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The collection of articles in the Catalyst special issue entitled “Novel Non-Precious Metal
Electrocatalysts for Oxygen Electrode Reactions” mirrors the relevance and strengths to address the
inevitable increasing demand of energy. This subject matter has stimulated considerable research
on alternative energy harvesting technologies, conversion, and storage systems with high efficiency,
cost-effective, and environmentally friendly systems, such as fuel cells, rechargeable metal-air batteries,
unitized regenerative cells, and water electrolyzers [1–5]. In these devices, the conversion between
oxygen and water plays a key step in the development of oxygen electrodes: oxygen reduction reaction
(ORR), and oxygen evolution reaction (OER). To date, the state-of-art catalysts for ORR consist of
platinum-based materials (Pt), while ruthenium (Ru)- and iridium (Ir)-oxides are the best known OER
catalyst materials. The scarcity of the precious metals, their prohibitive cost, and declining activity
greatly hamper the practice for large-scale applications. It is thus of paramount practical importance
and interest to develop efficient and stable materials for the oxygen electrode based on earth-abundant
non-noble metals [6–8]. In this connection, novel non-precious metal electrocatalysts for oxygen
electrode reactions have been explored based on the innovative design in chemical compositions,
structure, morphology, and supports.

This Special Issue covers recent progress and advances in novel non-precious metal electrocatalysts
tailoring with high activity and stability for the catalytic conversion between water and oxygen.
Additionally, electrocatalytic activity, selectivity, durability, and the mechanism for single or bifunctional
oxygen electrodes, a current key topic in electrocatalysis, is an important subject for this Special Issue.

This special issue comprises a total of 10 scientific articles of which three are review articles
and seven are research articles from respected colleagues around the world. Herein, one review
paper and five research articles pay special attention to ORR high-performance electrocatalysts.
For example, Xiong et al. [9] summed up recent progress on three-dimensional hetero-atom-doped
nanocarbon for metal-free ORR electrocatalysis; Schardt et al. [10] carefully investigated the influence
of the structure-forming agent on the composition, morphology and ORR performance of Fe-N-C
electrocatalysts; Zhu et al. [11] developed a novel metal-organic framework route to embed Co
nanoparticles into multi-walled carbon nanotubes for ORR in alkaline media; Liu et al. [12] fabricated
N,S co-doped carbon nanofibers derived from bacterial cellulose/poly(methylene blue) hybrid for
ORR; Liu et al. [13] prepared porous Fe-N-S/C electrocatalysts for ORR in a Zn-air battery using
g-C3N4 and 2,4,6-tri(2-pyridyl)-1,3,5-triazine as binary nitrogen precursors; Zeng et al. [14] reported
the Ag4Bi2O5/MnO2 corn/cob-like nanomaterial as a superior catalyst for ORR in alkaline media.
One review paper and one research article are involved in the OER electrocatalysts. For instance,
Li et al. [15] summarized recent advances and perspectives on host-guest engineering of layered double
hydroxides (LDH) to manufacture high-performance OER electrocatalysts; Liu et al. [16] engineered
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mesoporous NiO electrocatalyst with enriched electrophilic Ni3+ and O for high-performance OER.
Likewise, one review and one research paper are concern bifunctional electrocatalysts. For example,
Zhong et al. [17] reviewed recent advance on the design, synthesis and electrocatalytic performance
of cobalt-based electrocatalysts for oxygen electrode reactions and hydrogen evolution reaction; and
Qiao et al. [18] designed and synthesized cobalt and nitrogen co-doped graphene-carbon nanotube
aerogel as an efficient bifunctional electrocatalysts towards ORR and OER.

Summing-up, this special issue covers recent progress on high-performance and non-precious
oxygen electrode catalysts providing novel ideas to tailor potential electrocatalytic materials. The Guest
Editors really hope that the readers will appreciate the variety of contributions neighboring their own
field of research.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: Electrochemical water splitting has great potential in the storage of intermittent energy
from the sun, wind, or other renewable sources for sustainable clean energy applications. However,
the anodic oxygen evolution reaction (OER) usually determines the efficiency of practical water
electrolysis due to its sluggish four-electron process. Layered double hydroxides (LDHs) have
attracted increasing attention as one of the ideal and promising electrocatalysts for water oxidation
due to their excellent activity, high stability in basic conditions, as well as their earth-abundant
compositions. In this review, we discuss the recent progress on LDH-based OER electrocatalysts
in terms of active sites, host-guest engineering, and catalytic performances. Moreover, further
developments and challenges in developing promising electrocatalysts based on LDHs are discussed
from the viewpoint of molecular design and engineering.

Keywords: layered double hydroxide; oxygen evolution reaction; active site; water splitting

1. Introduction

Electrochemical water splitting holds great promise for clean energy resources and has aroused
broad study interest in recent years [1–5]. Among all the studies, the development of electrocatalysts
for the anode oxygen evolution reaction (OER) is one of the key issues to decrease the overpotential of
practical water splitting due to its sluggish four-electron process [6–10]. It is well-known that ruthenium
and iridium oxides demonstrate high activity for water oxidation in acid and alkaline electrolytes,
respectively [11,12]. However, an efficient alternative is still needed because of the high cost and scarcity
of noble metal-based catalysts, which is difficult to meet the large-scale applications. Recently, various
transition metal compounds (e.g., oxides, [13–15], hydroxides [16–20], and phosphides [21–24]) have
emerged as a new family of OER electrocatalysts. Especially, the homogeneous mixed-transition-metal
compounds without phase segregation have been reported with higher OER activity, probably owing
to the effectively modulated 3d electronic structures. For instance, NiFe-based electrocatalysts have
become a kind of dazzling material attributed to their high OER activity, since first investigated by
Corrigan in the 1980s [25], and significantly promoted by Dai in 2013 [26].

Layered double hydroxides (LDHs) are a large class of two-dimensional (2D) intercalated materials
which can be described by the general formula [MII

1−xMIII
x(OH)2]z+(An−)z/n·yH2O (MII and MIII are

divalent and trivalent metals respectively; An− is the interlayer anion compensating for the positive
charge of the brucite-like layers) [27–29]. Recently, LDHs, especially NiFe-LDH, are believed to be
one of the ideal and promising electrocatalysts for water splitting due to their excellent OER activity,

Catalysts 2018, 8, 214; doi:10.3390/catal8050214 www.mdpi.com/journal/catalysts4
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high stability in basic conditions, and low cost [30–34]. To date, various LDHs, as well as their
nanocomposites, have been synthesized for better OER performances. For example, the design and
synthesis of LDHs/conducting-material composites can overcome the intrinsically poor conductivity
of LDHs and provide a rapid transport of electrons/ions [35–42]. To improve the intrinsic activity,
the role of host transition layers and guest interlayer anions in increasing the OER activity have
also been considered [43–49]. Boettcher et al. found that the incorporation of Fe shows a more
than 30-fold increase in conductivity, as well as a partial-charge transfer activation effect of Fe to Ni
sites [50]. Jin et al. detected the presence of FeIV in NiFe-LDH during steady-state water oxidation by
using operando Mössbauer spectroscopy [51], which has important implications for stabilizing the
NiOOH lattice. Although, with this progress, how to determine the real active sites, as well as how to
rationally design much more efficient electrocatalysts based on LDHs, still remains highly desirable
and challenging.

