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Abstract: This review summarizes recent progress in the development of cobalt-based catalytic centers
as the most potentially useful alternatives to noble metal-based electrocatalysts (Pt-, Ir-, and Ru-based)
towards the oxygen reduction reaction (ORR), oxygen evolution reaction (OER), and hydrogen
evolution reaction (HER) in acid and alkaline media. A series of cobalt-based high-performance
electrocatalysts have been designed and synthesized including cobalt oxides/chalcogenides,
Co–Nx/C, Co-layered double hydroxides (LDH), and Co–metal-organic frameworks (MOFs).
The strategies of controllable synthesis, the structural properties, ligand effect, defects, oxygen
vacancies, and support materials are thoroughly discussed as a function of the electrocatalytic
performance of cobalt-based electrocatalysts. Finally, prospects for the design of novel, efficient
cobalt-based materials, for large-scale application and opportunities, are encouraged.

Keywords: electrocatalysis; cobalt-based electrocatalysts; oxygen reduction reaction; oxygen
evolution reaction; hydrogen evolution reaction; non-precious metal

1. Introduction

Considering the continuous decrease of fossil fuels and deteriorated environments, it is of great
importance and urgency to explore abundant, eco-friendly and renewable energy sources. Many energy
conversion and storage technologies, e.g., proton exchange membrane fuel cells (PEMFCs, in which the
free energy of a chemical reaction is directly converted into electrical energy), water electrolyzers (WEs,
where oxygen and hydrogen from water are produced), unitized regenerative cells (URCs, a system
comprising an electrolyzer and a fuel cell), due to their high efficiency and friendly environments,
have been extensively developed [1,2]. To some extent, electrochemical processes play an essential
role in these systems, for example, the oxygen reduction reaction (ORR) and hydrogen oxidation
reaction (HOR) occurring on the cathode and anode of a H2–O2 fuel cell, whereas the oxygen evolution
reaction (OER) and hydrogen evolution reaction (HER) are, respectively, the anodic and cathodic
reactions in an electrolyzer [3–5]. Platinum-based materials perform efficiently the HOR with much
less Pt mass loading (0.05 mg cm−2) at the anode [6]. The complex oxygen electrode reactions
(oxygen reduction reaction and oxygen evolution reaction), which involve various elementary steps,
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are kinetically intrinsic sluggish reactions, and primarily catalyzed by precious metal centers, e.g., Pt,
Ir, Ru. The limited resources and high cost of these precious metals are an unavoidably obstacle for
widespread commercial applications [7]. Therefore, it is of increasing interest to reduce the usage of
precious metals, or completely replace precious metals with abundant, cheap and highly active ones.
In the past few years, various kinds of novel non-precious metal nanomaterials have been explored
as alternatives to precious metal-based electrocatalysts, including strongly coupled transition metals
(oxides, phosphides, chalcogenides, hydroxides, double perovskites, and so on) [8–14], nanocarbon
hybrids [15], and free-metal carbon-based materials [7,16].

Cobalt (Co), the 32nd most abundant element in the Earth’s crust, has emerged as an attractive
non-precious metal for electrochemical reactions due to its catalytic performance. The price of cobalt
per mass fluctuates over the years; currently its average-price is estimated at 72.82–48.07 €/kg
(January–October 2018). From 2005 to 2018, the price has been subjected to small or important
changes, meaning that the market is rather sensitive to the use purposes and to the localized
reserve in the world. Regarding selenium and sulfur, for the period January to October 2018,
the average-price ranges are 23.208–36.109 €/kg, and 0.063–0.067 €/kg, respectively. A series of
cobalt-based catalytic center materials such as chalcogenides [17–22], oxides [23–25], metal–organic
frameworks (MOFs) [26–30] and layered double hydroxides (LDHs) [31–33], have been recognized as
potential candidates because of their parallel or even better activities, and superior electrochemical
stability, compared with precious metals (Pt, Ir and Ru) [34]. Additionally, recent research results have
established that cobalt-containing compounds supported onto conducting carbonaceous materials,
e.g., Vulcan-XC-72 [35], nitrogen-doped carbon nanotubes (CNTs) [36], carbon nanowebs (CNWs) [37],
graphene [38], reduced graphene oxide (RGO) [39,40] and so on, represent a valid way to endow the
catalysts with rich exposed catalytic sites, high surface area, high electrical conductivity and fast mass
transport, thus enhancing the catalytic activities.

In this review, we stress this novel cobalt-based material (CoCat) associated with some
electrochemical processes, e.g., ORR, OER and HER in acid and alkaline electrolytes from the surface
electrochemistry perspective. All these carbons supported cobalt-centered catalysts are organized
into several categories, namely, cobalt oxides, cobalt chalcogenides (selenides, sulfides), Co–LDH,
Co–MOFs, and Co–Nx/C, see Figure 1. In what follows, we firstly illustrate the basic reaction
mechanism of ORR, OER and HER, then summarize recent progress in the development of cobalt-based
electrocatalysts towards ORR, OER, HER. For the Co-centered electrocatalysts, particular attention is
paid to the design, synthesis strategies, and electrocatalytic performance. Finally, we further discuss
the challenges ahead in designing novel, highly efficient cobalt-based electrocatalysts for large-scale
applications and opportunities.
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2. Electrocatalysts for Oxygen Reduction Reaction (ORR)

2.1. Mechanism of ORR

The oxygen reduction reaction is the cathodic electrode reaction. The ORR electrochemical
properties can be evaluated from rotating disc electrode (RDE) measurements (namely, the onset
potential (Eonset), half-wave potential (E1/2), overpotential (η), and diffusion-limiting current density
(jL)). The ORR electrochemical reactions, in acid and alkaline medium, are shown below. The adsorbed
molecular oxygen is reduced by a “direct” four-electron charge transfer process or reduced to water
(acid medium) or OH− (alkaline medium) via the formation of HO2

− and H2O2 intermediates with
the consumption of two electrons [41]. In acid condition, oxygen can be reduced to water with
a standard thermodynamic potential at 1.229 V vs. SHE (Standard Hydrogen Electrode) for the
four-electron pathway (Equation (1)); while in the alkaline medium, hydroxide is produced with a
standard thermodynamic potential at 0.401 V vs. SHE in the four-electron reaction (Equation (4)).
The charge-transfer reaction depends on the electrolyte nature and the surface properties of the catalytic
centers. Even for Pt, considered as the best ORR catalyst, a substantial cathodic overpotential of 300
mV [41] is observed in acid electrolyte. Clearly, a selectivity for the four-e− reduction pathway is
highly desirable to improve the electrocatalytic ORR efficiency.

Acid medium:
O2 + 4H+ + 4e− → 2H2O, (1)

or
O2 + 2H+ + 2e− → H2O2, (2)

H2O2 + 2H+ + 2e− → 2H2O, (3)

Alkaline medium:
O2 + 2H2O + 4e− → 4OH−, (4)

or
O2 + H2O + 2e− → (HO2)− + OH−, (5)

(HO2)− + H2O + 2e− → 3OH−, (6)

2.2. Oxygen Reduction on Cobalt Chalcogenides Catalysts

2.2.1. Bond Ionicity or Covalency of S, Se, Te

In transition metals (TM) chalcogenides, the increase of covalency is obtained when d-state
of TM interact with p-state of chalcogenides take place in MX2 compounds (e.g., M: Co; X: S, Se).
The hybridization degree of chalcogenides p-state with d-state of TM favors the metal–metal interaction.
Moreover, metal cluster chalcogenides catalysts, Ru2Mo4X8 (Chevrel phase), where X: Se- and S-based,
have motivated a strong interest since Alonso-Vante and Tributsch [42] in 1986 reported the comparable
ORR activity of Ru2Mo4Se8 to that of Pt in H2SO4 [43–46]. In binary metal clusters (e.g., Ru) coordinated
with X, they proposed that the activity of RuxXy catalysts depends on the chalcogen, and increases
according to: RuxSy < RuxTey < RuxSey ~MoxRuySez in acid solution [47]. The structure analysis
from the EXAFS (Extended X-ray Absorption Fine Structure) data suggested that that the variation
of the chalcogen nature led to a change in its amount in the first co-ordination sphere of ruthenium.
The latter apparently affected the strength of ruthenium interaction with oxygen, which is evidenced
by significant differences observed in the Ru/O distances. For RuxSy clusters, the high co-ordination
number of Ru to sulfur resulted in blocking the ruthenium active sites towards adsorption of molecular
oxygen, which showed lowest ORR catalytic activity. In this respect, the coordinating strength of S, Se,
Te on Ru chalcogenides was demonstrated (ligand effect). This is in contrast to cobalt dichalcogenides
compound (CoX2) demonstrated by Behret et al. [48] that reported a trend of ORR activity basically
followed the sequence: MxSy > MxSey > MxTey. In addition, the activity was also related to the catalytic
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centers with Co. Both theoretical and experimental results confirmed that Co–selenides are less active
than its sulfides by ~0.2 V [49]. The considerable decrease in activity was observed when S was partly
or totally substituted by O, Se, and Te, probably attributed to the geometric and electrostatic conditions
in spinel structures. It was claimed that the selenium and tellurium with higher atomic radii give a
weaker electrostatic repulsion to the reduction product (O2−) and also to the intermediate reduction
products. Therefore, the reaction products on the surface of seleno- and tellurospinels were not as
easily desorbed as those on thiospinels [48].

Furthermore, a series of transition metal chalcogenides were reported by Behret et al. [48]
consisting of the anionic substitution (S, Se and Te), and the cationic substitution (Fe, Co, Ni).
These primary results disclosed a trend for ORR electrochemical performance with the metal cations as
follows: Co > Ni > Fe, and for the chalcogenide anions: S > Se > Te. They found that Co–S and Co–NiS
systems possessed very high catalytic activity in acidic medium. They declaimed that better catalytic
activity may be caused by the minimal energy difference between the oxygen 2p orbital and the highest
occupied d orbital of sulfides [50]. CoS was, apparently, the most promising ORR non-precious metal
catalyst in alkaline media. Besides, Co9S8 was predicted to have similar ORR activity with that of
Pt via a four-electron ORR pathway in acidic solution [51]. Zhu et al. [52] developed a simple and
scalable route to synthesize 3D hybrid nanocatalyst—the Co9S8 incorporated in N-, S-doped porous
carbon exhibited an excellent catalytic activity, superior long-term stability, and good tolerance against
methanol. Recently, Dai et al. [19], for the first time, designed and prepared the etched and doped
Co9S8/graphene hybrid as an advanced bifunctional oxygen electrode reactions catalyst.

2.2.2. Crystal Structure and Particle Size Effect

The different crystal structures with the same chemical composition led to the different ORR
catalytic activity. For instance, CoSe2 has two common crystal structures: cubic (pyrite-type),
and orthorhombic marcasite-type. Alonso-Vante and Feng [53,54] discovered that the orthorhombic
CoSe2 was obtained after a heat treatment of 250–300 ◦C. The cubic CoSe2 phase was obtained at
high temperature (400–430 ◦C). The latter showed a higher ORR activity by 30 mV in 0.5 M H2SO4.
Wu et al. [55] prepared cubic Co9S8 particles surrounded by nitrogen-doped graphene sheets for the
ORR in alkaline medium with an improved ORR activity and stability comparable to Pt/C. Similarly,
cobalt sulfides with different chemical compositions and crystal structures, namely, Co1–xS, CoS
(hexagonal phase) [56], CoS2, Co9S8 and Co3S4 (cubic phase) [56], are the most promising type of
chalcogenides for the ORR. As an illustration, Dai et al. [18] obtained the Co2S/RGO with an average
particle size of ca. 50 nm and Co1–xS/RGO with an average particle size of 10–20 nm. The latter
displayed a better ORR activity in terms of the onset potential of ca. 0.8 V vs. RHE (Reversible
Hydrogen Electrode) in 0.5 M H2SO4. The authors noticed that the ORR performance depends on the
particle size and on the crystal structure.

