et al. 
(2018) also reported that the carbon material influences positively the in 
situ synthesis of active manganese-cobalt spinel materials for ORR. 
Different carbon materials were used for this purpose, such as carbon 
blacks (Vulcan and Printex85), multi-wall carbon nanotubes 
(MWCNTs), mesoporous carbon and amorphous carbon. It was 
concluded that MWCNTs are the best support due to: i) higher dispersion 
of the nanocrystals on the surface and low particle agglomeration, ii) 
higher exposition of the (100) facets which provides higher number of 
active Co3+ and Mn3+ sites and iii) carbon materials with higher 
amorphous carbon content seems to favor peroxide formation. 

Therefore, it can be concluded that there are some features of the 
carbon materials that can enhance the catalytic performance of the 
metal oxide: i) moderate specific surface area, ii) the presence of both 
edge and basal graphene planes, iii) hydrophobicity of the carbon ma
terials, iv) low degree of structural order, v) good dispersion and 
accessibility of active nanoparticles, vi) low content of amorphous car
bon, and vii) high electrical conductivity. However, not only the nature 
and morphology of the carbon materials can be determinant, but also 
other aspects that will be discussed below can strongly influence the 
catalytic performance. Several authors have suggested that a better 
electrocatalytic behavior of the metal oxide/carbon hybrid material 
compared to the individual materials is related to a synergistic effect 
resulting from the interaction of both materials (Li et al., 2016a; Lee 
et al., 2015b, 2015c; Park et al., 2015; Liang et al., 2011; Liu et al., 2014; 
Zhou et al., 2011; Chen et al., 2018). Lee at al (Lee et al., 2015b, 2015c). 
synthesized metal oxide perovskites in situ over diverse carbon mate
rials. Among them, nanoparticles of LaMn0.9Co0.1O3 obtained on carbon 
nanotubes were applied to ORR and OER (Fig. 12a and b, respectively). 
In both cases, a considerable improvement of catalytic activity was 
observed, which was attributed to a synergistic effect resulting from the 
interaction of both components. A similar synergistic effect was 
observed by Liang et al. (2011) after supporting Co3O4 nanocrystals on 

graphene. In this case, the enhancement of the catalytic activity towards 
ORR and OER was attributed to the formation of Co–N–C and Co–O–C 
species. Li et al. (2016a) suggested the formation of C–O–Mn species in 
LaMnO3/C when in-situ synthesis was used, which would improve the 
electron transfer kinetics in the steps of ORR (see Fig. 12c that compares 
the in-situ synthesis with the physical mixing). The appearance of the 
strong interaction C–O-M was also observed when LaMnO3 nano
particles were mixed with carbon black for a subsequent heat treatment, 
which favors the intimate interaction between both components (Liu 
et al., 2014). Apart from the appearance of the synergistic effect, it is 
well known that non-doped carbon materials can catalyze ORR through 
a 2 + 2 electron mechanism (Zhu et al., 2017; Alexander et al., 2018; 
Mefford et al., 2019; Samanta and Raj, 2019; Poux et al., 2012). 
Particularly, these materials promote the reduction of O2 to HO2

−

through Eq. 2, and the latter species can be then reduced by either 
disproportionation reaction (Eq. 4) or through the electrochemical 
reduction on the adjacent metal oxide material by a 2-electron pathway 
to give OH− (Eq. 3) (Falcón et al., 2001). 

Then, carbon materials may act as co-catalysts, thus favoring the 
formation of HO2

− intermediates and, thus, improving the overall cata
lytic activity. However, they are less suitable for OER because their 
degradation occurs at the potential required for this reaction. Fortu
nately for some graphitic structures the kinetics is slow enough to show 
some long-term stability (Alexander et al., 2018). Apart from their role 
in improving electrical conductivity and providing larger number of 
active sites, carbon materials promote the release of active sites at the 
metal oxide by a spillover mechanism (Zhu et al., 2017). Specifically, O2 
generated over the active sites of the metal oxide may spill over the 
carbon material, thus releasing more active sites for further O2 forma
tion. Porous carbon materials, apart from their usual role of catalyst 
support, show high capacity to store hydrogen from the electrochemical 
reduction of water, which provides them with a fundamental advantage 
in HER catalysis (Blenda-Martínez et al., 2008; Leyva-García et al., 
2014). Water molecules are adsorbed on the carbon material surface and 
subsequently they split into adsorbed H atoms (Hads) and OH− ions, then 

Fig. 12. Electrocatalytic performance of LaMn0.9Co0.1O3 nanoparticles supported on N-doped carbon nanotubes in a) ORR and b) OER. Reprinted from Ref. 109. 
Copyright 2015, with permission from Elsevier; c) Effect of the in-situ synthesis of the LaMnO3/C material. Reprinted from Ref. 68. Copyright 2016, with permission 
from Elsevier. 
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Hads species can interact with reactive carbon atoms through the for
mation of reversible C–H bonds (Blenda-Martínez et al., 2008). There
fore, microporous porous carbons can act as a hydrogen reservoir 
providing Hads species to the active sites of the metal oxide that catalyze 
the combination of the hydrogen species to form molecular hydrogen, 
thus enhancing the overall reaction. 