Along with the increasing development of LDH-based OER catalysts, some important reviews
on different aspects have already been reported. For example, Dai et al. first gave a mini review
about NiFe-based materials (including alloys, oxides, and hydroxides) for OER in 2015 [52], where
the related mechanism and applications have been briefly discussed. Our group summarized the
development of LDH materials for electrochemical energy storage and conversion [53], in which the
OER applications have been discussed from the viewpoint of electrode materials design. Strasser
et al. further published a review article focusing on the progresses of NiFe-based (Oxy)hydroxide
catalysts [54]. Other excellent reviews also mentioned LDH-based OER electrocatalysts, including
the perspective on the OER activity trends and design principles based on transition metal oxides
and (oxy)hydroxides by Boettcher et al., [55] and nanocarbon-based electrocatalysts summarized by
Zhang et al., [56].

Nevertheless, the discussion on the LDH-based OER catalysts from the viewpoint of their
supramolecular intercalated structures is seldom considered. In this review, we will focus on the
roles of the host layer and guest interlayer anions in the OER performances of LDHs. The recent
advances in the host layer designs will be first discussed in order to provide a systematic digestion of
previous achievements in the unveiling of the active nature of metal ions in promoting water oxidation.
The interlayer anions also play an indispensable synergistic effect, which will be demonstrated in the
next discussion. We also hope to display future efficient OER electrocatalysts based on LDHs from the
molecular design and engineering.

2. The Engineering of Host Layer

2.1. The Role of Host Layer Metal Ions

Electrochemical water splitting under both acidic and alkaline conditions has been studied for
more than a half century as a means of storing clear energy. It is noted that OER is a four electron-proton
coupled reaction, while hydrogen evolution reaction (HER) is only a two electron-transfer reaction,
which implies that a higher energy is required for OER process to overcome the reaction barrier. In the
past decades, nickel-based electrodes have been widely used as anode catalysts for alkaline water
splitting due to the merits of earth-abundance, high activity, and good stability [57–61]. Corrigan found
that a low concentration of iron impurity in nickel oxide increased the OER kinetics obviously [25].
Moreover, the oxygen evolution overpotential for the sample with iron impurities of 10–50% in the
nickel oxide is substantially lower than that of either nickel oxide or iron oxide. Although without
a clear understanding about this interesting phenomenon, a synergetic effect between nickel and
iron species for catalyzing the OER process has been rationally assumed. This inspired the intensive
investigations to study various NiFe mixed compounds and the catalytic roles for Ni and Fe in order
to obtain better OER electrocatalysts. As a family of typical two-dimensional inorganic materials,
LDHs consist of brucite-like [Mg(OH)2] host nanosheets with edge-sharing metal-O6 octahedra (lateral
particle size ranging from nanometer to micrometer-scale). The easy tunability of metal ions without
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altering the structure, as well as anion exchange properties of LDHs, make them interesting alternatives
for applications in electrochemistry. Bell et al. synthesized (Ni,Fe) oxyhydroxides across the entire
composition range (Figure 1a,b) [62]. It was found that the addition of 25% Fe to Ni(OH)2 results
in up to a 500-fold higher OER current density compared to pure Ni and Fe oxyhydroxide films at
the overpotential of 0.3 V. Zhang et al. also investigated the effect of different Ni/Fe molar ratios to
their OER performances [63]. It was found that moderate metal substitution into the host hydroxide
framework (Fe into Ni or Ni into Fe) substantially enhanced the OER activity with a decrease of
both the Tafel slope and overpotential. To further accurately control the Fe content, Boettcher et al.
developed a method for purification of KOH electrolyte by using precipitated bulk Ni(OH)2 to absorb
Fe impurities [50]. As a result, no significant OER current is observed until >400 mV overpotential
for Ni(OH)2 films aged in purified KOH electrolyte. The excellent conductivity of electrocatalysts
is important to achieve a fast charge transfer through the catalyst film with a negligible potential
drop. To study the conductivity trends of LDHs with different metal ion ratios, various NiFe-LDH
have been synthesized by using the purified KOH electrolyte. The conductivity measurement showed
that all NiFe-LDH films have low conductivities at low potential, while a sharp increase along with
the Ni oxidation (Figure 1c). The NiFe-LDH films with Fe content range from 5% to 25% gives
σ ≈ 3.5 to 6.5 mS cm−1, significantly higher than that of Fe-free film (σ ≈ 2.5 mS cm−1), indicating
that Fe increases the conductivity of NiOOH. Figure 1d compares the turnover frequency (TOF)
as a function of the thickness for Fe-free NiOOH and Ni0.75Fe0.25OOH deposited on two kinds of
substrate (Au and GC). It is concluded that Fe enhances the activity of NiOOH through a Ni−Fe
partial-charge-transfer activation process.

Figure 1. (a) Schematic illustration of the crystal structure of NiFe-LDH. (b) Measured OER activity
of mixed Ni−Fe catalysts as a function of Fe content. Reproduced from [62], Copyright American
Chemical Society, 2014. (c) Conductivity data for the Ni1−xFexOOH with various Fe content. (d) TOFs as
a function of film thickness for Fe-free NiOOH and Ni0.75Fe0.25OOH. Reproduced from [50], Copyright
American Chemical Society, 2014.

In addition to the enhanced conductivity, the catalytically-active metal redox state of the
NiFe-based catalyst has remained under debate. It has long been assumed that Ni is the reactive
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site for water oxidation in NiFe oxide electrocatalysts on the basis of the high activity of Ni oxide
electrocatalysts. For example, Strasser et al. found that the Fe centers consistently remain in
the FeIII state regardless of potential and composition [64], which was determined by operando
differential electrochemical mass spectrometry (DEMS) and X-ray absorption spectroscopy (XAS)
under OER conditions. On the other hand, NiIV at Fe content below 4% has been detected under
catalytic conditions, while Ni atoms stabilized in a low-valent oxidation state when further increasing
the content of Fe. This difference in metal valent states mainly depends on the rate of water
oxidation−metal-reduction (kOER) and metal oxidation (kMox) (Figure 2a). The lower kMox/kOER

ratio reflects a dramatically increased rate constant of water oxidation (kMox), which may exceed the
rate of the metal oxidation (kOER). It concluded that high catalytic OER activity of the mixed Ni−Fe
catalysts demonstrate a sharply-decreased kMox/kOER ratio. They further give a catalytic OER cycle
(Figure 2b), where the buildup of oxidation equivalents from NiII to NiIV sites is followed by the
O−O bond formation with the subsequent release of molecular oxygen. However, there is substantial
evidence from X-ray absorption and Mössbauer experiments that NiIV and FeIV are both found in
NiFe-LDH at OER potentials during different studies [51,65,66]. Recently, Stahl et al. detected the FeIV

species (up to 21% of the total Fe) during steady-state water oxidation on NiFe-LDH [51]. The stable
presence of FeIV can be ascribed to the increased electron-donating ability of the π-symmetry lone
pairs of the bridging oxygen atoms between Ni and Fe (Figure 2c,d), which makes the NiOOH lattice a
more stable environment for high-valent metal ions.