Generally, the mass activity (MA, activity mass−1) of a catalyst is defined as the current normalized
by the noble metal loading or catalyst loading as measured at a specific electrode potential. In order to
increase MA, some strategies can be adopted, i.e., increasing the specific surface area of the catalysts
by decreasing the particle size [57]. The particle size effect on the specific activity of catalysts has been
attributed to different factors, such as, the structural sensitivity, i.e., the dependence of surface geometry,
the electronic state, and the metal–support interaction [58]. Moreover, the particle size of the catalysts
on the oxygen reduction reaction can be influenced by the adsorption of oxygen during the reaction,
which is mainly associated with the fraction of active sites on the surface of the catalysts. Wang et al. [59]
demonstrated that the Pd3Co alloy had a slightly smaller lattice spacing than that of Pd, and thus a
further shifting to larger size was expected due to the stronger lattice-induced compression. The 3-fold
enhancement in the specific activity of Pd3Co could be attributed to the nanosized-, and lattice
mismatch-induced contraction in (111) facets, based on the DFT (density Functional Theory) calculation
using a nanoparticle model. Feng et al. [46] developed cubic CoS2 nanocatalysts with different
particle size from 30 nm to 80 nm by adjusting the initial Co2+ concentration in the presence of
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hexa-decylcetyl-trimethylammonium (CTAB), and further demonstrated that the ORR activity depends
on the average particle size, see Figure 2. The ORR activity remained similar to the particle size from
30 nm to 50 nm, and then significantly decreased with size from 50 nm to 80 nm. The CoS2 catalyst
with an average particle size of 30.7 nm demonstrated an excellent electrocatalytic performance with an
onset potential (Eonset) of 0.94 V vs. RHE, a half-wave potential of 0.71 V vs. RHE, and high tolerance
in methanol-containing 0.1 M KOH. Such a trend was also found for 20 wt% Co3S4/C nanoparticles
and 20 wt% CoSe2/C [60]. The particle size can be approximately adjusted within a certain range by
controlling the initial feeding concentrations, which has strong effect on the crystal nucleation and
crystal growth.
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Figure 2. (a–d) High-resolution transmission electron microscope (HRTEM) images of CoS2-0 (without
addition of hexa-decylcetyl-trimethylammonium (CTAB)), CoS2-1, -2, and -3 nanoparticles with the
initial Co2+ concentrations from 0.025 M to 0.075 M in the presence of 0.5 mM CTAB; (e) rotating disc
electrode (RDE) curves of the four CoS2 samples in O2-saturated 0.1 KOH at 1600 rpm at a scan rate of
5 mV s−1 (cathodic sweep) at room temperature. The catalyst loading was 0.1 mg cm−2; (f) half-wave
potential (E1/2) and OCP (Open Circuit Potential) extracted from Tafel plots as a function of the average
CoS2 particle size. Reproduced from [46], Copyright © Royal Society of Chemistry, 2013.

2.2.3. Synthesis and Support Effect

Cobalt selenides have received extensive attention for their ORR activity [61,62]. This electrocatalyst
deposited on highly conductive supporting material is very important to enhance the electrocatalytic
performance. The ideal supporting materials for catalytic centers have high surface area, high
electrical conductivity, and high chemical stability [63]. Taking advantage of the high surface area of
amorphous carbon, Feng et al. [62] synthetized via a surfactant-free way the CoSe2 orthorhombic-phase
nanoparticle supported onto XC-72 Vulcan with a promising ORR performance in acid media.
Zhou et al. [64] developed supported CoSe2 nanostructures by a hydrothermal approach using the
increased disordered domains of carbon nanotubes (CNTs) derived from a MOF with excellent ORR
performance in 0.1 M KOH with a Tafel slope of 45 mV dec−1, onset potential of ca. 0.8 V vs. RHE,
and a long-term stability. Although a relative success was obtained, the major drawback of the hybrid
catalysts is the weak interaction between the catalytic centers and the support leading to low activity
and stability. The formation of interfacial bonds between the catalytic center and the support favors
the adsorption properties, therefore, enhancing the kinetics toward the electrocatalytic reaction [65].
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The catalytic–support interaction may weaken the adsorption events, and then decrease the energy
barriers for the reaction. This phenomenon, known as strong metal–support interaction (SMSI) is
an important ingredient to tailor, and tune highly active and stable catalyst centers. Unni et al. [66]
fabricated high-surface area N-doped carbon nanohorns (NCNH) supported cubic-phase CoSe2 via
a simple NaBH4-chemical reduction process of CoCl2 and SeO2, Figure 3a,b. The CoSe2/NCNH
demonstrated considerable ORR activity in alkaline medium, cf. Figure 3c,d, as a result of the electronic
structure modification of chalcogenide (CoSe2) centers throughout its interaction with NCNH via the
nitrogen moieties, Figure 3e.
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(cathodic sweep) at 25 ◦C. The catalyst loading was 0.214 mg cm−2; (d) ORR Tafel plots of supported
CoSe2 onto carbon Vulcan, CNH and NCNH; (e) schematics of the synthesis procedure. Reproduced
from [66], Copyright © Wiley, 2015.

Similarly, García-Rosado et al. [67] prepared a series of N-doped reduced graphene oxide (N-RGO)
as supports for hexagonal cobalt selenide (CoSe) by a NaBH4-assisted chemical reduction, Figure 4.
The carbon support after the surface reduction supplied more available active and anchor sites due to
the increase in the pore size and surface area. The ORR performance is concomitant with the properties
of the supports. The graphitic and pyridinic nitrogen moieties of N-RGO acted as electrochemical
active sites for the ORR in alkaline media.

Additionally, Pan et al. [68] used porous g–C3N4 as a template and a N-source to successfully
synthesize mesoporous S-, and N-co-doped carbon matrix coupled with Co@Co9S8 nanoparticles,
cf. Figure 5. Herein, the g–C3N4 carbon matrixes not only enhance the conductivity, but also suppress
the aggregation phenomenon during the electrochemical reactions. Besides, the strong coupling
between Co@Co9S8 and N–, S–carbon promoted significantly the ORR electrocatalytic performance
with a more positive half-wave potential and lower Tafel slope value, as compared with the commercial
Pt/C catalyst.
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Figure 5. (a) The schematic chemical synthesis route of Co@Co9S8/S–N–C; (b) linear sweep
voltammetry (LSV) curves for the g–C3N4@D–glu/Co(OH)2, Co@Co9S8/S–N–C, and Pt/C electrodes
recorded in O2-saturated 0.1 KOH solution at 1600 rpm with scan rate of 10 mV s−1 (cathodic sweep)
at 25 ◦C (catalyst mass loading: 0.2 mg cm−2); (c) Tafel plots of Co@Co9S8/S–N–C and Pt/C catalysts.
Reproduced from [68], Copyright © Elsevier, 2018.
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2.3. Oxygen Reduction on Metal–Organic Frameworks (MOFs) Catalysts

MOFs and their derivatives have also been used as efficient precursors and self-sacrificing
templates because of their well-tunable physical and chemical properties. Benefiting from the unique
properties of MOF, such as, large surface area, tailoring porosity, and easy functionalization with
other heteroatoms or metal/metal oxides, various carbon-based nanomaterials (as support) have
been prepared. Based on organic ligands and cobalt metal centers, MOFs compounds possess
special superiority to prepare various cobalt-based functionalized carbon nanomaterials, including
heteroatom-doped porous carbons, and metal/metal oxide decorated porous carbons, via thermal
decomposition under controlled atmospheres. For instance, Lou et al. [69] used ZIF-67 as a
template and thioacetamide as a sulfur source to prepare a double-shelled Co–C@Co9S8 nanocages
electrocatalyst for the ORR. By adjusting the reaction time, the amorphous CoS nanocages (a–CoS
NCs) and ZIF-67@a–CoS yolk-shelled hollow nanostructures were fabricated. The Co9S8 shells,
served as a nanoreactor, effectively prevented the Co–C active centers from aggregation, Figure 6a.
Interestingly, the unique Co–C hollow cages significantly shortened the diffusion pathway of the
electrolyte, and thus promoted the electrocatalytic activity, durability, and tolerant to methanol toward
the ORR of Co–C@Co9S8 catalyst. In Figure 6b–e, the onset potential remarkably reached 0.96 V vs.
RHE with a limiting current of 4.5 mA cm−2 and a four-electron transfer route with OH− production
in alkaline media.
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Figure 6. (a) The synthesis route of Co–C@Co9S8 DSNCs (double-shelled nanocages); (i–vi) field-emission
scanning electron microscopy (FESEM) and TEM micrographs of the catalyst; (b) CV curves of
Co–C@Co9S8 DSNCs in Ar- or O2-saturated 0.1 M KOH electrolyte with a scan rate of 10 mV cm s−1;
(c) LSV (cathodic sweep) curves of Co–C@Co9S8 DSNCs catalyst recorded at different rotation speeds
from 400 to 2500 rpm in O2-saturated 0.1 M KOH; (d) the K–L plots of Co–C@Co9S8 DSNCs at various
potentials (0.1–0.6 V vs. RHE (Reversible Hydrogen Electrode); (e) the chronoamperometric responses
(j/j0 (%) vs. t) of Co–C@Co9S8 DSNCs, Co–C polyhedrons, Co9S8 nanocages and Pt/C electrodes at
0.5 V in O2-saturated 0.1 M KOH solution at 1600 rpm. Reproduced from [69], Copyright © Royal
Society of Chemistry, 2015.

Additionally, a simple and efficient method to produce homogeneously dispersed cobalt
sulfide/N-, S-co-doped porous carbon electrocatalysts, using ZIF-67 as precursor and template,
was reported by Xia et al. [70]. Due to a unique core–shell structure, high porosity, homogeneous
dispersion of active components together with N-, and S-doping effects, the electrocatalyst not only
showed an excellent electrocatalytic activity towards ORR with a high onset potential (ca. −0.04 V
compared with −0.02 V for the benchmark Pt/C catalyst), but also revealed a superior stability (92%)
compared with the commercial Pt/C catalyst (74%) in ORR.
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Table 1 summarizes some transition metal chalcogenides as ORR catalysts investigated so far.
One can conclude that: (1) Co-based chalcogenides are promising catalysts for the ORR in alkaline
media; (2) the carbon support having a pore morphological structure, and hetero-atom doping plays a
key role to promote the ORR performance of Co-based chalcogenides.

2.4. Oxygen Reduction on Cobalt Oxide Catalysts

2.4.1. Nanostructure

Intensive efforts have been devoted to fabricate various surface-tuned cobalt oxides materials
with different nanostructures and morphologies, including Co3O4 nanorods [71], nanowires [72],
core–shell [73], and hollow structures [74], which are responsible for the electrochemical performance.
For example, Kurungot et al. [75] prepared a series of surface-tuned Co3O4 nanoparticles with different
morphologies (cubic (Co3O4–NC/NGr–9h), blunt-edged cubic (Co3O4–BC/NGr–12h), and rough
edged spherical (Co3O4–SP/NGr–24h)) dispersed on nitrogen-doped graphene (NGr) electrocatalysts
for ORR by varying the reaction time. The transformations of the morphologies of Co3O4 could
be assigned to the transformation of the higher to the lower surface energy crystal plane structure,
which was expected to obtain the mixed facets of the exposed Co-oxide crystals. Among them,
the NGr supported spherical Co3O4 (Co3O4–SP) nanoparticles (Co3O4–SP/NGr–24h) with the
highest roughness factor and increased surface area exhibited the best activity in alkaline medium,
and attributed to: (1) homogenous dispersion of Co3O4 nanoparticles on NGr support; (2) NGr served
as nucleation sites, efficiently controlling the growth kinetics of Co3O4 nanoparticles; and (3) a strong
synergistic interaction between the active sites and the support.

2.4.2. Particle Size Effect and Chemical Composition

Different particle size also influences the electrocatalytic active surface. For example, Feng’s
group [76] synthesized a series of Co3O4/N–RGO composites with different particle size by controlling
Co2+ initial feeding concentrations, and carefully investigated the particle size effect of Co3O4

nanoparticles on the bifunctional oxygen electrocatalytic performance. The Co3O4/N–RGO with
the smallest particle size of 12.2 nm revealed the best bifunctional oxygen activity (ORR and OER) with
lower ∆E = 0.75 V (∆E = EOER, j@10 mA cm

−2 − EORR, j@−3 mA cm
−2) (EOER, j@10 mA cm

−2, the potential
at a current density of 10 mA cm−2 for OER; EORR, j@−3 mA cm

−2, the potential at a current density of
−3 mA cm−2 for ORR) than other larger particle sized samples. Sun and co-workers [77] investigated,
on the other hand, the impact of the CoO particle size on the ORR activity via a combined controllable
hydrolysis and thermal treatment process. The promoted ORR current and the increased content of
HO2

− produced over the smallest CoO particles benefited from the increase of the interface between
carbon support and CoO nanoparticles (NPs). Thus, the interface between carbon and CoO NPs could
be identified as the most active site.

Besides the control of particles’ size, fine-tuning of the chemical composition (e.g., Co3+/Co2+

ratio) was an effective strategy to boost the electrocatalytic activity of cobalt oxide catalysts.
Liu et al. [78] proposed an interesting approach to enhance the electrocatalytic activity of Co3O4

nanosheets through the modulation of the inner oxygen vacancy concentration, and the Co3+/Co2+

ratio. Based on the synergistic effect of the fashioned 2D nanosheets, the presence of oxygen vacancies,
and the Co3+/Co2+ ratio, the catalyst showed a much lower overpotential towards ORR and OER
for Li–O2 batteries. Furthermore, Zhao’s group [79] reported that the ORR catalytic activity of the
prepared catalysts is sensitive to the number and activity of surface-exposed Co3+ ions that could be
tailored by the morphology of cobalt oxides.