6. Stability of metal oxide-based materials 

The chemical and mechanical stability of heterogeneous catalysts is a 
pervasive issue in electrochemical processes. In addition to the search 
for higher efficiency, a great effort is being made in the development of 
perovskite and spinel-based metal oxides with high stability under 
alkaline conditions. Several studies (He et al., 2021; Deng et al., 2020; 
Tomon et al., 2021; Du et al., 2020) reported that the decrease in sta
bility is related to changes in physicochemical properties such as 
morphology, crystal structure, particle agglomeration and, hence, 
changes in surface chemistry that strongly negatively affect the elec
trochemical performance. All these studies have been done in alkaline 
conditions because these materials are not chemically stable in acidic 
conditions. 

The strategies followed to increase the stability of metal oxides are 
similar to those employed to improve their catalytic activity. It was re
ported that doping in A and B sites increases electrochemical perfor
mance because the presence of new elements promotes a morphological 
stabilization that, in addition, provides new active sites and redox pairs 
(Pawar et al., 2019; Shui et al., 2022; Qian et al., 2021; Shi et al., 2020). 
Qian et al. (2021) observed that Ca substitution in LaCoO3 perovskite 
enhances the stability in ORR and OER by providing a more stable 
morphology and superior crystallinity without any agglomeration. In a 
previous communication Shi et al. (2020) suggested that the observed 
durability of ultrasmall spinel MnxCo3-xO4 nanoparticles is caused by the 
higher valence state of Mn and by the formation of a new metal-ion 
redox couple. 

It has also been observed that modulation of the surface species of 
metal oxide materials can result in an improvement of their stability. 
Flores-Lasluisa et al. (2022) reported that MnFe2O4 solid nanospheres 
calcined at low temperature exhibit better ORR stability because of an 
optimum concentration of Mn3+ on the surface. As Mn3+ cations tend to 
oxidize to Mn4+ at the potential used for the stability test, a high con
centration of this species could lead to the loss of activity. On the other 
hand, Matseke et al. (2020) observed that ultrasonication enhances the 
stability of CoFe2O4 in ORR because it favors the migration of cations to 
T-sites, which are more stable than O-sites in this spinel. Du et al. (2021) 
reported that A-site cationic defects in LaMnO3 perovskite enhance the 
covalency of Mn–O bonds, thus optimizing the eg orbital filling. There
fore, the high stability under ORR conditions was ascribed to the mod
ulation of the electronic structure, which also provides more active sites 
available for this reaction. 

The morphology of metal oxide materials seems also to influence 
their stability. The increased stability seems to be based on facilitating 
the release of gaseous products (O2 and H2) (Liu et al., 2019c; Lv et al., 
2020). Lv et al. (2020) reported that the urchin-like nanostructure of the 
Al and P co-doped “superaerophobic” Co3O4 microspheres shows good 
stability for HER and OER because this structure favors the 
electrode-electrolyte contact and the transport of water drops to each 
part of the materials. Moreover, this material enhances the fast extrac
tion of bubbles (H2 and O2), allowing the active sites to continue the 
electrochemical reactions. 

Obviously, the agglomeration of metal oxide nanoparticles is detri
mental to stability and decreases the number of active sites available. In 
many cases, the use of carbon materials in combination with the metal 
oxides resulted in an enhanced stability of catalysts. Several studies (He 
et al., 2021; Shenghai et al., 2019; Zhang et al., 2020e; Li et al., 2019; 
Zhuang et al., 2021; Xu et al., 2015c) reported that the intimate inter
action between carbon materials and metal oxide favors charge transfer 

and slows down the catalyst degradation by avoiding the agglomeration 
of nanoparticles or the dissociation of the active phase. He et al. (2021) 
observed that the interconnected 3D Fe3O4/rGO composite, which 
consists of Fe3O4 nanoparticles anchored on graphene nanosheets, 
shows high stability in ORR. This behavior was explained in terms of its 
unique structure, which provides several advantages: i) large number of 
active sites, ii) suppression of the re-stacking of graphene and iii) lack of 
dissociation and aggregation of Fe3O4 nanoparticles due to the strong 
interaction between two components. Zhang et al. (2020e) reported a 
similar effect for Mn3O4 nanosheets coated on carbon nanotubes for 
ORR. The remarkable stability of this composite was related to the 
strong interaction between Mn3O4 and CNTs, which seemed to inhibit 
dissociation and migration of the metal oxide through the interfacial 
products. Several authors proposed a solution to avoid the agglomera
tion of nanoparticles by coating the nanoparticles with carbon materials. 
This strategy prevents aggregation but, in addition, facilitates the elec
tron transfer (Shenghai et al., 2019; Wang et al., 2022). In particular, 
Wang et al. (2022) synthesized CoFe2O4 nanoparticles embedded in 
N-doped carbon nanotubes and found low particle aggregation and 
detachment, resulting in good ORR stability. The protection mechanism 
seems to be associated with the wrapping of nanoparticles by the CNT 
layer. 