Figure 2. (a) XAS-derived structural motifs prevalent during OER catalysis at high and intermediate
Ni-content. (b) Simplified scheme of the electrochemical water splitting cycle. Reproduced from [64],
Copyright American Chemical Society, 2016. (c) Electronic effects that could rationalize the observation
of FeIV in NiFe, but not Fe oxide catalysts. (d) Schematic representation of a layered NiOOH lattice
containing Fe ions in different sites (orange-brown). Reproduced from [51], Copyright American
Chemical Society, 2015.

Based on the previous results and the above discussion, the brief conclusions can be
obtained: (1) iron impurity in nickel oxide and hydroxide significantly promote the electrocatalytic
water oxidation, and suitable Ni/Fe ratio (from 2:1 to 4:1) can further improve OER activity;
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(2) the conductivity of Ni(OH)2/NiOOH increases when combined with iron element at a suitable
level (from 5% to 25%) due to the Fe-induced charge transfer; (3) the Ni or Fe as active sites have
both been reported, which has been verified by the detected high valence states of NiIV or FeIV, while
the presence of high valence metal ions probably depends on the metal and water oxidation rate.
Therefore, different metal ions introduced into the LDH host layer induces a varied chemical and
electronic environment, which thereby varied their OER performances. In addition to NiFe-LDH, other
LDHs with various host metal ions (e.g., NiCo, NiMn, ZnCo, and CoAl) have been demonstrated as
OER electrocatalysts (Figure 3) [67–91]. However, their activity is still lower than that of NiFe-LDH.

 

Figure 3. Overpotentials required at j = 10 mA cm−2 for various LDHs (the error bars indicate a range
of overpotentials).

2.2. The Engineering of LDH Host Layers

2.2.1. The Exfoliation of LDHs

The electrochemical properties of an electrocatalyst are affected by its nanostructures [92–95].
For instance, the atomically-thin 2D inorganic materials usually demonstrate unique properties
compared with their bulk counterparts [96–100]. LDHs are composed of atomically-thick positive
brucite-like host layers and interlayer anions. In practice, LDHs are stacked with several layers, which
limits their electrochemical performances due to the inaccessibility to the inner surfaces of the host
layers. In the past decades, ultrathin LDH nanosheets with atomic thickness have been synthesized by
both “bottom-up” and “top-down” approaches [101–106], which provide opportunities in maximizing
the utility of the layers and improving their physicochemical properties (e.g., specific surface area and
conductivity). Particularly, the “top-down” delamination method is the most widely developed for
producing thin LDH platelets with a thickness of a few atomic layers. Hu et al. first used the exfoliation
strategy to promote the OER performances of LDHs [91]. The CoCo, NiCo, and NiFe-LDH with Br−

anions are prepared as representative LDH materials, which are exfoliated into single-layer nanosheets
in the formamide solution. The OER current densities at an overpotential of 300 mV were enhanced by
2.6-, 3.4-, and 4.5-fold upon exfoliation of CoCo, NiCo, and NiFe-LDH, respectively, compared with
their bulk materials. Additionally, the water oxidation activity has the order of NiFe > NiCo > CoCo
for both exfoliated nanosheets and bulk LDHs. Following this work, they further synthesized ultrathin
CoMn-LDH nanoplatelets (3–5 nm) by a coprecipitation method [80], which gives a current density
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of 42.5 mA cm−2 at η = 350 mV. This value is about 7.6, 22.5, and 2.8 times higher than that of
Co(OH)2 + Mn2O3, spinel MnCo2O4+δ, and IrO2, respectively.

Exfoliated ultrathin LDH nanosheets display enhanced active site exposure. However, the LDHs’
exfoliation in liquid usually suffers from strong adsorption of solvent molecules, as well as the
restacking when removing the surface solvent [107,108]. In addition to liquid exfoliation of LDHs,
Wang et al. developed an efficient strategy for the exfoliation of LDHs into stable and clean ultrathin
nanosheets by plasma etching [78]. The high-energy plasma destroys the ionic bonds and hydrogen
bonds in the interlayers of the bulk LDHs, which interrupted the host-guest charge balance and
separated the brucite-like host layers from each other. For instance, the thickness of CoFe-LDH have
been successfully decreased from ~20 nm to 0.6 nm by subjecting bulk CoFe-LDH to Ar plasma
etching for 60 min. Moreover, the coordination number of the Co-OOH octahedra is lower than
that in the bulk CoFe-LDH, suggesting the presence of oxygen vacancies (VO). The as-prepared
LDH ultrathin nanosheets demonstrate much-improved OER performance with a low overpotential
of 266 mV at 10 mA cm−2. Recently, they further reported the exfoliation of CoFe-LDH by a
water plasma-assisted strategy (Figure 4a) [109], which was accompanied with the formation of
multi-vacancies, including O, Co, and Fe vacancies. The as-exfoliated ultrathin LDHs nanosheets with
multi-vacancies show significantly promoted electrocatalytic activity for water oxidation. As shown in
Figure 4b, water-plasma exfoliated CoFe-LDH nanosheets just require a low overpotential of 290 mV
to reach 10 mA cm−2 while the pristine CoFe-LDH need an overpotential of 332 mV. Therefore,
the effective exfoliation, as well as the defect introduction, both promotes the OER activity of LDHs.

Figure 4. (a) Schematic illustration of the water-plasma-enabled exfoliation of CoFe-LDH nanosheets
in a dielectric barrier discharge (DBD) plasma reactor. (b) Linear scan voltammogram (LSV) curves
for OER on pristine CoFe-LDH and the water-plasma exfoliated CoFe-LDH nanosheets. Reproduced
from [109]. Copyright Wiley, 2017.