2.4.3. Support Effect

Cobalt oxide (Co3O4 and CoO) nanoparticles are recognized as a class of non-precious catalysts
with high activity, stability and durability in alkaline solution. For example, Co3O4/graphene
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hybrids had a remarkable ORR performance comparable to that of commercial Pt/C in alkaline,
which was attributed to the synergistic catalyst-support coupling [25]; as for graphene supported 3D
“sheet-on-sheet” interleaved Co3O4 nanosheets (Co–S/G), the strong electron transport and charge
transfer from graphene to Co3O4 nanosheets significantly enhanced the ORR electrocatalytic properties
of Co–S/G [80].

Bao et al. [81] proposed that the excessive ascorbic acid (AA) could form abundant negative
functional groups on the surface of 3D graphene aerogel (3DG, Figure 7a), with Co2+ ions uniformly
anchored on 3DG by electrostatic or coordination interaction. The hollow Co3O4/3DG was synthesized
by a direct oxidation of C@Co/3DG precursor through the Kirkendall effect, Figure 7b. The prepared
Co3O4/3DG (22 wt% Co3O4) electrocatalyst showed a positive onset potential of 0.82 V vs. RHE,
and a limiting current density of 5.12 mA cm−2 (1600 rpm), Figure 7c. The rotating ring disk electrode
(RRDE) method further confirmed a charge transfer pathway close to 4-electron with a production of
hydrogen peroxide (HO2

−) of 4.27%to 14.2% in Figure 7d.
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Figure 7. (a) Schematic representation of how an excess of ascorbic acid reduced graphene oxide (GO)
and formed 3DG (three-dimensional graphene). The added Co2+ are anchored on 3DG; (b) Schematic
showing the formation of HNPs (hollow nanoparticles) Co3O4/3DG material; (c) LSVs (cathodic
sweep) curves of GO, Co3O4/3DG (with various weight loading) and Pt/C electrodes in O2-saturated
0.1 M KOH electrolyte at 5 mV s−1 at 1600 rpm; (d) the transferred electrons and peroxide percentage
of Co3O4/3DG (22 wt%). Reproduced from [81], Copyright © Wiley, 2017.

Wang et al. [82] developed a supramolecular gel-assisted method to manufacture N-doped carbon
shell coated Co@CoO nanoparticles on carbon Vulcan XC-72 (Co@CoO@N–C/C) for ORR. Herein,
melamine not only acted as a chelating agent interacting with Co2+, but also as a nitrogen source
to dope at high-temperature pyrolysis treatment. Due to the synergistic effect, the double-shelled
Co@CoO@N–C/C nanoparticles displayed the excellent ORR performance with Eonset = 0.92 V vs.
RHE and E1/2 = 0.81 V vs. RHE, comparable with the commercial Pt/C in 0.1 M KOH.

2.5. Oxygen Reduction on Cobalt-Based Layered Double-Hydroxides Catalysts

Synthesis Strategy

Layered double hydroxides (LDHs), a class of two-dimensional (2D) layered material, consist
of host sheets with divalent (MII) and trivalent (MIII) metal cations coordinated to hydroxide anions,
and the guest anions in the interlayer regions. This kind of structure has attracted interest in various
energy conversion systems [31]. Generally, hydroxides have a good affinity to aqueous electrolytes
and their layered structures offer an enlarged surface area and improved dispersion degree based on
the confinement effect. This latter property favors the accessibility of catalytic sites. Nevertheless,
the positively charged host sheets in LDHs favor the oxygen adsorption and its oxygen reduction.
Currently, Co-containing LDHs, as ORR catalysts, have been the object of intense research [83–85].
For instance, Li et al. [85] investigated the interaction of LDHs with RGO toward the ORR via a
four-electron transfer pathway and found that the Co2+ in the LDHs, as active sites, catalyzed the
disproportionation of the peroxide species to form H2O and O2. Additionally, the RGO support
increased the electrical conductivity.
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Apart from the direct preparation of the LDHs precursor, the materials derived from LDHs, after
thermal treatment, showed similar promising electrocatalytic activity in alkaline solution. For example,
Co3Mn–CO3–LDH/RGO precursor was calcined to produce reduced graphene oxide supported
Co–Mn oxides under nitrogen atmosphere with enhanced catalytic performance (Eonset = 0.95 V vs.
RHE, E1/2 = 0.76 V vs. RHE, and jlimit = 4.2 mA cm−2 at 0.2 V vs. RHE, 1600 rpm) [84]. Similarly,
Co3O4/Co2MnO4 composites, resulting from CoMn–LDHs precursor, displayed excellent bifunctional
activities for ORR and OER with ∆E = 1.09 V.

Herein, the activity of the material was attributed to the large specific surface area and
well-dispersed heterogeneous structure [83]. Xu et al. [86], on the other hand, fabricated a
Co/CoO/CoFe2O4 as ORR electrocatalyst based on the utilization of CoFe–LDHs as precursor by
separate nucleation and aging steps (SNAS). The same group later reported Co@N–CNTs obtained by
calcination of melamine/CoAl–LDH mixture, cf. Figure 8 [32]. Here, the CoAl–LDH precursor
operated as: (i) catalyst for carbonization and formation of N–CNTs; (ii) detacher of active Co
nanoparticles from the Co component in the host sheet; (iii) enabler for the growth of long N–CNTs
with the aid of the confinement effect of non-active Al2O3 matrix formed.
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2.6. Oxygen Reduction on Co–Nx/C Catalysts

2.6.1. Co–Nx Active center

Besides the aforementioned Co-based electrocatalysts, Co–Nx/C has also been considered as
another potential candidate to substitute Pt for ORR. In 1964, Jasinski [87] for the first time found that
cobalt–phthalocyanine (CoPc) activated the ORR process in alkaline electrolyte. However, the catalytic
sites in macrocyclic cathode catalysts for ORR are still controversial. Apropos Co–Nx/C catalysts,
various type of active sites were proposed, including Co–N4/C and Co–N2/C [88–92], NxCy [93],
pyridinic N [91,94], and graphitic N [95,96]. For example, Kiefer et al. [97] explained the origin and
mechanism of ORR on Co–Nx (x = 2, 4) based on self-assembled carbon supported electrocatalysts
in alkaline and acidic media via first-principle DFT calculations. The graphitic Co–N4 defect was
energetically more favorable than the graphitic Co–N2 defects, and the former was predicted to be the
dominant in-plane graphitic defect in Co–Nx/C electrocatalysts.

Nevertheless, Li et al. [98] believed that the dominant reactive sites for cobalt single atoms
(Co–SAs) in Co–SAs/N–C could be postulated as Co–N4 and Co–N2 moieties, and Co–N2 species had
a stronger interaction with peroxide than Co–N4, promoting the ORR four-electron reduction process.
Tang et al. [99] considered that both of Co–Nx and pyri–N species were very important and their
coupling effect (Co–pyri–N) was of paramount importance in the high electrocatalytic activity due to
the high lying HOMO energy levels. Besides, Liao et al. [100] proposed that doped transition metals
could act, on one hand, as a catalyst for the formation of stable active sites in the pyrolysis process,
and on the other hand, the residual metal compounds could serve as active sites. In fact, the ORR
catalytic performance improvement of transition metals might be the result of joint effects: (i) the overall
N content/active N content; (ii) metal residue; and (iii) the surface area and pore structures. Metal-free



Catalysts 2018, 8, 559 12 of 43

carbon structure was originally suggested as active sites by Wiesener [101]. Yet, Masa et al. [102] argued
for the concept of a metal-free catalyst. Indeed, truly metal-free nitrogen-doped carbon demonstrated
much lower ORR activity and reduced O2 through a two-electron pathway in acidic solution, so that
undetectable metal residues may play a crucial role for the ORR.

2.6.2. Co–NxSynthesis Strategy

Generally, the electrocatalytic activity and stability of Co–Nx/C, or nitrogen-modified carbon
supports (NCSs) or templates materials, basically rely on the morphology, pore structure, dispersion
of the active sites, and nitrogen species, which are up to the crucial synthetic route. Traditional
methods involving the pyrolysis of carbon-supported cobalt N4–macrocycles, e.g., phthalocyanine (Pc),
tetra-azaannulene (TAA), tetra-phenylpophyrin (TPP) and tetra-methoxyphenlyporphyrin (TMPP),
at temperatures between 550 ◦C and 800 ◦C preserved or created Co–Nx active sites, although the
macrocyclic structure of the complex was partially or completely destroyed [103–106]. Above 800 ◦C,
the metal–nitrogen species are known to decompose with a concomitant decrease in the ORR
performance. For example, Popov et al. [107] found, via EXAFS, that the content of Co–N species
decreased when the heat treatment exceeded 800 ◦C. Yet, Dodelet’s group [108] proposed that Co metal
and/or CoPc fragments containing Co could be responsible for the catalytic activity of CoPc/XC-72
pyrolyzed at 600 or 700 ◦C, a treatment where the maximum of the electrocatalytic activity was
obtained [109]. Jahnke et al. [110] improved the stability as well as the electrochemical activity of
transition metal porphyrins deposited on carbon support by a pyrolytic treatment step in the range of
450 to 900 ◦C, in an inert atmosphere. Qiao et al. [35] synthesized carbon-supported cobalt catalysts,
namely, Py–CoPc/C, heat-treated at 600–900 ◦C, and investigated its heat-treatment effect onto the ORR
activity in alkaline electrolyte. The catalysts that annealed at 700 ◦C exhibited the best activity towards
ORR in 0.1 M KOH. Such a phenomenon was related with Co–Nx/C, pyridinic–N and graphitic–N
active sites. Shan et al. [111] fabricated novel mesoporous Co–Nx–C, by a nanocasting-pyrolysis
method, using Co–phenanthroline as the only precursor, permitting that abundant Co–Nx moieties
remained embedded in the graphitic framework during pyrolysis.

Recently, most Co–Nx/C catalysts were fabricated by pyrolysis treatment of Co salts mixed with
carbon support and nitrogen-rich precursor [100]. Zelenay et al. [88] used polyaniline (PANI) as
a nitrogen source for high-temperature synthesis of catalysts incorporating iron or cobalt centers.
The most active catalysts: FeCo/N/C, showed a very positive onset potential of ~0.93 V with a
long-term stability test of 700 h at a fuel cell voltage of 0.4 V in 0.5 M H2SO4. Zhang et al. [112]
demonstrated the direct utilization of the intrinsic structural defects in nanocarbon to generate
atomically dispersed Co–Nx–C active sites via defect engineering. The as-obtained Co/N/O
tri-doped graphene mesh (denoted as NGM–Co) were prepared via the carbonization of a mechanical
mixture of gelatinized amylopectin, melamine, cobalt nitrate, and in situ generated Mg(OH)2

nanoflakes. The remarkable bifunctional electroactivity for ORR and OER in alkaline medium of
NGM–Co catalyst was ascribed to Co–Nx–C moieties, nitrogen-doping, oxygen functional groups,
and topological defects. Miao et al. [113] reported a noble-free Co–N–C catalyst, derived from
cobalt–phenanthroline complexes on CMK-3 under heat-treatment. By careful examination of the
Co–N–C catalyst with sub-Ångström-resolution aberration-corrected scanning transmission electron
microscopy (HAADF-STEM), the authors suggested that the Co single atoms bonded to N within
the graphitic sheets served as the active sites. Wang’s group [114] developed a new type of Co–N/C
catalysts that contained two forms of active components, namely, coordinating cobalt moieties
(CoCxNy or CoNx) and Co nanoparticles encapsulated in mesoporous N-doped carbon hollow
spheres (Co–N–mC) by pyrolyzing the polystyrene@polydopamine–Co (PS/PDA–Co) precursor.
The Co–N–mC catalysts revealed striking ORR performance, comparable with commercial Pt/C,
with onset potential of 0.94 V vs. RHE, half-wave potential of 0.851 V vs. RHE, and a Tafel slope of
45 mV dec−1 in 0.1 M KOH. Similarly, Tsiakaras et al. [115] designed and fabricated a 3D hollow carbon
spheres (HCS) with co-doping of cobalt and nitrogen, using dopamine and poly-methyl-methacrylate
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(PMMA) as a template and a vacuum-assisted impregnation method, Figure 9a. The Co–N@HCS
catalyst with a large specific surface area (347.3 m2 g−1) displayed excellent catalytic activity for both
ORR and OER with a ∆E (∆E = EOER, j@10 mA cm

−2 − E1/2, ORR) of 0.856 V, much lower than those of
the N@HCS (1.233 V) and the benchmark Pt/C catalysts (1.044 V).Catalysts 2018, 8, x FOR PEER REVIEW  13 of 43 

 

 
Figure 9. (a) The schematic chemical synthesis route of Co–N@HCS catalyst; (b) the LSV curves within 
ORR (cathodic sweep) and OER (anodic sweep) potential window of Co–N@HCS, N@HCS and Pt/C 
catalysts in O2-saturated 0.1 KOH at a rotation speed of 1600 rpm with a mass loading of 0.3 mg cm−2. 
Inset: the comparison of the ΔE values. Reproduced from [115], Copyright © Elsevier, 2017. 