7. Overview and perspectives 

Electrochemical devices for energy conversion such as fuel cells, 
metal-air batteries or electrolyzers are considered as promising alter
natives to fossil fuel technologies for a more sustainable and eco-friendly 
development of society. The main challenge before their final imple
mentation is the substitution of current catalytic materials, which are 
based on scarce noble metals. Therefore, an effort is required to develop 
catalysts based on more abundant and less expensive elements that may 
reach similar performance. Among these materials, metal oxides with 
perovskite and spinel-based structures stand out due to their properties 
and they deserve scientific attention. 

Perovskite metal oxides with LaBO3 structure appeared as alterna
tives for ORR and OER. LaMnO3 and LaCoO3 show good activity under 
ORR conditions, whereas LaCoO3 and LaNiO3 are more appropriate for 
OER. To improve their electrocatalytic performance, a partial substitu
tion of B cations can be done. This generates more active sites and 
creates oxygen vacancies that enhances electrical conductivity and 
electron transfer kinetics. In addition, partial substitution of lanthanum 
by divalent cations is possible, thus generating more oxygen vacancies 
and number of surface active sites. For these reasons, perovskite metal 
oxide materials based on the formula La1-xA’xB1-yB’yO3, where A′ is an 
alkaline-earth metal and both B and B′ are 3d transition metals, can be 
optimized for both ORR and OER. 

Regarding materials with spinel-based structure, they can be classi
fied according to their composition into two groups: those formed by a 
single transition metal and those formed by two of them (B3O4 and 
AB2O4, respectively). Among the first group, Co3O4 exhibits good 
behavior towards the three reactions of interest (ORR, OER, and HER). 
In the second group an optimization of the composition is required to 
obtain a suitable bifunctional behavior. In this way, when Mn is 
included as the A cation (MnCo2O4), an appropriate response is obtained 
for ORR, whereas its activity in OER and HER can be enhanced by 
introducing Ni or Cu. Similarly, MnFe2O4 spinel offers the best response 
for ORR, whereas CoFe2O4 and NiFe2O4 materials seem more interesting 
options for OER and HER. 

The electrocatalytic activity of metal oxides can be improved by 
mixing them with carbon materials. This is due to several factors, such as 
the increase in both electrical conductivity and number of accessible 
catalytic sites, and to the appearance of a synergistic effect between both 
components. Carbon materials can act as co-catalysts for ORR, by 
assisting the reduction of molecular oxygen to HO2

− . This intermediate is 
then reduced to OH− on active sites adjacent to the metal oxide. For 

J.X. Flores-Lasluisa et al.                                                                                                                                                                                                                      



Environmental Research 214 (2022) 113731

15

OER, carbon materials may help in the regeneration of the active sites on 
the oxide material through the spillover of O2 and, finally, porous car
bon materials can store hydrogen thus promoting the HER reaction. 

Unfortunately, the main ORR mechanism in electrodes made from 
undoped carbon materials is the two-electron pathway, in which 
hydrogen peroxide is generated. This is an undesirable reaction due to 
the loss of energy efficiency of the fuel cell and its corrosive nature. To 
favor the four-electron mechanism, the most studied approach is the 
modification of the surface chemistry of the carbon materials by 
including functionalities able to modify properties and reactivity. As an 
example, carbon materials doped with nitrogen functional groups are 
one of the most promising alternatives for applications in fuel cells, since 
nitrogen is capable of generating active sites in neighboring carbon 
atoms, thus facilitating the adsorption of the oxygen molecule as a first 
stage prior to its reduction. Therefore, the combination of metal oxides 
with functionalized carbon materials and a thorough understanding of 
the synergistic effect between the two materials are topics that deserve a 
research effort. In addition, the use of metal oxides as electrocatalysts 
involves their synthesis in the form of nanoparticles, whose properties 
could be substantially benefited if they are combined with functional
ized, high surface area nanostructured carbon materials. Although re
ported metal oxide-based nanoparticles show high electrocatalytic 
performance in electrochemical reactions, these materials are typically 
larger than 20 nm in size. The development of 5–10 nm sized nano
particles is required to maximize activity, because higher number of 
surface active sites available for reactions are provided. Therefore, new 
synthesis methods are needed to obtain smaller nanoparticles that can 
significantly improve the electroactivity of these materials. 

The development of carbon materials showing high activity through 
peroxide generation deserves attention because they can act also as co- 
catalysts for ORR. Since the B–N–C bond plays an important role in O2 
adsorption, an interesting subject for future studies could be the sub
stitution of nitrogen centers by other heteroatoms such as phosphorus or 
boron, which were reported to promote good catalytic responses (Quí
lez-Bermejo et al., 2020). On the other hand, since the stability of metal 
oxides under working conditions is mandatory, a challenging goal could 
be the synthesis of materials showing improved stability in acidic media. 
Attaining this objective would increase the applicability of these alter
native catalyts in fuel cells and electrolyzer devices. It is also worth 
noting that transition metal oxides show good performance when tested 
in laboratory by electrochemical techniques such as cyclic voltammetry 
or linear scanning voltammetry but, their implementation in practical 
devices is not yet well developed. 
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