2.2.2. Construction of LDH Nanoarrays

LDH nanosheet arrays (NSAs), that have highly-dispersed nanoplatelets, well-uniformed
orientation, and improved conductivity compared with LDH powdered samples, have been recently
constructed as efficient OER electrocatalysts [110–118]. Various LDH NSAs have been perpendicularly
grown on the surface of conducting substrates (metals [115], conducting glasses [116], carbon
fibers [117], and papers [118]) by in situ procedures. One of the most effective methods for the
fabrication of LDH NSAs is the hydrothermal process [119,120]. To design an highly-active OER
electrocatalyst, Huang et al. reported a single-crystalline NiFe-LDH NSA array on a Ni foam with the
assistance of a direction agent of NH4F [120]. The top and cross-sectional Scanning Electron Microscope
(SEM) images of NiFe-LDH NSAs reveal a highly-oriented flake array nanostructure that is in vertical
contact with the substrate (Figure 5a,b), with an edge length of 1–3 μm and a uniform thickness of less
than 20 nm. The high-resolution transmission electron microscopy (HRTEM) image and corresponding
selected area electron diffraction (SAED) pattern illustrate a single crystal phase of LDH (Figure 5c).
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The NiFe-LDH NSAs exhibits superior OER activity compared with the coated NiFe-LDH film, as well
as a RuO2 film electrode, achieving the overpotentials of 210 mV, 240 mV, and 260 mV at the current
densities of 10, 50, and 100 mA cm−2, respectively. Moreover, it is found that the single-crystalline
NiFe-LDH arrays display smaller overpotentials than that of the reported amorphous NiFe materials
and other analogous LDH-based materials. The hexamethylenetetramine (C6H12N4) also can be
used as a direct agent to prepare vertically-aligned LDH NSAs [72]. For example, the NiFe-LDH
NSAs grown on the nickel foam were created by an in situ co-precipitation approach using a reaction
solution containing Ni(NO3)2, Fe(NO3)3, C6H12N4, and CH3OH. SEM images of the NiFe-LDH NSAs
reveal a three-dimensional (3D) porous architecture with a LDH thickness of about 15 nm. TEM
elemental mapping images of as-synthesized NiFe-LDH scratched off nickel foam suggest that Ni, Fe,
and O elements are uniformly distributed over the NiFe-LDH (Figure 5f). The OER performances of
LDH@nickel foam (NF) NSAs, Ni(OH)2@NF NSAs, and NF were evaluated in a typical three-electrode
electrochemical cell in 1.0 M KOH solution at room temperature. Figure 5g displays the OER
polarization curves of LDH@NF, Ni(OH)2@NF, and NF. It is clear that NiFe-LDH@NF demonstrates
the highest OER activity compared with the contrast samples, with the lowest overpotential of 210 mV
at 10 mA cm−2, which are 88, 110, and 161 mV less than those of NiCo-LDH@NF, Ni(OH)2@NF,
and NF, respectively. In addition, the well-uniformed NiFe-LDH NSAs also displays promising
HER performances in 1.0 mM KOH solution with low overpotential of 133 mV at 10 mA cm−2.
The bi-functional electrocatalysts for OER and HER were further used for the overall water splitting
in a two-electrode electrolysis cell (Figure 5h), which just needs a cell voltage of 1.59 V to give a
water splitting current density of 10 mA cm−2 in 1.0 M KOH solution with a scan rate of 2 mV s−1

(Figure 5i). It is found that the nanosheet array architecture has increased the electrochemical surface
area, which provides more catalytic active sites and favors the efficient adsorption and transfer of
reactants. In addition, the well-ordered arrays also benefit the gas evolution reaction and subsequently
enhance the electrocatalytic activity [121].

In addition to direct co-precipitation, the template-directed method is another effective strategy
for the synthesis of LDH arrays as efficient OER electrocatalysts [122–124]. Sun et al. develop a
two-step hydrothermal method to synthesize hierarchical NiCoFe-LDH NSAs [125]. In this process,
Co2(OH)2CO3 nanowire arrays grown on the Ni foam were first achieved to provide a Co source and to
support the growth of NiCoFe-LDH NSAs in the presence of FeIII and urea (Figure 6a). The introduction
of Ni in the LDH can be ascribed to the dissolution of the Ni foam substrate at a low pH value (pH = 1.2)
due to the hydrolysis of FeIII and precipitation of NiII in the solution. The density of the LDH NSAs
on the nanowires can be tuned by simply changing the molar amount of FeIII during the second
hydrothermal step. With a low concentration of FeIII (0.5 mmol), just a few LDH nanoplatelets
grew on the nanowires (denoted as H-LDH-0.5, Figure 6b). When the amount of FeIII increased
to 1 mmol, the density of LDH NSAs around the nanowires clearly increased and the diameter of
the individual nanowire@nanoplatelet expanded to 250 nm (H-LDH-1, Figure 6c). The hierarchical
nanoarray architecture benefits the improvement of the electrochemical properties of active materials
by exposing more active sites. As a result, a high OER rate of 80 mA cm−2 for the H-LDHs could be
readily achieved by applying a small overpotential (257 mV for H-LDH-1), much better than that of the
Co2(OH)2CO3 nanowire arrays (420 mV) and LDH NPs (492 mV). Zhao et al. fabricated CoFe-LDH
NSAs by a solution phase cation exchange method at room temperature by dipping the Cu foam loaded
with Cu2O nanoarrays into an aqueous solution of CoCl2 and FeCl2 (Figure 6d) [74]. In this process,
OH− was generated in situ along with the etching of Cu2O nanowires by S2O3

2−, which then leads to
the precipitation of metal ions. The resulting CoFe-LDH NSAs inherited the geometry of the Cu2O
template (Figure 6e,f). The Cu2O nanoarrays show negligible OER activity, while Co0.70Fe0.30-LDH
NSAs give an OER onset overpotential as low as 220 mV, a small Tafel slope at 62.4 mV dec−1, as well
as excellent long-term durability (>100 h).
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Figure 5. (a) SEM image of NiFe-LDH flakes grown on the nickel foam, and (b) is the corresponding
cross-sectional image. (c) HRTEM image and SAED pattern (inset in (c)) of a single NiFe-LDH layer.
Reproduced from [120], Royal of Society, 2016. (d,e) SEM images of Ni5Fe LDH@NF. Inset in (e) is a
HAADF-STEM image of the Ni5Fe-LDH scratched off NF. (f) TEM elemental mapping images of Ni5Fe
LDH scratched off NF with blue for Ni, purple for Fe, and red for O. (g) OER polarization curves of
NF, Ni(OH)2@NF, Ni5Co-LDH@NF, and Ni5Fe-LDH@NF. (h) Optical images of the Ni5Fe-LDH@NF
electrode and overall water splitting device. (i) The steady-state polarization curve for overall water
splitting of Ni5Fe-LDH@NF and NF in a two-electrode configuration. Reproduced from [72], Copyright
Wiley, 2017.