Besides, more recently, some new synthesis strategies have been proposed to precisely control 
and fabricate the Co–Nx catalytic materials, under the confinement effect, with well-engineered 
nanostructure derived from metal-organic framework precursors (MOFs). The Co–Nx/C catalysts 
synthesized by a simple pyrolysis of MOF precursor, inherited the large surface area and satisfactory 
porosity of MOFs, which led to dense active sites on the surface of materials. Feng’s group [28] 
fabricated the Co/CoNx/N–CNT/C electrocatalysts by heat treatment of MOF (Co–mela–BDC) at 
different temperatures under N2 atmosphere. The Co/CoNx/N–CNT/C catalyst obtained at 800 °C 
contained N-doped carbon nanotubes, which were generated by the catalysis of cobalt species. 
Owing to the synergistic effect between Co–Nx–C and NCNTs, the Co/CoNx/N–CNT/C composite 
boosted the much higher ORR performance. Aijaz et al. [116] reported highly active bifunctional 
electrocatalysts for oxygen electrodes containing core–shell Co@Co3O4 nanoparticles embedded in 
CNT-grafted N-doped carbon-polyhedra from the pyrolysis of ZIF-67, involved in the sequential 
reduction and oxidation steps. The use of ZIF-67, as sacrificial precursor, was advantageous to build 
a core–shell nanostructured polyhedral with large surface area, and high dispersion of Co–Nx and 
Co3O4–Nx active sites. Furthermore, Zheng et al. [117] developed a bimetal (Cu and Co) embedded 
N-doped carbon framework, using the in situ growth of ZIF-67 polyhedrons on Cu(OH)2 nanowires, 
followed by pyrolysis treatment, Figure 10. The pyrolytic decomposition proceeded successively for 
Cu(OH)2 and ZIF-67, and thus the hierarchical porosity of ZIF-67 enabled the confinement of Cu 
nanocrystals and particles’ size. The authors proposed that the existence of Cu ions not only provided 
extra active sites, but also led to an increased nitrogen content in the carbon frameworks via Cu–N 
coordination, optimized porous structure and large specific surface area, favorable to enhance the 
ORR electrocatalytic activity, Figure 10b. The CuCo@NC material showed an outstanding ORR 
activity, with much more positive Eonset = 0.96 V and E1/2 = 0.88 V, comparable to commercial 30% Pt/C 
(1.04 V and 0.84 V, for Eonset, and E1/2, respectively). 

 
Figure 10. (a) The chemical synthesis route of Co–N@HCS catalyst; (b) ORR current-potential 
characteristics on (Cu and Co) embedded N-doped carbon materials in O2-saturated 0.1 M KOH 

Figure 9. (a) The schematic chemical synthesis route of Co–N@HCS catalyst; (b) the LSV curves within
ORR (cathodic sweep) and OER (anodic sweep) potential window of Co–N@HCS, N@HCS and Pt/C
catalysts in O2-saturated 0.1 KOH at a rotation speed of 1600 rpm with a mass loading of 0.3 mg cm−2.
Inset: the comparison of the ∆E values. Reproduced from [115], Copyright © Elsevier, 2017.

Besides, more recently, some new synthesis strategies have been proposed to precisely control
and fabricate the Co–Nx catalytic materials, under the confinement effect, with well-engineered
nanostructure derived from metal-organic framework precursors (MOFs). The Co–Nx/C catalysts
synthesized by a simple pyrolysis of MOF precursor, inherited the large surface area and satisfactory
porosity of MOFs, which led to dense active sites on the surface of materials. Feng’s group [28]
fabricated the Co/CoNx/N–CNT/C electrocatalysts by heat treatment of MOF (Co–mela–BDC)
at different temperatures under N2 atmosphere. The Co/CoNx/N–CNT/C catalyst obtained at
800 ◦C contained N-doped carbon nanotubes, which were generated by the catalysis of cobalt species.
Owing to the synergistic effect between Co–Nx–C and NCNTs, the Co/CoNx/N–CNT/C composite
boosted the much higher ORR performance. Aijaz et al. [116] reported highly active bifunctional
electrocatalysts for oxygen electrodes containing core–shell Co@Co3O4 nanoparticles embedded in
CNT-grafted N-doped carbon-polyhedra from the pyrolysis of ZIF-67, involved in the sequential
reduction and oxidation steps. The use of ZIF-67, as sacrificial precursor, was advantageous to build
a core–shell nanostructured polyhedral with large surface area, and high dispersion of Co–Nx and
Co3O4–Nx active sites. Furthermore, Zheng et al. [117] developed a bimetal (Cu and Co) embedded
N-doped carbon framework, using the in situ growth of ZIF-67 polyhedrons on Cu(OH)2 nanowires,
followed by pyrolysis treatment, Figure 10. The pyrolytic decomposition proceeded successively for
Cu(OH)2 and ZIF-67, and thus the hierarchical porosity of ZIF-67 enabled the confinement of Cu
nanocrystals and particles’ size. The authors proposed that the existence of Cu ions not only provided
extra active sites, but also led to an increased nitrogen content in the carbon frameworks via Cu–N
coordination, optimized porous structure and large specific surface area, favorable to enhance the ORR
electrocatalytic activity, Figure 10b. The CuCo@NC material showed an outstanding ORR activity,
with much more positive Eonset = 0.96 V and E1/2 = 0.88 V, comparable to commercial 30% Pt/C (1.04 V
and 0.84 V, for Eonset, and E1/2, respectively).
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Figure 10. (a) The chemical synthesis route of Co–N@HCS catalyst; (b) ORR current-potential
characteristics on (Cu and Co) embedded N-doped carbon materials in O2-saturated 0.1 M KOH
solution at a scan rate of 10 mV s−1 and rotation speed of 1600 rpm (cathodic sweep) at room
temperature (25 ± 1 ◦C). The catalyst loadings of all samples were 0.182 mg cm−2. Reproduced
from [117], Copyright © Wiley, 2017.

Because of some interesting properties, such as, tunable chemical composition, permanent porosity,
and a high thermal/chemical stability, the porous covalent networks (PCNs), also known as covalent
organic frameworks (COFs), are chemical precursors of interest for electrocatalysis. In this context,
Bu et al. [118] proved that the porphyrinic conjugated network PCN–FeCo/C, a carbonized product of
heterometalloporphyrinic PCN–FeCo at 800 ◦C, showed a spectacular ORR activity and electrochemical
stability in alkaline and acid electrolytes, Figure 11. The PCN–FeCo/C electrode displayed a very
positive onset potential (1.00 V vs. RHE), and a half-wave potential of 0.85 V vs. RHE comparable
to that of Pt/C (0.84 V vs. RHE) in 0.1 M KOH. Again, the binary PCN–FeCo/C catalyst was found
to give the highest activity, i.e., the most positive Eonset = 0.90 V vs. RHE, and E1/2 = 0.76 V vs. RHE
in 0.1 M HClO4 solution. The prominent performance of PCN–FeCo/C was attributed to the high
homogeneity of active components derived from ordered distribution of Fe and Co covalent network,
i.e., a generated hierarchical porosity.

Table 1. Selected Co-based catalyst for the oxygen reduction reaction.

Catalysts Mass Loading
(mg cm−2) Electrolyte RPM

(rpm) jk (mA cm−2)
E1/2

(V/RHE)
Tafel Slope
(mV dec−1) Refs.

Cubic CoSe2/NCNH a 0.214 0.1 M KOH 1600 8.1 @ 0.8 V 0.81 52 [66]

Hexagonal CoSe/N–RGO b 0.286 0.1 M KOH 1600 2.9 @ 0.85 V 0.86 56 [67]

Co3C–GNRs c - 0.1 M KOH 1600 4.6 @ 0.5 V 0.77 41 [119]

Cubic CoSe2/XC-72 Vulcan 0.1 0.5 M H2SO4 2000 0.1 @ 0.8 V - 113 [120]

Cubic CoSe2/XC-72 Vulcan 0.22 0.1 M KOH 1600 - 0.71 - [61]

Co1-xS/RGO 0.285
0.1 M KOH 1600 3.8 @ 0.7 V 0.75 -

[18]0.5 M H2SO4 1.1 @ 0.7 V 0.59 -

Co1-xS/N–S–G d 0.5 0.1 M KOH 1600
15% higher
than Pt/C @

0.6 V
0.86 58 [121]

Co1-xS/SNG/CF e 0.153 0.1 M KOH 1600 4.3 @ 0.2 V 0.83 85 [122]

Co–S/NS–RGO f 0.38 0.1 M KOH 900 - 0.81 - [123]

CoS2/NS–GO 0.25 0.1 M KOH 1600 7.7 0.79 30 [124]

CoS2/XC-72 0.1 0.1 M KOH 1600 4.2 @ 0.4 V 0.71 73 [46]

Co3S4/G g 0.051 0.1 M KOH 1600 4.5 @ −1.1 V
(vs. Ag/AgCl) - - [125]
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Table 1. Cont.

Catalysts Mass Loading
(mg cm−2) Electrolyte RPM

(rpm) jk (mA cm−2)
E1/2

(V/RHE)
Tafel Slope
(mV dec−1) Refs.

Co3S4 nanosheets - 0.1 M KOH 1600 - −0.19 (vs.
Hg/HgO) - [126]

Co3S4/C 0.011 0.5 M H2SO4 1600 - 0.26 - [60]

Co9S8/G 0.6 0.5 M H2SO4 1600 3.7 @ −0.1 V
(vs. Ag/AgCl)

−0.11 (vs.
Ag/AgCl) 52 [127]

Co9S8/N–S–C h 0.1 0.1 M KOH 1600 - 0.90 74 [128]

Hollow Co9S8
microspheres 0.61 0.5 M H2SO4 1600 - ~0.18 - [129]

Co9S8/N–S–GgC3N4 0.612 0.1 M KOH 1600 - −0.10 (vs.
Ag/AgCl) - [130]

Co3O4/N–rmGO i 0.24 0.1 M KOH 1600 5.0 @ 0.4 V 0.83 42 [25]

Co@N–CNTs–m j 0.6 0.1 M KOH 1600 6.0 0.85 - [32]

Co–S/G–3 0.08 0.1 M KOH 1600 7.0 @ 0.85 V 0.83 38 [80]

Co3O4–SP/NGr–24h k - 0.1 M KOH 1600 - 0.82 76 [75]

Co@CoO@N–C/C - 0.1 M KOH 1600 - 0.81 69 [82]

Co3O4/N–RGO–3 0.1 0.1 M KOH 1600 5.24 0.82 55 [76]

L1G5
l CoAl–LDHs/RGO 0.255 0.1 M KOH 1600 5.1 @ 0.2 V 0.71 - [85]

CoPc/C 0.071 0.1 M KOH 1500 - 0.03 (vs.
SHE) 62 [35]

NGM–Co 0.25 0.1 M KOH 1600 - - 58 [112]

Co–N–mC 0.285 0.1 M KOH 1600 4.5 @ 0.8 V 0.85 45 [114]

Co–N@HCS m 0.3 0.1 M KOH 1600 4.8 @ 0.8 V - 56 [115]

MOFs–800 0.335 0.1 M KOH 1600 3.7 @ 0.7 V 0.80 42 [28]

Co@Co3O4/NC–1 0.21 0.1 M KOH 1600 - 0.80 92 [116]

CuCo@NC 0.182 0.1 M KOH 1600 4.4 @ 0.8 V 0.88 80 [117]

jk: kinetically current density; E1/2: half-wave potential. a NCNH, N-doped carbon nanohorns; b N–RGO, N-doped
reduced graphene oxides; c GNRs, graphene nanoribbons; d N–S–G, N, S-doped graphene; e CF, carbon fiber; f

NS–RGO, N, S-doped reduced graphene oxides; g G, graphene; h N–S–C, N, S-doped carbon; i N–rmGO, N-doped
reduced mildly graphene oxides; j N–CNTs–m, N-doped carbon nanotubes mixture; k NGr–24h, N-doped graphene;
l L1G5, the mass ratio of LDHs/GO (1:5); m HCS, hollow carbon spheres.
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Figure 11. (a) Synthesis representation of porous covalent network (PCN)–FeCo/C by carbonization.
Monomers: (1,2) TIPP–M, and (3,4) TEPP–M (M = Fe, Co). (5,6) porphyrinic conjugated network
PCN–FeCo, and (7) the PCN–FeCo/C product. The reagents and conditions were: (i) propionic acid,
reflux, 3 h; (ii) Co(OAc)2·4H2O or FeCl2·4H2O, CHCl3·CH3OH, reflux, 12 h; (iii) tetrabutylammonium
fluoride (TBAF), THF–CH2Cl2, at R.T. 1 h; (iv) Pd2(dba)3, AsPh3, THF/Et3N, 50 ◦C, 72 h. TIPP stands
for: 5, 10, 15, 20-tetrakis (4-iodophenyl) porphyrin, and TEPP for: 5, 10, 15, 20-tetrakis (4-ethynylphenyl)
porphyrin; (b) ORR current-potential curves on PCN/C and 20% Pt/C (Alfa) at 1600 rpm (cathodic
sweep) in O2-saturated 0.1 M KOH solution, with the catalyst loading on PCN/C electrode of 0.2 mg
cm−2 and on Pt/C electrode of 0.1 mg cm−2; (c) in O2-saturated 0.1 M HClO4 with the catalyst loading
on PCN/C electrode of 0.6 mg cm−2 and on Pt/C electrode of 0.1 mg cm−2. Reproduced from [118],
Copyright © Wiley, 2015.

3. Electrocatalysts for Oxygen Evolution Reaction (OER)

3.1. Mechanistic Approach of OER

OER kinetics are also a multi-electron charge transfer process in acid and alkaline media.
The kinetic parameters such as overpotential (η), exchange current density (i), Tafel slope (b), turnover
frequency (TOF), and so on, are employed to evaluate the OER performance of electrocatalytic materials.
Particularly, the overpotential at a current density of 10 mA cm−2 is a crucial criterion to examine the
OER performance (indicated as η@10). These parameters play a key role for obtaining an insight into
the mechanism of this electrocatalytic process. In general, the electrochemical reaction that occurs at
the anode (OER) in acid, and alkaline electrolytes are:
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Acid medium:
2H2O(aq) → 4H+

(aq) + 4e− + O2(g), (7)

Alkaline medium:
4OH−(aq) → 2H2O(aq) + 4e− + O2(g), (8)

Various research groups have proposed possible OER mechanisms in acid (Equations (9)–(13))
and alkaline medium (Equations (14)–(18)). Most of the proposed mechanisms involve MOH and
MO intermediates. The diagram in Figure 12 displays two different routes to form oxygen from
a MO intermediate. One, the green route, via the direct combination of 2MO to produce O2(g)
(Equation (11)), and that involving the generation of the MOOH intermediate (Equations (12) and
(17)) which subsequently decomposes, black route, to O2(g) (Equations (13) and (18)). During the
heterogeneous OER process, all the bonding interactions (M–O) within the intermediates (MOH, MO
and MOOH) are crucial to determining the overall electrocatalytic performance.

Acid medium:
M + H2O(l) →MOH + H+ + e− (9)

MOH + OH− →MO + H2O(l) + e− (10)

MO→ 2M + O2(g) (11)

MO + H2O(l) →MOOH + H+ + e− (12)

MOOH + H2O(l) →M + O2(g) + H+ + e− (13)

Alkaline medium:
M + OH− →MOH (14)

MOH + OH− →MO + H2O(l) (15)

2MO→ 2M + O2(g) (16)

MO + OH− →MOOH + e− (17)

MOOH + OH− →M + O2(g) + H2O(l) (18)
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Copyright © Royal Society of Chemistry, 2017.
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Until now, the Ni- and Co-based materials (both free support and supported on, e.g., carbon)
have been intensively investigated as promising non-precious OER electrocatalysts. The catalysts
derived from cobalt metal centers can activate the OER in alkaline medium rather than in acid medium.
Particularly for CoOx and CoOOH, the nature of their OER activities, stabilities in alkaline solution
and OER mechanism have been thoroughly investigated [131–133]. For example, Mattioli group [131]
provided insightful information into the pathways towards oxygen evolution of a cobalt-based catalyst
(CoCat) by performing ab initio DFT + U molecular dynamics calculations of cluster models in water
solution. The reaction pathways of CoCat were proposed as follows: (1) the fast H+ mobility at
the CoCat/water interface is responsible for an optimal distribution of terminal Co(III)–OH groups,
as sites of injected holes. These sites are preferred in the case of complete cubane units; (2) the oxygen
evolution process starts with the release of a proton from one of such terminal Co–OH sites, a process
favored by the proton-acceptor species in solution, leading to the formation of a Co(IV)=O• oxyl
radical; (3) the coupling of Co=O radicals with germinal (i.e., bonded to the same Co atom) Co–OH or
Co–µO–Co groups to form hydroperoxo and peroxo intermediates.

3.2. Oxygen Evolution on Cobalt Chalcogenides Catalysts

3.2.1. Synthesis Strategy

One of the attractive electrocatalysts surface engineering strategies, e.g., etching and edging,
could greatly improve the catalytic performance. Dai et al. [19], for the first time, developed an novel
bifunctional oxygen electrode catalysts by using NH3–plasma to simultaneously etch and dope the
cobalt sulfides-graphene hybrid (N–Co9S8/G). NH3–plasma treatment, not only could induce the N
doping into both Co9S8 and graphene to enhance the activity, but also realized etching on the surface
to expose more active sites for electrocatalysis. The N–Co9S8/G catalyst exhibited a low onset potential
at ca. 1.51 V vs. RHE and a small Tafel slope of 82.7 mV dec−1. Notably, the required overpotential
of N–Co9S8/G catalyst to reach the current density of 10 mA cm−2 was only 0.409 V in 0.1 M KOH.
Additionally, Xie’s group [134] proposed that reducing the thickness of bulk CoSe2 into the atomic
scale, rather than doping or hybridizing, was inclined to form a great deal of exposed active sites
e.g., VCo” vacancies, which could effectively catalyze the OER process evidenced by the positron
annihilation spectrometry, XAFS (X-ray Absorption Fine Structure) spectra and DFT calculations.
The ultrathin CoSe2 nanosheets with rich VCo” vacancies manifested an OER overpotential of 0.32 V at
10 mA cm−2 in alkaline electrolyte (pH = 13) much less than that of the bulk CoSe2.

3.2.2. Support Effect

Clear evidence of the strong metal–support interaction (SMSI) was given by Gao et al. [135]
with synthesized CoSe2 nanobelts on N-doped reduced graphene oxide (RGO) sheets. This system
showed an exceptional OER activity and stability in alkaline environment, with a Tafel slope of 40 mV
dec−1 and η@10 (the overpotential required to achieve the current density of 10 mA cm−2) of 0.366 V.
The authors concluded that the high performance is dependent on the interaction between N-doped
carbon domains and CoSe2 nanobelts. Similarly, Liao et al. [121] embedded Co1–xS hollow nanospheres
in N and S co-doped graphene holes to create an efficient bifunctional catalysts (Co1–xS/N–S–G) with
hierarchical meso-macroporous structures for ORR and OER. The Co1–xS/N–S–G material with a
large specific surface area (390.6 m2 g−1), showed a small overpotential of 371 mV for 10 mA cm−2

in 0.1 KOH, and the ∆E value is 0.706 V, which was much smaller than those of many reported
non-precious metal catalysts. The investigated results demonstrated that the excellent bifunctional
performance was mainly attributed to a synergistic effect of the multiple active sites consisting of
Co1–xS, N and S dopants, and possible Co–N–C sites. Interestingly, Guo et al. [136] used CoSe2

nanosheets as support to grow Co2B at room temperature. The resulting Co2B/CoSe2 hybrid catalysts
showed η@10 values for OER and HER in alkaline of 0.32 V, and 0.30 V, respectively. Apparently, CoSe2
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nanosheets supplied nucleation sites for Co2B, as well as high electrical conductivity that promoted a
high stability through water splitting reactions in alkaline medium.

3.3. Oxygen Evolution on Cobalt Oxides Catalysts

3.3.1. Mechanism of Cobalt Oxides

Cobalt (II) commonly undergoes the oxidation (CoII → CoIII) under an anodic potential prior to
the OER in an aqueous solution, forming a layered oxidic cobalt species [137,138]. Some researchers
pointed out that CoIV species were generated on the outermost surface of the electrode [137,139]. So that
the catalytic site formed on the Co3O4 electrode was the quasi-reversible redox couple CoIII/CoIV

that accelerated the one-step or two-step OER [131,133,140,141]. In order to investigate the role of the
peroxo process in the oxygen evolution reaction, Fu et al. [142] prepared ultrathin Co3O4 nanosheets
(NSs) with abundant active centers with a large electroactive surface to gain an insight into the OER
performance of Co3O4 NSs. The possible mechanism of Co3O4 nanosheets towards OER included
essentially double two-electron steps: (1) oxidation of OH− to OOHad (thermodynamic rate-limiting
step); and (2) fast oxidation of the intermediate OOHad to Oad

2 by CoIII/CoIV surface redox couple
(kinetic process), Figure 13. The apparent OER on Co3O4 NSs that proceeded via a four-electron
pathway, corresponding to a double two-electron one, ascribed to CoIII/CoIV sites acting efficiently to
oxidize the generated OOHad, and facilitating the formation of O2,ad.Catalysts 2018, 8, x FOR PEER REVIEW  19 of 43 
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Reproduced from [142], Copyright © Royal Society of Chemistry, 2016.

3.3.2. Chemical Composition

As mentioned above, the electrocatalytic performance of Co3O4 nanoparticles mainly depends
on the surface area, the oxidation charge of the cobalt atoms, and the oxygen vacancies.
Hence, a reasonable tuning of the surface electronic states of undoped Co3O4 can provide more
electrochemically active sites to favor the OER. The preparation of mesoporous Co3O4 nanowires
(Co3O4 NWs) by Zheng et al. [143], through a facile NaBH4 reduction method led to seven-fold activity
enhancement of OER, as compared to pristine Co3O4, Figure 14. As shown in Figure 14a, the peak
current density observed in the cyclic voltammetry curves increased dramatically, after the chemical
reduction process, signifying the existence of more active sites as a result of the oxygen vacancies,
confirmed by DFT calculations. The increased Co4+/Co3+ redox peaks (1.4–1.5 V) was ascribed to
the formation of [Co4+–O] intermediate, involved in the turnover-limiting chemical step of oxygen
evolution. The onset potential of the reduced Co3O4 NWs was ca. 1.52 V vs. RHE, i.e., ca. 50 mV
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and 100 mV more negative than pristine Co3O4 NWs and Pt/C catalyst, respectively, Figure 14b.
Besides reduction post-treatment, Xia et al. [144] fabricated 3D ordered mesoporous cubic Co3O4

implementing hard-templating strategies. X-ray photoelectron spectroscopy (XPS) analysis revealed
that the molar surface ratio CoIII+/CoII+ of ordered mesoporous Co3O4 was much lower than that of
bulk-Co, suggesting more surface oxygen vacancies on the former, which benefited the adsorption and
activation of molecular oxygen.Catalysts 2018, 8, x FOR PEER REVIEW  20 of 43 
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Figure 14. (a) Cyclic voltammograms of reduced Co3O4, and pristine Co3O4 NWs deposited on
glassy carbon electrodes in O2-saturated 1 M KOH at 5 mV s−1; (b) water oxidation current-potential
characteristic of reduced Co3O4 NWs (red curve), pristine Co3O4 NWs (blue curve), IrOx (brown
curve) and Pt/C (black curve) in O2-saturated 1 M KOH at a scan rate 5 mV s−1 at 1600 rpm (anodic
sweep) at 25 ± 1 ◦C with iR-compensation. The catalyst mass loadings in all cases was 0.136 mg cm−2;
The bottom panel shows the ins situ chemical reduction via NaBH4 to form oxygen vacancies in Co3O4

NWs. Reproduced from [143], Copyright © Wiley, 2014.

3.3.3. Synthesis Strategy

The synthesis of graphene–Co3O4 (G–Co3O4) composite having a unique sandwich-architecture
was reported by Zhao et al. [145]. The large amount of tiny Co3O4 nanocrystals, uniformly dispersed
on both sides of graphene sheets, allowed for a favorable electron transfer kinetics. The onset potential
of G–Co3O4 was 0.406 V vs. Ag/AgCl in 1 M KOH, and 0.858 V vs. Ag/AgCl in neutral phosphate
buffer solution (PBS). The overpotential at a current density of 10 mA cm−2 (η@10) was 313 mV in 1 M
KOH, and 498 mV in PBS, respectively. Kim et al. [146], on the other hand, used dextrose as chemical
source to obtain mesoporous carbon, and urea together with CoCl2·6H2O in a hydrothermal treatment
to obtain carbon–cobalt oxide–nanorods (C–Co3O4–NRs). This latter provided an overpotential at a
current density of 10 mA cm−2 (η@10) of 415 mV, a value much lower than that of carbon free Co3O4

nanorods. The OER activity of the C–Co3O4–NRs electrode was significantly increased with a low
onset potential of 356 mV and Tafel slope of 53 mV dec−1.