 

Figure 6. (a) Schematic illustration of the hierarchical NiCoFe-LDH nanoarrays via a two-step
hydrothermal method. SEM images of the hierarchical NiCoFe-LDH nanoarrays: (b) H-LDH-0.5;
(c) H-LDH-1. Reproduced from [125], Copyright Royal of Society, 2014. (d) Schematic illustration
of the fabrication process for CoFe-LDH NSAs. (e) SEM and (f) TEM images of CoFe-LDH NSAs.
Reproduced from [74], Copyright Royal of Society, 2017.
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A facile method to prepare electrode materials with the merits of fast and one-pot synthesis
on the conducting substrates is a critical step when considering the practical operations.
The electrosynthesis approach is often used to fabricate electrochemical active films on conducting
materials’ surfaces [126–128]. Numerous materials have been developed by using the electrosynthesis
process for applications in energy storage and conversion, such as transition metal oxides [129] and
hydroxides [130], and conducting polymers [131]. The morphology and thickness of as-synthesized
films can be manipulated by monitoring electrochemical variables, such as the potential and coulombic
charge. Our group developed an electrochemical approach for the fast, precisely-controllable,
and economic fabrication of various Fe-containing LDH hierarchical nanoarrays (Figure 7a) [68].
This electrosynthesis process was achieved by the following proposed reduction reaction on the
working electrode: NO3

− + H2O + 2e− → NO2
− + 2OH−, in which the resulting OH− leads to the

precipitation of LDHs. The whole electrosynthesis process is finished successively within hundreds of
seconds at room temperature and the thickness of the LDH NSAs can be controlled by the deposition
time. Figure 7b shows the SEM image of the as-obtained NiFe-LDH NSAs, where ultrathin (8 nm
in thickness) and uniform NiFe-LDH platelets were grown perpendicularly to the surface of nickel
foam substrate. The TEM image further shows a thin sheet-like nanostructure. In addition, LDHs’
NSAs with uniform and homogeneous surface morphology can be synthesized on the foam nickel
substrate with different sizes, such as from 2 cm2 to 100 cm2 (Figure 7d). This is further adequate for
the fabrication of NiFe-LDH NSAs on other conducting substrates, including conducting cloths and
glasses (Figure 7e,f). The OER activity of NiFe-LDH NSAs was further studied, which displays the
lowest onset potential of OER current and the highest current density at the same overpotential (η)
compared with the CoFe- and LiFe-LDH NSAs. Moreover, it shows high energy conversion efficiency
from electric energy to chemical energy with a Faradaic efficiency of 99.4% after a testing period of
10 min. The electrosynthesized NiFe-LDH NSAs also gives significantly long-term stability and the
current density of OER remains constant at each given potential after 50 h of continued measurement.
In addition, the electrosynthesis method can be extended to the various micro-substrates, which gives
uniform core-shell nanostructures and improved electrochemical properties [132–136].

 

Figure 7. (a) Scheme of the synthetic route to MFe-LDH (M=Co, Ni and Li) NSAs. (b) SEM and
(c) TEM image of NiFe-LDH NSAs. (d) Photographs of NiFe-LDH NSAs synthesized on the foam
nickel substrates at various scales (inset: the SEM image of NiFe-LDH on 100 cm2 substrate). SEM
images for NiFe-LDH nanoplatelet arrays on (e) the conducting cloth and (f) FTO substrate (inset: their
corresponding photographs). Reproduced from [68], Copyright Royal of Society, 2015.
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3. The Engineering of Interlayer Guests

Various anions can be intercalated into the interlayer of LDHs, which varies their chemical
environment of host layers. Layer-by-layer assembly (LBL) of exfoliated LDH nanosheets with different
interlayer anions through electrostatic interaction is a good way to introduce different interlayer
anions [137–141]. Our group has reported the assembly of well-ordered CoNi-LDH NS/iron porphyrin
(Fe-PP) ultrathin film by means of the LBL strategy, giving rise to an excellent OER performance [142].
Compared with other interlayer anions, like sodium polystyrenesulfonate (PSS) and sodium dodecyl
sulfate (SDS), CoNi-LDH NS assembled with Fe-PP shows superior OER activity, which may benefit
from the excellent conductivity of Fe-PP. Moreover, LDHs with various host composition has also been
combined with Fe-PP, such as CoMn-, CoFe-, and ZnCo-LDH, to form LDH NS/Fe-PP ultrathin films
(UTFs). As a result, the OER performance of all these LDH NS/Fe-PP UTFs is significantly improved
(Figure 8a), which means the conductive interlayer anions, like Fe-PP can efficiently improve the OER
catalytic activities of LDHs. In addition, the increased intersheet spacing would be expected to facilitate
OH−/O2 transport through the film. Xu et al. synthesized NiFe-LDH by introducing CO3

2− to replace
NO3

−, leading to the reducing of interlayer spacing and poor OER catalytic activity [71]. On the
basis of OH− being the main reactant in alkaline solution, the NO3

− has a better exchange ability
with OH− in interlamination, which also affects the OER performance of NiFe-LDH. Hunter et al.
synthesized NiFe-LDH with 12 different interlayer anions, which shows different activities during OER
reactions [143]. As shown in Figure 8b, overpotentials of [NiFe]-LDH materials with different interlayer
anions illustrate that the measured overpotentials, which reflects the water oxidation abilities, do not
match with the basal spacing. Further study shows that strong correlation can be found between the
pKa values of the interlayer anoins and overpotentials. As shown in Figure 8c, there is a midpoint of
3.4 ± 0.7. Considering the existence of 1 M OH− in the electrolyte, it is clear that the di- and trivalent
anions outcompeted the hydroxide that presented in the interlayer. This means that di- and trivalent
anions can be seen as strongly-bound proton acceptors which can reduce the activation barrier for
water oxidation. Interestingly, the DFT calculations suggest that the XPS signal at 405.1 eV correspond
to the nitrite bound by its N-atom to edge-site iron, which is a symbol of high water oxidation activity
(Figure 8d). In addition, the oxidation of NiFe-LDH in the alkaline media will generate the NiFeOOH
along with the detachment of H from the topmost surface of the regular LDH. Zhang et al. found that
the presence of interlayer CO3

2− anions stabilized the active sites of LDHs [144]. As discussed above,
the distance of interlayer space, as well as the chemical environment induced by the interlayer anions,
play an important role in the OER activity of LDHs. Additionally, iron sites at the edges of [NiFe]-LDH
nanosheets may be active in water oxidation catalysis through the related studies [145]. We expect that
these findings can be potentially used in the engineering of OER catalysts.
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Figure 8. (a) LSV curves for various LDHs assembled with Fe-PP. Reproduced from [142], Copyright
Royal of Society, 2016. (b) Observed overpotentials η as a function of the basal spacing of NiFe-LDH
materials with different interlayer anions. (c) Overpotentials η of NiFe-LDH materials with different
interlayer anions Am−. (d) Measured (black) and calculated X-ray photoelectron spectroscopy (XPS)
binding energy (BE) core level shifts (is-CLS) for differently-bound nitrates (blue) and nitrites (green)
with a calculated structure that is consistent with the feature at 405.1 eV. Atom colors: Ni, green; Fe,
maroon; N, blue; O, red; H, white. Reproduced from [143], Copyright Royal of Society, 2016.