Additionally, materials with high conductivity and mobility, e.g., Co foil, Ni foam and carbon
fiber paper, were employed as support grown on non-precious metal electrocatalysts to facilitate the



Catalysts 2018, 8, 559 21 of 43

electrolyte diffusion, drive off the as-formed gas bubbles from the electrode surface during the oxygen
evolution process, favoring the kinetics, and the chemical stability. In this connection, a simple and
reasonable method to synthesize self-supported Co3O4 nanocrystal/carbon fiber paper via thermal
decomposition of the [Co(NH3)n]2+–oleic acid complex and subsequent spray deposition was done
by Fu et al. [147]. The Co3O4 NCs with a loading of 0.35 mg cm−2 showed a current density of
16.5 mA cm−2 at η@10 of 350 mV in 1 M KOH. With the same perspective, Wei et al. [148] reported
the synthesis of Co3O4 nanorods array on Co foil (Co3O4 NA/CF) oxygen-evolving catalyst using
the so-called in situ self-standing method, Figure 15a. The 1D Co3O4 NA/CF OER material only
needed η = 308 mV to drive a geometrical current density of 15 mA cm−2 in 1 M KOH, exceeding
the value reported so far on Co3O4-based electrocatalysts. The electrocatalyst delivered an excellent
long-term durability of 22 h, and a turnover frequency of 0.646 mol O2 s−1 at η = 410 mV in Figure 15b.
The suggested OER high activity of Co3O4 NA/CF was thought to be the formation of CoIII (in an
octahedral environment) on CoOOH as a result of Co3O4 oxidation. The surface CoIII-containing
octahedral forms CoIII–OH, which was further oxidized to form the active catalytic center: CoIV–O for
OER. A further coupling of CoIV–O with neighboring species formed hydroperoxo (CoIV–OOH) to
peroxo (CoIV–OO) species, leading to the release of O2 and initial CoIII, see scheme in Figure 15c.

Catalysts 2018, 8, x FOR PEER REVIEW  21 of 43 

 

308 mV to drive a geometrical current density of 15 mA cm−2 in 1 M KOH, exceeding the value 
reported so far on Co3O4-based electrocatalysts. The electrocatalyst delivered an excellent long-term 
durability of 22 h, and a turnover frequency of 0.646 mol O2 s−1 at η = 410 mV in Figure 15b. The 
suggested OER high activity of Co3O4 NA/CF was thought to be the formation of CoIII (in an 
octahedral environment) on CoOOH as a result of Co3O4 oxidation. The surface CoIII-containing 
octahedral forms CoIII–OH, which was further oxidized to form the active catalytic center: CoIV–O for 
OER. A further coupling of CoIV–O with neighboring species formed hydroperoxo (CoIV–OOH) to 
peroxo (CoIV–OO) species, leading to the release of O2 and initial CoIII, see scheme in Figure 15c. 

 
Figure 15. (a) Two-step manufacture of Co3O4 NA/CF; (b) LSV curves (anodic sweep) of RuO2/CF, 
Co3O4 NA/CF, CoC2O4·2H2O NA/CF, and bare Co catalysts in O2-saturated 1 M KOH at 5 mV s−1 at a 
rotation speed of 1600 rpm at 25 °C. The constant catalyst loading was 1.9 mg cm−2; (c) Suggested OER 
mechanism on Co3O4. Reproduced from [148], Copyright © Royal Society of Chemistry, 2018. 

3.4. Oxygen Evolution on Cobalt-Based Layered Double-Hydroxides Catalysts 

The use of LDH materials for OER has been recently promoted, see Table 2. Cobalt-containing 
LDHs composed of edge-sharing octahedral MO6 layers, which are OER active sites, were 
successfully synthesized and showed an unusual catalytic activity and stability [149–151]. Li et al. [15] 
presented a strategy for a direct nucleation and growth of CoMn–LDH material on modified 
multiwall carbon nanotubes (MWCNTs) with three-dimensional hierarchical configuration. This 
approach afforded an intimate chemical and electrical coupling between LDH nanoplates and carbon 
materials, to allow for a rapid electron charge transfer from the active sites to the support. By tuning 
Co/Mn ratio, the Co5Mn–LDH/MWCNT activated the reaction at a low overpotential of η@10 ~300 mV 
in 1 M KOH. Ren et al. [152] designed and synthesized randomly cross-linked CoNi–LDH/CoO via 
an in situ reduction and interface-directed assembly in air. Owing to the orbital hybridization 
between metal 3d and O 2p orbitals, and electron transfer between metal atoms through Ni–O–Co, 
some Co and Ni atoms in the CoNi LDH underwent a high +3 valence. For transition metals, highly 
oxidized redox couples, e.g., Co4+/3+ and Ni4+/3+ were considered as active centers for OER [153].  

The specific activity of the material for the target reaction is usually highly dependent on the 
chemical composition and electronic structure. The higher conductivity induced by modifying the 

Figure 15. (a) Two-step manufacture of Co3O4 NA/CF; (b) LSV curves (anodic sweep) of RuO2/CF,
Co3O4 NA/CF, CoC2O4·2H2O NA/CF, and bare Co catalysts in O2-saturated 1 M KOH at 5 mV s−1 at
a rotation speed of 1600 rpm at 25 ◦C. The constant catalyst loading was 1.9 mg cm−2; (c) Suggested
OER mechanism on Co3O4. Reproduced from [148], Copyright © Royal Society of Chemistry, 2018.

3.4. Oxygen Evolution on Cobalt-Based Layered Double-Hydroxides Catalysts

The use of LDH materials for OER has been recently promoted, see Table 2. Cobalt-containing
LDHs composed of edge-sharing octahedral MO6 layers, which are OER active sites, were successfully
synthesized and showed an unusual catalytic activity and stability [149–151]. Li et al. [15] presented
a strategy for a direct nucleation and growth of CoMn–LDH material on modified multiwall carbon
nanotubes (MWCNTs) with three-dimensional hierarchical configuration. This approach afforded an
intimate chemical and electrical coupling between LDH nanoplates and carbon materials, to allow
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for a rapid electron charge transfer from the active sites to the support. By tuning Co/Mn ratio,
the Co5Mn–LDH/MWCNT activated the reaction at a low overpotential of η@10 ~300 mV in 1 M
KOH. Ren et al. [152] designed and synthesized randomly cross-linked CoNi–LDH/CoO via an in situ
reduction and interface-directed assembly in air. Owing to the orbital hybridization between metal
3d and O 2p orbitals, and electron transfer between metal atoms through Ni–O–Co, some Co and Ni
atoms in the CoNi LDH underwent a high +3 valence. For transition metals, highly oxidized redox
couples, e.g., Co4+/3+ and Ni4+/3+ were considered as active centers for OER [153].

The specific activity of the material for the target reaction is usually highly dependent on the
chemical composition and electronic structure. The higher conductivity induced by modifying the
electronic structure of Co is applicable for the electrochemical catalysis, such as de-lithiated hexagonal
LiCo2 for OER, and spinel LiCo2 for ORR [153]. For the OER, a small amount of Fe doping was effective
for enhancing the OER activities of Ni hydroxides or oxides, possibly due to the enhanced structure
disorder and conductivity. Inspired by this, Sun et al. [154] systematically investigated the ORR and
OER activities of ternary NiCoFe–LDHs and observed that a peroxidation treatment of NiCoFe–LDHs
led to obtain o–NiCoFe–LDHs that significantly enhanced the corresponding bifunctional performance
of (ORR/OER), as shown in Figure 16a. The XPS results and Zeta potential measurements evidenced
that Co2+ was partially oxidized to a higher Co3+ state, while negligible chemical state change of
Ni and Fe elements was observed in o–NiCoFe–LDHs. The partial conversion of Co2+ to Co3+ state
stimulated the charge transfer to the catalyst surface, which could lead to the enhancement of the
conductivity. In the Figure 16b, in 6 M KOH medium, the o–NiCoFe–LDHs afforded a high ORR
current density of −20 mA cm−2 at a required potential of 0.65 V vs. RHE. Moreover, there was a
negligible ORR current density degradation of o–NiCoFe–LDHs for 40 h. The higher conductivity
induced from the higher valence state of Co, might enhance the electrophilicity of the adsorbed O and
thus facilitating the reaction of an OH− anion with an adsorbed O atom on the catalytic active sites to
form adsorbed –OOH species, which was considered as the rate-limiting step for OER [138,155].
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Figure 16. (a) Schematic chemical synthesis route and crystal structure of peroxidized ternary LDH
bifunctional catalyst; (b) The global polarization curves of various catalysts loaded onto Teflon-treated
carbon fiber paper (T–CFP) in O2-saturated 6 M KOH electrolyte with a scan rate of 1 mV s−1,
the mass-loading of 1 mg cm−2 without iR-compensation; (c) ORR (cathodic sweep) and OER
(anodic sweep) stability measurements of o–NiCoFe–LDH/Y–CFP electrode in O2-saturated 6 M
KOH electrolyte with a constant potential, the mass-loading of 1 mg cm−2. Reproduced from [154],
Copyright © Wiley, 2015.
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It is fascinating to design and build a bifunctional oxygen electrode catalyst based on the
combination of highly OER-active Ni–Fe hydroxides or oxides, and highly ORR-active Co, Fe-based
compounds. Feng’s group [33] designed and obtained a bifunctional electrocatalyst based on
NiFeOx/Co–Ny–C by a simple calcination of Ni2Fe–CoPcTs–LDH precursor based on the intercalation
of cobalt phthalocyanine tetrasulfonate (CoPcTs) into Ni2Fe–LDHs under N2 atmosphere at 600 ◦C.
The key aspects of this bifunctional electrocatalyst, for the reversible oxygen electrode, was the mutual
incorporation of the ORR-active centers (Co-based compound), and OER-active ones (spinel NiFe2O4).
Particularly, the CoPcTs–intercalated structure and Ni2Fe–LDH host sheet significantly enhanced the
immobilization of CoPcTs and improved the dispersion degree of catalytic sites, respectively.

Moreover, the surface area of lamellar architecture materials can be further enlarged by
swelling and exfoliating into individually single layers by mechanical, chemical or electrochemical
means [156–159]. The exfoliated single-layered nanosheets revealed significantly higher oxygen
evolution activity than the corresponding bulk LDH in alkaline conditions. Hu et al. [159] inferred
that the higher OER activities of exfoliated LDHs (CoCo, NiCo, and NiFe–LDH) were mainly
attributed to the increase in the number of active edge sites and to higher electronic conductivity.
Analogously, Jin et al. [160] selected NiCo LDH as a representative material to demonstrate the concept
of the amplified influence of exfoliation using a newly developed high-temperature high-pressure
hydrothermal continuous flow reactor (HCFR), see Figure 17. The major findings were presented
as follows: (1) the utilized HCFR technology effectively maintain the supersaturation to control the
morphology and size of the product; (2) the exfoliation not only resulted in thinner layers with reduced
size, but it was also caused by a change in the electronic structure; (3) the increase in the number
of edge sites to activate OER; and (4) the increase in the electrochemical active surface area (ECSA)
upon the exfoliation was not the only important factor that led to the enhanced OER performance.
This work provided a general strategy to enhance the electrocatalytic performance of layered materials
by chemical exfoliation.
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Figure 17. (a) The high-temperature high-pressure continuous flow reactor (HCFR) scheme;
(b) scanning electron microscope (SEM) image of exfoliated NiCo LDH from HCFR; (c) iR-corrected
and background subtracted polarization curves (anodic sweep) of NiCo LDH nanoplates (green
curve) made of HCFR with mass catalyst loading of ~0.23 mg cm−2, NiCo LDH nanosheets (red
curve) synthesized nanoplates from exfoliated HCFR with a mass catalyst loading of ~0.17 mg cm−2,
and carbon paper (black curve) in O2-saturated 1 M KOH at a scan rate of 0.5 mV s−1. All experiments
were conducted at room temperature (25 ◦C). Reproduced from [160], Copyright © American Chemical
Society, 2015.
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Table 2. Selected Co-based catalyst towards the oxygen evolution reaction.

Catalysts Mass Loading
(mg cm−2) Electrolyte RPM (rpm) Eonset mV vs.

RHE
η@

10 mA cm−2 (mV)
Tafel Slope
(mV dec−1) TOF (s−1) Refs.