4. Conclusions and Perspectives

In summary, we have systematically introduced the recent progress about LDHs, themselves,
for electrochemical water oxidation from the view of host and guest engineering. The potential
active sites of LDH have been scientifically discussed based on previous experiments and calculation.
The metal ion ratio in the LDHs’ host layer obviously affects their OER activity. The determination
of the valence state of metal ions during water oxidation has been widely used to investigate the
active sites of LDH, while this probably depends on the metal and water oxidation rate. As for guest
anions, changing the space of the interlayer and the chemical properties (such as acidity and alkalinity)
provides a chance to optimize of electrochemical performances for LDHs. Since the nanostructures have
a profound impact on electrode materials, it is significant to synthesize uniform and highly-dispersed
LDHs with all the active sites exposed to the electrolyte, such as ultrathin nanosheet arrays.

In the future, molecular-level control remains promising to entirely develop the potential
of LDH-based OER electrocatalysts. Host-guest interaction of LDHs provides a large space for
turning their electrochemical properties for molecule adsorption and catalytic transformation.
Additionally, the defect chemistry of LDHs have also been paid increased attention, owing to the
significantly-improved surface electronic structures. This also extends the question as to whether
the surface or sites show a higher activity for the OER process because of their different defects.
Despite the importance of optimizing the material properties, it is still a long way to the synthesis
of low-cost and high-quality LDH-based electrocatalysts with precise control over their composition,
structure, and morphology. To utilize solar energy in water splitting, how to combine the novel
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LDH-based OER catalysts with photocatalysts will be a promising method to achieve an efficient
photoelectrochemical process.
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Abstract: Exploring inexpensive and highly efficient electrocatalyst to decrease the overpotential
of oxygen reduction reaction (ORR) is one of the key issues for the commercialization of energy
conversion and storage devices. Heteroatom-doped carbon materials have attracted increasing
attention as promising electrocatalysts. Herein, we prepared a highly active electrocatalyst, nitrogen,
sulfur co-doped carbon nanofibers (N/S-CNF), via in situ chemical oxidative polymerization of
methylene blue on the bacterial cellulose nanofibers, followed by carbonization process. It was found
that the type of nitrogen/sulfur source, methylene blue and poly(methylene blue), has significantly
influence on the catalytic activity of the resultant carbon nanofibers. Benefiting from the porous
structure and high surface area (729 m2/g) which favors mass transfer and exposing of active N and
S atoms, the N/S-CNF displays high catalytic activity for the ORR in alkaline media with a half-wave
potential of about 0.80 V, and better stability and stronger methanol tolerance than that of 20 wt %
Pt/C, indicating great potential application in the field of alkaline fuel cell.

Keywords: nitrogen sulfur co-doped carbon nanofibers; bacterial cellulose/poly(methylene blue)
hybrids; oxygen reduction reaction; electrocatalyst

1. Introduction

The development of low-cost and efficient energy conversion and storage technologies is of vital
importance in alleviating the energy crisis and environmental protection. In recent years, some novel
fuel cells and metal-air batteries, a class of devices that convert the chemical energy directly into
electricity by electrochemical reactions, have attracted increasing attention [1–4]. In these devices,
the oxygen reduction reaction (ORR) on the cathode is very slow kinetically, and thus requires platinum
(Pt) as electrocatalyst. As the high price and unsatisfactory methanol tolerance of Pt have become
a bottleneck of its extensive application in the fuel cells and metal-air batteries, the development of
cheap and steady non-platinum catalysts is a practical and urgent issue [5–8]. In such conditions,
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nitrogen doped carbon nanomaterials (N-Cs) has recently been expanding rapidly because of excellent
catalytic activity and high stability for the ORR in alkali media, and many techniques have been
developed to prepare high active N-Cs as electrocatalyst for the ORR [9–14].

It is very well-known that the catalytic activity of N-Cs is closely related to their structure,
meanwhile, the structural characteristics, such as the type and number of active centers, the porous
structures [15] and the graphitizing extent [16,17], are controlled by the preparation method.
Generally, the most used method to prepare the N-Cs is carbonizing various nitrogen-containing
precursors, including (i) the heat-treatment of the existing carbon materials (such as graphene)
using N-containing compounds (ammonia etc.); (ii) the pyrolysis of the N,C-containing precursor.
In these processes, nitrogen source has great influence on the structure characteristics of the resultant
N-Cs, and thus has a positive or negative impact on the catalytic activity for the ORR [18,19].
Understanding the impact of nitrogen source in molecular scale will provide fundamental knowledge
for the rational design of N-Cs with high catalytic activity for the ORR.

In addition to the nitrogen source, the carbon source should be paid much attention to. Most of
the reported N-Cs are prepared through chemical reagents or pre-synthesized precursor [20,21].
Considering the mass production in practical application, the cheaper raw and more convenient
procedures are desired. Biomass is an attractive raw material due to its low cost, abundance and
environmental friendly. Recently, various biomass, such as soybean shells [22], poplar catkins [23],
biomass lysine [24] and soybean [25], are used to prepare the N-Cs as electrocatalyst for the ORR.
Compare to these materials, cellulose, as the most abundant polymer on earth, is an excellent
precursor for producing various carbon-based catalyst [23,26]. Especially, bacterial cellulose (BC),
a biomass material produced by microbial industrial fermentation process at a very low price, possess a
interconnected three dimension porous network structure consisting of cellulose nanofibers, and thus,
is an ideal material to prepare of three dimension carbon-based functional nanomaterials [27,28].

Methylene blue (MB), as a cationic phenothiazines dye, contains not only N but also S element.
Both can incorporate into the carbon matrix through facile carbonization, and the synergistic effect of N
and S further enhances the catalysis performance for the ORR [29]. In addition, MB has good adsorption
on the phenolic group of BC through various mechanisms such as electrostatic attractions [30], and it
is easy to obtain the hybrid of BC/MB. Though carbonizing it, the nitrogen, sulfur-co-doped carbon
nanofibers (N/S-CNF) has been facilely achieved [31]. However, compared with the comical Pt/C,
the catalytic activity of N/S-CNF for the ORR is unsatisfied, and there is still no rational explanation
for this result, due to the complicated carbonation process [32].

Compared with MB which is a small molecule compound, poly(methylene blue) (PMB) can
gradually reduce and release the N/S-containing gas products during the carbonization process.
These gas products readily react with the carbonization product and incorporate into it with higher
N/S doping amount. Hence, we speculate that poly(methylene blue) (PMB) may be more appropriate
as nitrogen source than MB. Luckily, the chemical oxidative polymerization of MB can occur at room
temperature using the common oxidant, such as Au3+ and ammonium persulfate ((NH4)2S2O8) [33,34].