Nanobelts CoSe2/N-doped RGO a 0.2 0.1 M KOH 1600 - 366 76 - [135]
Co1-xS/N–S–G b 0.5 0.1 M KOH 1600 - 371 63 - [121]

N–Co9S8/G c 0.2 0.1 M KOH 1600 1.51 409 83 - [19]
Co2B/CoSe2 0.4 1 M KOH - 320 56 - [136]
Co3O4–NSs d 1.76 1 M KOH 1600 1.51 330 69 - [142]

Reduced Co3O4 NWs e 0.136 1 M KOH 1000 1.52 400 72 - [143]

G–Co3O4 0.189 1 M KOH 1600 0.41 vs.
Ag/AgCl 313 56 0.45 @ 0.35 V [145]

C–Co3O4–NRs f 0.142 1 M KOH - 1.59 415 53 - [146]

Co3O4 NCs g 0.35 1 M KOH - 1.52 350 @
16.5 mA cm−2 101 - [147]

OA–Co3O4 NCs 0.35 1 M KOH - 1.55 - 118 - [147]

Co3O4 NA/CF h 1.9 1 M KOH - - 308 @
15 mA cm−2 71 0.65 @

0.41 V [148]

NiCo2.7(OH)x 0.2 1 M KOH 1600 1.48 350 65 0.18 @
0.35 V [149]

CoFe/C - 1 M KOH 1600 1.45 300 61 - [151]
CoNi/C - 1 M KOH 1600 1.56 360 39 - [151]

Co5Mn–LDH/MWCNT j 0.283 1 M KOH 1600 - 300 74 0.47 @
0.35 V [15]

CoNi LDH/CoO 0.265 1 M KOH 1600 1.48 300 123 1.40 @
0.40 V [152]

CoCo LDH/CoO 0.265 1 M KOH 1600 1.54 340 123 0.80 @
0.40 V [152]

O–NiCoFe–LDH 0.12 0.1 M KOH 1600 - 340 93 0.02 @
0.30 V [154]

NiFeOx/Co–Ny–C 0.196 1 M KOH 1600 1.47 310 60 [33]

NiCo–NS k 0.07 1 M KOH - 1.52 @
1 mA cm−2 334 41 0.01 @

0.30 V [159]

CoCo–NS k 0.07 1 M KOH - 1.54 @
1 mA cm−2 353 45 - [159]

Exfoliated NiCo LDH 0.17 1 M KOH - - 367 112 - [160]

Eonset, onset potential; η @ 10 mA cm−2, the overpotential (η) located at the current density of 10 mA cm−2; TOF, the turnover frequency. a RGO, reduced graphene oxides; b N–S–G, N,
S-doped graphene; c G, graphene; d NSs, nanosheets; e NWs, nanowires; f NRs, nanorods; g NCs, nanocrystals; h CF, carbon fiber; j MWCNT, multiwall carbon nanotubes; k NS, nanosheets.
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3.5. Cobalt-Based Bifunctional Catalysts in Assembled Unitized Regenerative Fuel Cells

Bifunctional oxygen electrode catalysts play a vital role in the development of unitized
regenerative fuel cells (URFCs). URFC, a compact energy storage and conversion device,
can simultaneously work in a fuel cell mode to produce electricity, and as a water electrolyzer
mode to store off-peak electricity in the form of hydrogen. In this closed-loop system, the essential
component is the desired bifunctional oxygen electrode catalysts with high catalytic activity, long-term
durability, and strongly resistance to anodic corrosion. To date, several previous studies have
reported cobalt-based materials as promising bifunctional ORR/OER electrocatalysts for a URFC
system [161]. Scott’s group used cobalt-based ORR catalysts as the cathodes and demonstrated high
and stable power density performance (>200 mW cm−2) in alkaline anion exchange membrane fuel cells
(AAEMFCs) [162]. They further [163] modified the ORR and OER electrode with Cu0.6Mn0.3Co2.1O4

catalyst for regenerative H2–O2 fuel cell. In water electrolyzer mode, the onset voltage for water
electrolysis (deionized water as electrolyte) was ca. 1.55 V. At 100 mA cm−2, the voltages of fuel
cell mode and electrolyzer mode were 0.58 V and 1.82 V, respectively, indicating that the fuel cell to
electrolyzer voltage ratio was ca. 31.87%. However, the current densities in both modes were much
lower than those cells with KOH as electrolyte, probably because of the large electrolytic resistance.

Xu et al. [161] measured the performance of a unitized regenerative anion exchange membrane
fuel cells (UR–AEMFCs), using a bifunctional ORR/OER catalysts, Co3O4/oCNT, (oCNT stands for
oxidized CNTs) on the oxygen electrode. The obtained performance in fuel cell mode was basically
consistent with the result in half-cell mode, while the electrolyzer performance was poor. Likewise,
0.1 M KOH solution in the cell, significantly improved the performance of electrolysis.

Our group designed a self-assembly laminar flow unitized regenerative micro-cell (LFURMC)
without gas separator, which was provided with Pt/C as the hydrogen catalyst, bifunctional
oxygen NiFeOx/CoNy–C catalyst and 3 M KOH electrolyte [33]. In the fuel cell mode, Figure 18,
the NiFeOx/CoNy–C electrode showed the maximum power density of 56 mW cm−2, which was very
close to that of Pt/C (63 mW cm−2) and IrOx/C (58 mW cm−2); in the electrolyzer mode, the maximum
electrical power consumed on NiFeOx/CoNy–C (237 mW cm−2), was more than three times that
on Pt/C (73 mW cm−2). Moreover, the calculated round-trip efficiency (RTE) of NiFeOx/CoNy–C
catalyst nearly held a level of ca. 52% during three cycles, evaluating a super reversibility of the
NiFeOx/CoNy–C electrode.
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Figure 18. Alkaline laminar flow unitized regenerative micro-cell (LFURMC) experiment.
(a) Current-potential of the material as anode (electrolyzer mode) and cathode (fuel cell mode). inset:
The geometric activities comparison of three LFURMC; (b) the cell voltage and power density curves
of the fuel cell with platinum as the hydrogen catalyst, and NiFeOx/CoNy–C, 20 wt% Pt/C and
20 wt% IrOx/C cathode catalysts; (c) the cell voltage and power density curves of the electrolyzer with
platinum as the hydrogen catalyst, and NiFeOx/CoNy–C, 20 wt% Pt/C and 20 wt% IrOx/C cathode
catalysts; (d) Stability tests of LFURMC based on the NiFeOx/CoNy–C catalyst (three runs), inset:
round-trip-efficiency (RTE) for the three cycles. All measurements were conducted at room temperature
(25 ◦C). Remark: no Ohmic-drop correction was made for all determinations. Reproduced from [33],
Copyright © Elsevier, 2017.

4. Electrocatalysts for Hydrogen Evolution Reaction (HER)

4.1. Mechanism of HER

The hydrogen evolution reaction (HER) is the half-reaction carried out at the cathode of an
electrolyzer, in which protons (acidic environment) or water molecules (alkaline environment) are
reduced, accompanied by the subsequent evolution of gaseous hydrogen through the water splitting
process. The overall HER proceeds as follow (in all cases, any catalytic site is denoted as “*”):

Acid medium:
2H+ + 2e−→ H2(g) (19)

Alkaline medium:
2H2O + 2e−→ H2(g) + 2OH− (20)

The standard potentials (E◦) are different due to the nature of the active ions in the reaction. As we
can expect, the HER as any electrochemical reaction possesses a certain activation energy barrier to
promote the reaction, usually denoted as overpotential η. Therefore, the HER usually demands the
assistance of electrocatalytic materials to lower η, and consequently to increase the reaction rate and
efficiency. The mechanisms to achieve the HER can be Volmer–Heyrovsky or Volmer–Tafel. In acid
medium, the HER proceeds according to the following steps:
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i. A hydrogen atom adsorption, which is the result of the combination of a proton and an electron
on the electrode surface (proton discharge) is the Volmer reaction:

∗ + H+ + e−
 ∗Had (21)

ii. The adsorbed hydrogen atom interacting with a proton and an electron leads to an
electrochemical desorption. This reaction is the Heyrovsky reaction:

∗Had + H+ + e−
 H2 + ∗ (22)

iii. The coupling of the two adsorbed hydrogen atoms leads to a dissociative desorption of
hydrogen, the Tafel reaction:

2 ∗Had 
 H2 + 2∗ (23)

In alkaline electrolyte, due to the OH− abundance, the HER proceeds according to the following
steps. For the Volmer reaction, the molecular water couples with an electron, leading in an adsorbed
hydrogen atom at the electrode surface:

∗ + H2O + e−
 ∗Had + OH− (24)

i. For the Heyrovsky reaction, the adsorbed hydrogen atom combines with molecular water and
an electron, allowing the electrochemical desorption of hydrogen:

∗Had + H2O + e− 
 H2 + ∗ + OH− (25)

ii. The Tafel reaction is similar to that of the acidic medium.

In acid and alkaline media, for the HER, the hydrogen adsorption starts via the Volmer reaction,
Equations (21) or (24). The successive hydrogen desorption can proceed via the Heyrovsky reaction,
Equations (22) or (25) or the dissociative desorption via the Tafel reaction, Equation (23). On the
other hand, the HER can be proposed by the Tafel slope, as derived from the HER polarization curves.
The Tafel slope analysis represents the intrinsic nature of the electrocatalytic material, and the empirical
magnitude of the Tafel slope can provide information to distinguish the mechanism. For a Tafel rate
determining step (RDS), the slope is 30 mV dec−1, whereas for Heyrovsky and Volmer RDS, slopes are
40, and 120 mV dec−1, respectively.

The HER mechanism on Co-based catalysts follows the Volmer–Heyrovsky mechanism,
where normally the Heyrovsky step is the RDS in acid medium [164,165]; whereas the Volmer step is
considered the RDS in alkaline medium [165].

4.2. Hydrogen Evolution on Cobalt Chalcogenides Catalysts

4.2.1. Synthesis Strategy

Co-based catalysts are potential materials for the HER. Considerable research efforts were
devoted to synthesizing cobalt chalcogenides as catalysts for HER. Those dichalcogenides are in
the pyrite/marcasite phase. The metal atoms are octahedrally coordinated to adjacent S/Se atoms.
Kong et al. [164] claimed that CoSe2 possessed one of the best HER performance among the first raw
transition-metal chalcogenides, because of the partially filled eg band of CoSe2. With this knowledge,
Liu et al. [166] developed CoSe2 nanowire arrays on carbon cloth (CoSe2 NW/CC) through a facile
two-step hydrothermal preparative strategy. The hydrogen evolution reaction performance was tested
in 0.5 M H2SO4.Current densities of 10 and 100 mA cm−2 at overpotentials of 130 and 164 mV were
maintained for at least 48 h. The excellent HER activity and durability for CoSe2 NW/CC were
explained as follows. (1) The nanoarray allows for the exposure of more active sites; (2) The direct
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growth of CoSe2 on CC offers intimate contact, good mechanical adhesion and excellent electrical
connection between them; and (3) The absence of polymer binder for catalyst immobilization.

Vertical-aligned graphene nanoribbons (VA–GNRs) were used as a support for cobalt carbide
nanocrystals, e.g., Co3C/VA–GNRs by Fan et al. [119]. The HER performance in acid medium revealed
a Tafel slope of 57 mV dec−1 and η@10 of ca. 0.125 V. Zhang et al. [167] synthesized by a hydrothermal
procedure polymorphic CoSe2 supported onto graphite with promising HER performance, Figure 19.
These authors observed that the optimized calcination temperature of CoSex was 300 ◦C. This treatment
allowed the change of a mixed orthorhombic to cubic phase of CoSe2. The polymorphic CoSe2 catalytic
center showed higher HER performance compared to CoSex, cubic CoSe2 and CoSe synthesized under
the same conditions. The high performance observed in polymorphic CoSe2 was attributed to the
enhanced chemisorption of H atoms onto the mixed-phase in the Tafel step.Catalysts 2018, 8, x FOR PEER REVIEW  29 of 43 
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Figure 19. (a) XRD patterns of the as-prepared CoSex/GD samples calcined at different temperatures;
(b) the crystal structures of cubic CoSe2 (c–CoSe2) and orthorhombic CoSe2 (o–CoSe2); (c) HRTEM
micrographs and electron-diffraction patterns of c–CoSe2 annealed at 300 ◦C (A), c–CoSe2 annealed at
450 ◦C (B) and CoSe annealed at 600 ◦C (C), respectively; (d) iR-corrected hydrogen evolution reaction
(HER) polarization curves (cathodic sweep) of CoSex (250 ◦C), c–CoSe2 (300 ◦C), c–CoSe2 (450 ◦C)
and CoSe (600 ◦C) in H2-saturated 0.5 M H2SO4 solution with a scan rate of 3 mV s−1; (e) Tafel slopes
analysis of polymorphic CoSe2/GD catalysts; (f) Nyquist plots for the HER at an overpotential of
−0.5 V vs. SCE from 200 kHz to 50 mHz, the data were fitted by the simplified Randles equivalent
circuit (inset). Reproduced from [167], Copyright © American Chemical Society, 2015.