Therefore, in this work, using BC as carbon source, MB and PMB as nitrogen source respectively,
the N/S-CNF was prepared. After characterizing the microstructure and evaluating the catalytic
activity of the N/S-CNF derived from the hybrids of BC/MB and BC/PMB respectively, it is found
that the activity for the ORR can be tuned by varying the type of nitrogen precursor. The N/S-CNF,
prepared via in situ chemical oxidative polymerization of MB on the BC followed by carbonization
process, displays high catalytic activity for the ORR in alkaline media with a half-wave potential of
about 0.80 V, and better stability and stronger methanol tolerance than that of 20 wt % Pt/C.
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2. Results

2.1. Characterization of the BC/MB and BC/PMB

As presented in Figure 1, the N/S-CNF were prepared by three steps. First, the MB was
absorbed on the surface of BC at 100 ◦C, driven by the electrostatic interaction or hydrogen bond.
Secondly, the chemical oxidative polymerization of MB was initiated by (NH4)2S2O8 and the formed
PMB enwrapped evenly the nanofibers of BC [34]. Finally, the obtained BC/PMB hybrid was
carbonized to form the N/S-CNF.

Figure 1. Synthetic procedure of the N/S-CNF.

To identify the formation of PMB on the surface of BC, the samples of BC, BC/MB and BC/PMB
were characterized. Scan electron microscopy (SEM) image (Figure 2a) shows that the BC consists
of the intertwining nanofibers with a dimension of about 100 nm. After adsorbing MB, some MB
particle aggregations are deposited on the surface of BC (Figure 2b). However, after polymerization,
these aggregations disappear and some smooth joints gumming the nanofiber together are observed
from the BC/PMB (Figure 2c), suggesting the dissolution/reprecipitation process happened during
the chemical oxidation polymerization of MB. The EDS results show that N, S and Cl are detected in
the BC/MB and BC/PMB, and the contents of N and S in these two samples are similar (Figure 2b,c
and Figure S1). However, the content of Cl in the BC/PMB is much lower than that of the BC/MB.
This result indicates that, the MB cations are adsorbed on the surface of BC by static electric attractive,
after in situ oxidation polymerization, Cl− dissolved into solution and the electroneutral PMB was
formed. From the FTIR spectra of BC, PMB, and BC/PMB in Figure 2d, the typical peaks belonging
to the PMB and BC, which are in agreement with the reported [35–38], are observed. The peak at
1600 cm−1 assigned to the stretching vibration of the –C=N group of the PMB is detected from the
BC/PMB, demonstrating that the PMB has successfully loaded on the BC. In addition, the survey
spectra of X-ray photoelectron spectroscopy (XPS) (Figure 2e) further prove the presence of S and N in
both the BC/MB and BC/PMB. Similar to the results of EDS, the peak (198.9 eV) ascribed to Cl− is
detected from the BC/MB while not the BC/PMB. The XPS fine spectra of N1s in Figure 2f further
demonstrates the formation of PMB in the BC/PMB due to the appearance of PMB characteristic
peak at 400.1 eV [39]. Furthermore, the peaks of pyridinic N (399.7 eV) and protonated amine N
(401.6 eV) of the PMB shift to low energy direction, indicating the PMB tightly enwrap the nanofibers
of BC, which results in the electron of the skeleton carbon atoms in the BC shifting toward the N
atom of PMB due to the difference in electronegativity between them. All these results reveal that the
hybrid of BC/PMB has been successfully prepared. Further study (Figure S2) reveals that, without the
BC, the prepared PMB are blocks with irregular morphology, testifying the important role of BC in
inhibiting the agglomeration of PMB.
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Figure 2. SEM images of (a) BC; (b) BC/MB and (c) BC/PMB; (d) FTIR spectra of BC, PMB and
BC/PMB; (e) XPS survey spectra of BC, BC/MB and BC/PMB; and (f) fine XPS spectra of N1S for the
BC/MB and BC/PMB.

Thermogravimetric analysis (TGA) was further carried out to verify the thermal decomposition
behavior of the BC, MB, PMB, BC/MB and BC/PMB, and the corresponding TG curves are shown
in Figure 3. The MB exhibits the first mass loss step below 250 ◦C with a mass loss of about 13%,
and the second one centers at 250–400 ◦C with a mass loss of about 26%. With further increasing
the temperature, the mass loss increases slowly, and the carbon product at 800 ◦C is about 52%.
Compared with the MB, PMB shows much better thermal stability, and the onset decomposition
temperature is up to ~250 ◦C, but the carbon yield has no change. The BC has a sharp mass loss in
the range of 250–375 ◦C, and a low carbon yield of 11%. For the BC/MB, the thermal decomposition
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behavior in the low temperature (<250 ◦C) is similar to that of MB, and the carbon yield is ~40%.
No surprise, the BC/PMB displays higher thermal stability below 250 ◦C, and the carbon yield is close
to that of BC/MB and of 37%. Based on these results, it can be suspected that the high decomposition
temperature of PMB should be helpful for its decomposition products to participate in the carbonization
reaction, and thus promote the formation of N/S co-doped carbon materials.

Figure 3. TG curves of the PMB, MB, BC, BC/MB and BC/PMB.

2.2. Characterization of the Carbonization Products of BC, BC/MB and BC/PMB

After carbonizing the BC, BC/MB and BC/PMB, the resultant products are named by C-BC,
C-BC/MB and N/S-CNF, and their morphologies were investigated by SEM and TFM. Compared the
images of BC (Figure 2a) and C-BC (Figure 4a,c), no obvious change is observed, except that the
nanofibers are fluffier and thinner in the case of C-BC. However, compared with the BC/MB (Figure 2b),
the C-BC/MB (Figure 4b) exhibits quite different morphology, which is similar to that of C-BC,
seeming that MB particles have been completely decomposed. Nevertheless, the corresponding
transmission electron microscopy (TEM) image (Figure 4e) shows that, except for the nanofibers
derived from the BC, there are some isolated nanoparticles with a dimension of about 30 nm. Based on
the different Z-contrast between S and C elements, these nanoparticles should be the sulfur-rich
materials, which are proved by the element mapping results of energy dispersive spectrometer (EDS)
(Figure S3). Obviously, these nanoparticles are the carbonized products coming from the incomplete
decomposition of MB, due to the absence of S in the BC. Considering the similar morphology of
the carbon nanofibers in cases of C-BC and C-BC/MB, it is deduced that the adsorbed MB has little
influence on the decomposition of BC, probably due to the weak interface interaction between them,
just as shown the TG curve in Figure 3. It is interesting to note that, in contrast to the C-BC and
C-BC/MB, the N/S-CNF derived from the BC/PMB, consists of some short and wide nanobelts
(Figure 4c), and their diameter and length (Figure S4) are about 70 and 400 nm, respectively. This result
demonstrates the great influence of PMB on the carbonization of BC. TEM image in Figure 4e shows that
the contrast of the nanobelts is uniform, indicating the absence of sulfur-rich domains in the N/S-CNF.
In addition, elemental mappings from energy dispersive spectroscopy (EDS) (Figure 4h,i) confirm
the nitrogen and sulfur are successfully incorporated and uniformly distribute in the carbon matrix.
Moreover, EDS results (insets in Figure 4b,c) show that the contents of N and S are slightly higher in
the case of N/S-CNF than that of C-BC/MB, further proving that PMB as N/S source is helpful for the
incorporation of N/S into the carbon framework. No Cl was found by EDS, probably because of the
formation of Cl-containing gas.
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Figure 4. SEM and TEM images of the (a,d) C-BC; (b,e) C-BC/MB and (c,f) N/S-CNF; and the element
maps (g–i) of N,S-CNF. The insets in (b,c) are EDS data.