4.2.2. Crystal Structure and Nanostrcuture

Tuning the crystal structure and surface morphology, a catalytic center can enhance its
performance for electrochemical energy conversion devices. For example, the combined effect
of morphology and phase of CoSe2 was studied by Li et al. [168]. These authors fashioned
CoSe2 nanotubes with orthorhombic- (o–CoSe2) and cubic-phases (c–CoSe2) by a facile precursor
transformation method, Figure 20a. In the synthetic process, the crystal structure and surface
morphology of CoSe2 were adjusted by the calcination temperature. Benefiting from the advantageous
tubular structure, including the functional shells and well-defined interior voids, CoSe2 nanotubes
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showed a clear HER performance in alkaline medium. Interestingly, the authors observed that
the orthorhombic phase (o–CoSe2) possessed the highest HER performance in terms of lowest
onset overpotential (~54 mV) and smallest Tafel slope (~65.9 mV decade−1) in alkaline medium,
see Figure 20b,c. Another approach where the morphology effect towards the HER was observed
were given by CoSe2 nanoparticles [21], nanowires [166,169], interwoven [170], nanocomposites [171],
hollow microspheres [172], and nanosheets [173].
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Figure 20. (a) Synthesis route of CoSe2 nanotubes; (b) iR-corrected HER polarization curves (cathodic
sweep) of o–CoSe2, c–CoSe2, Co3Se4 NTs, Pt/C and Co3Se4 nanoparticles (NPs) catalysts at a scan
rate of 5 mV s−1 in 1 M KOH solution; and (c) Tafel slopes analysis of all the catalysts. The mass
loading of the catalyst was ~0.283 mg cm−2. Reproduced from [168], Copyright © Royal Society of
Chemistry, 2017.

On the other hand, the construction of the ultra-thin two-dimensional (2D) nanostructure have
become an promising approach to tailor novel high active electrocatalytic centers, due to the confined
charge interaction in the planar dimension with minimum interlayer interaction (which in fact hinders
the electrical conductivity), thus improving catalytic properties [174]. An ultrathin 2D structure with
abundant low-coordinated surface atoms offers adequate active sites for hydrogen evolution reactions.
Liu group [175], prepared the Mn0.05Co0.95Se2 ultrathin nanosheets with 1.2 nm thickness by usual
liquid exfoliation of homogeneous Mn doped CoSe2/DETA hybrid nanosheets. The subtle distortion
of atomic arrangement was induced after the incorporation of Mn2+ into CoSe2, which boosted the
exposure of more active edge Se sites, optimizing the HER activity. Since the chalcogenide atoms at
the edges of pyrite catalyst have been verified to be HER active sites analogous to MoS2, the authors
proposed that the edge Se sites in the CoSe2 probably were responsible for HER as the active sites.
The Mn-doped CoSe2 ultrathin nanosheets displayed outstanding HER performance, with a low
overpotential of 174 mV, and a Tafel slope of 36 mV dec−1.

4.3. Hydrogen Evolution on MOFs Catalysts

Regarding derived-MOF electrocatalysts, the porous ZIF-9 was used as a cobalt source and
sacrificial template to synthesize CoS2, see Figure 21a [176]. The ZIF-9 presented very weak HER
electrocatalytic performance, the benzimidazole ligands of ZIF-9 were substituted by S ions after adding
sulfur sources in the appropriate mention of 200 ◦C and 1 atm hydrothermal temperature and pressure,
the resulting CoS2 had excellent HER activity. The introduction of graphene to further enhance the
conductivity of the material, and improve the dispersion of cobalt disulfide, on RGO (CoS2/RGO)
was necessary. In Figure 21b, the HER performance of the material with an overpotential of 180 mV
at 10 mA cm−2 was smaller than those of ZIF-9, and ZIF-9/RGO. The Tafel slope of CoS2/RGO
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was 75 mV decade−1. This slope was near that obtained on Pt/C electrode. Zhang et al. [177]
synthesized the core–shell structure Co/Co9S8 anchored onto S-, N- co-doped porous graphene
sheet (Co/Co9S8@SNGS). They employed thiophene-2,5-dicarboxylate (Tdc), and 4,4-bipyridine (Bpy)
organic ligands assembled Co-based metal–organic frameworks in situ grown on graphene oxide
sheets. The S-containing Tdc, and the N-containing Bpy did not only trigger the growth of Co–MOF
nanocrystals but also fixed the S/N atomic ratio of 1:2.4 on graphene oxide sheets. After pyrolysis of
Co–MOF at 1000 ◦C the catalyst showed high bifunctional catalytic activities for the OER, and HER in
0.1 M KOH electrolyte, with an overpotential of 290 mV for OER at a current density of 10 mA cm−2,
and 350 mV for HER at a current density of 20 mA cm−2.

Besides the cobalt sulfide, cobalt selenide could also be synthesized using MOFs.CoSe2

nanoparticles embedded in defective carbon nanotubes (CoSe2@DC) was produced by carbon–
oxidation–selenization procedure of Co-based MOFs [64], Figure 22. The pre-oxidation treatment was a
crucial step in introducing an increasing number of defects into carbon nanotubes, which promoted the
reaction between Co@Carbon and selenium. The authors associated the enhanced HER performance to
the induced carbon-surface defect density, which favored the diffusion of Se atoms through Co atoms,
and made the best use of the exposed active surface area. Lin et al. [178] synthesized MOF-derived
cobalt diselenide (MOF–CoSe2) built with CoSe2 nanoparticles anchored into nitrogen-doped graphitic
carbon through in situ selenization of Co-based MOFs. The N-doped MOFs derived architecture
benefited of the high conductivity provided by the abundant active reaction sites, ensuring a robust
contact between CoSe2 nanoparticles and N-doped carbon support.Catalysts 2018, 8, x FOR PEER REVIEW  31 of 43 
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Table 3 summarizes the relevant contributions regarding the HER Co-based catalysts, wherein
it is possible to highlight that these catalysts present considerable performance in acid and in
alkaline media. One can stress some remarkable parameters regarding the HER electrocatalytic
performance, namely, (1) among non-precious catalysts, Co-based catalytic centers are one potential
candidate to replace Pt-based electrodes for the water-splitting cathodic reaction, their high activity
and stability; (2) since cobalt selenides catalytic centers boost the HER in acidic and in alkaline media,
the chemical coordination of Co with sulfides and phosphides showed considerable performance
in acid media; (3) the crystalline structure, due to the exposed active sites and electronic properties
are crystalline-phase dependent; (4) the surface morphology can expose active sites; (5) the electrical
coupling with conductive supports; in as much as the coupling of Co-based catalytic centers with
high surface area and high electrical conductive supports modulate the dispersion of the catalytic
centers and the interfacial charge-transfer. Doped carbon supports (mainly N-doped graphitic surfaces)
could modify the electronic structure of the anchored catalytic centers; and (6) the synthesis route and
metal source; e.g., MOFs, could provide hybrid materials which combine the surface properties of the
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porous carbon network and the catalytic properties of Co domains. Those parts are critical points to be
considered in tailoring HER advanced materials.
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Table 3. Selected state-of-the-art Co-based catalyst towards the hydrogen evolution reaction.

Catalysts Mass Loading
(mg cm−2) Electrolyte RPM (rpm) η@10 mA

cm−2 (mV)
Tafel Slope
(mV dec−1) Refs.

CoSe2@DC a 0.357 0.5 M H2SO4 - 132 82 [64]
Co3C–GNRs b 0.142 0.5 M H2SO4 1600 125 57 [119]
Co2B/CoSe2 0.4 1 M KOH - 300 76 [136]

Cubic CoSe2/GD c 2.8 0.5 M H2SO4 - 200 42 [179]
Cubic CoSe2 nanoparticles/CF d 0.26 0.5 M H2SO4 - 137 42 [21]

Interwoven CoSe2/CNT e 0.54 0.5 M H2SO4 - 186 32 [170]
CoSe2–CNT e 0.255 0.5 M H2SO4 2000 174 38 [171]

Orthorhombic CoSe2 nanotubes 0.283 1 M KOH - 124 66 [168]
Cubic CoSe2 nanotubes 0.283 1 M KOH - 149 79 [168]

Polymorphic CoSe/GD c - 0.5 M H2SO4 - 150 31 [167]
CoSe2 hollow microspheres/rGO 0.277 0.5 M H2SO4 - 250 55 [172]

CoPS/NC f 0.17 0.5 M H2SO4 2000 80 68 [180]
CoPS/NC f 0.17 1 M KOH 2000 148 78 [180]

Nanowires CoSe2/CF d - 0.5 M H2SO4 - 150 34 [169]
Nanowires CoSe2/CC g - 0.5 M H2SO4 - 150 32 [166]

Nanosheets CoSe2/Ti plate 0.16 0.5 M H2SO4 - 165 39 [173]

CoS/CC g 3.77
1 M KOH - 197 98

[181]0.5 M H2SO4 - 212 112
CoS2/RGO h 0.285 0.5 M H2SO4 - 18 75 [176]

CoS2/P - 0.5 M H2SO4 - 67 50 [182]

Co9S8/NC e @MoS2 0.283
1 M KOH - 67 60

[183]0.5 M H2SO4 - 117 69
1 M PBS - 267 126

η @ 10 mA cm−2, the overpotential (η) located at the current density of 10 mA cm−2; a DC, defective carbon
nanotubes; b GNRs, graphene nanoribbons; c GD, graphite disk; d CF, carbon fiber; e CNT, carbon nanotubes; f NC,
N-doped carbon, g CC, carbon cloth; h RGO, reduced graphene oxides.

5. Summary and Outlook

This review mainly focused on novel cobalt-based catalysts (CoCat) for electrochemical processes,
e.g., ORR, OER and HER in acid and alkaline electrolyte, categorized into five groups, namely, cobalt
chalcogenides (selenides, sulfides), cobalt oxides, Co–LDH, Co–MOFs, and Co–Nx/C. Tables 1–3
summarize the corresponding electrocatalytic parameters such as onset potential, half-wave potential,
Tafel slope, and so on. Based on those results, we assess that cobalt-based materials have emerged
as interesting and potential alternatives because of their activities, superior electrochemical stability,
and durability compared with precious metals (e.g., Pt, Ir and Ru). While loading cobalt metal
compounds on conducting carbonaceous materials, the cobalt–carbon hybrids showed enhanced
electrochemical performance. With respect to the electrocatalytic performance of cobalt-based catalysts,
the surface engineering (e.g., doping, etching and edging), the structural properties and morphologies
(e.g., specific surface area, porosity, core–shell and hollow), anionic substitution (S, Se and Te),
defects (e.g., vacancies, topological defects, lattice defects and edge sites), and support materials
(e.g., RGO, CNTs, CNHs, and Vulcan-XC-72) were discussed in detail. Furthermore, these catalysts
achieved desired catalytic activities towards ORR, OER and HER, as a result of the following strategies:
(1) enhancing the SMSI effect, and the synergistic coupling of catalyst–support, resulting in faster
electron transport and charge transfer; (2) modulation of the active sites Co3+/Co2+ ratio via the
NaBH4-assisted route; (3) elucidation of active sites and building well-engineered architecture under
the confinement effect; (4) exfoliating the bulk catalysts into atomic level thickness, boosted the
exposure and generation of active sites; (5) the direct growth of cobalt-based catalysts on 3D conductive
support, e.g., Co foil, Ni foam, and carbon fiber paper, avoided the use of polymer binders, facilitating
the electrolyte diffusion, and driving off the as-formed gas bubbles from the electrode surface.

In search of potentially promising and suitable candidates to replace precious catalyst centers for
energy conversion and storage systems, a series of cobalt-based materials has been developed. The last
10 years of research on such materials, there has been a boom in the number of publications, that
helped to highlight the assembly of unitized regenerated cells based on bifunctional ORR and OER
catalysts by exchanging the fuel cell mode to electrolyzer mode. Taking advantage of the exceptional
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properties which can be achieved by the rational design of materials, such as a large specific surface
area, ultrathin/atomic level thickness, optimized porous structure for the exposure of active sites, high
conductivity, and a high uniform dispersion, the Co-based nanomaterials will continue to open new
avenues to further enhance electrocatalytic activity and stability. Among these Co-based catalysts, due
to the coexistence of the diverse active sites including doping via nitrogen, Co–Nx/C derived from LDH,
MOF and other precursor used as templates were considered to substitute Pt, Ru, and Ir-based catalysts
in acidic and alkaline medium. Last but not least, in-depth studies and interdisciplinary cooperation
are still urgently required. Therefore, the design and development of cobalt-based electrocatalysts
should be concentrated on the following aspects in the future: (1) understanding the fundamental
reaction mechanisms of ORR, OER and HER by virtue of theoretical prediction and simulation;
(2) probing and identifying the ideal active sites, and then integrating the different types of active
sites to develop the so-called bifunctional oxygen electrode electrocatalysts or bifunctional HER–OER
electrocatalysts; (3) gaining insights into the active sites involved such as metal species, oxygen
vacancies, and topological defects, by using various advanced characterization techniques, e.g., X-ray
absorption near edge structure spectroscopy (XANES), sub-Ångström-resolution aberration-corrected
scanning transmission electron microscopy (HAADF–STEM), and in situ Raman; (4) developing simple
and low-cost approaches to synthesize the catalysts with satisfactory activity and stability is expected
to achieve the mass-production and high quality required for large-scale applications.
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