To gain more insight, the porous structure of N/S-CNF was characterized. As shown in
Figure 5a, with respect to the C-BC and C-BC/MB, the N/S-CNF shows a type I isotherm due
to the accomplishment of the predominant adsorption of N2 below the relative pressure (P/P0) of 0.02,
implying the presence of micro-pores. In addition, a hysteresis loop at P/P0 from 0.40 to 1.0 is also
observed, which is a characteristic of mesoporous materials. The pore size distribution (PSD) and
surface area were calculated with the slit/cylinder model of quenched solid density functional theory
using the adsorption branch. The PSD curve further confirms that both the micro-pore centering at
1.0 nm and the meso-pores with various sizes in 2–35 nm coexist in the N/S-CNF. The calculated
surface area is 729 g·cm−2. The C-BC has similar PSD but smaller surface area, while the C-BC/MB
belongs to the mesoporous material and has the smallest surface area. These results suggest that
the MB or its decomposition product destroyed the micro-pores of C-BC, but the PMB promoted to
form more micro-pores in the C-BC, probably by chemical etching the carbon matrix. The hierarchical
porous structure and high surface area of N/S-CNF are beneficial to the exposure of more active sites
and the diffusion of reactants.

To elucidate the crystallinity of N/S-CNF, X-ray powder diffraction (XRD) and Raman
spectroscopic investigation were conducted. The XRD patterns of the N/S-CNF and the control samples
show a broad peak at approximately 2θ = 24◦ and a very weak peak at 2θ = 42◦ (Figure 5b), which are
the characteristics of graphitic carbon materials with low graphitization degree [40]. Raman spectra
(Figure 5c) further reveal that both amorphous and crystalline carbon coexist in these samples.
The intensity ratios of the D to G bands (ID/IG) are nearly same for these samples, reflecting their
similar graphitization degree [41].
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Figure 5. (a) N2 adsorption-desorption isotherms and the inset is the pore size distribution curve;
(b) XRD patterns; (c) Raman spectra and (d) XPS full spectra of C-BC, C-BC/MB and N/S-CNF; (e) N1s
and (f) S2p fine XPS spectra of C-BC/MB and N/S-CNF.

To further confirm the chemical state of N and S, X-ray photo electron spectroscopy (XPS)
measurement was carried out. As shown the XPS survey spectra in Figure 5d, N and S are detected from
the N/S-CNF and C-BC/MB, confirming that the N and S atoms have been successfully introduced
into the carbon matrix, which is in agreement with the EDS results. However, the contents of N and S
in the N/S-CNF are 3.2% and 0.8%, respectively, which are higher than that (2.6% and 0.4%) of the
C-BC/MB. Generally, It is believed that the N and S content play a key role for the improved ORR
catalytic activity [13,42], and thus the N/S-CNF should have better catalysis performance than that
of C-BC/MB. In addition, it is reported that the N and S species proportion also is crucial for the
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ORR catalytic activity of electrocatalyst [43]. Form the high-resolution N1s spectra (Figure 5e) of the
N/S-CNF and C-BC/MB, four peaks can be deconvoluted into, which are assigned to the pyridinic
N (398.7 eV), pyrrolic N (399.8 eV), graphitic N (401.2 eV) and (403.2eV), respectively. Usually, it is
accepted that the pyridinic N and graphitic N are active species for the ORR [43]. Compared with the
C-BC/MP, the N/S-CNF has a higher amount (77.3 at. %) of the two species and thus should display
better catalysis performance for the ORR. In addition, the high-resolution S2p spectra (Figure 5f) show
the peaks of P1/2 and P3/2 at binding energy of 163.5 and 164.3 eV which attribute to C–S–C bonds,
and the ones at 166.0–170 eV are associated with the oxidized-S species that are chemically inactive
for the ORR [30]. Similar to the case of N, the N/S-CNF also possesses higher amount (74.4%) of the
active S species than that (64%) of C-BC/MP. Therefore, combining all the above results of SEM, PSD,
XRD, XPS, and so on, a conclusion can be drawn that the PMB is more suitable as N and S source to
prepare efficient elecrocatalyst for the ORR than the MB.

2.3. Electrocatalytic Activity of the N/S-CNF for the ORR

The electrocatalytic activity of the N/S-CNF for the ORR was evaluated by cyclic voltammetry
(CV) measurements in 0.1 M KOH electrolyte. Being compared with the smooth CV curve obtained
from the N2-saturated electrolyte (Figure 6a), the CV curve in O2-saturated electrolyte shows a
cathodic peak at 0.78 V, implying the electrocatalytic activity of N/S-CNF for the ORR in alkaline
media. The ORR performance of the N/S-CNF was further measured with the rotating disk electrode
(RDE) using linear sweep voltammetry (LSV) technique. As control subjects, the ORR activities of the
C-BC, C-BC/MB and Pt/C electrocatalyst were also tested under the same experimental conditions
(Figure 6b). Unsurprisingly, the C-BC shows the worst catalytic activity due to lacking active centres
derived from N/S doping. With the benefit of N/S doping, the C-BC/MB exhibits a significant
performance boost over the C-BC. Especially, with the aid of the large surface area and high amount of
active N and S species, the N/S-CNF shows the best catalytic performance for the ORR, featuring with
a comparable E1/2 value (0.80 V) to the commercial 20 wt % Pt/C (0.83 V). In addition, the E1/2 value
(0.80 V) is also more positive than some of the reported N,S-co-doped carbon-based electrocatalysts
(Table 1). Especially, the E1/2 (0.80 V) in this work is 170 mV higher than that reported N-S-CNF-800
(MB) [31], which was prepared through BC physically absorbing MB and followed the carbonization
process. We think the novel preparation method should be responsible for the improved catalytic
activity. Firstly, based on the adsorption kinetic of MB on the cellulose [44] a harsh adsorption
condition, heating the saturated solution of MB containing the dried BC at 100 ◦C for 4.5 h with
autoclave, was employed to increase the adsorption amount of MB. Secondly, the N/S-CNF was
obtained by carbonizing the BC/PMB hybrid that derived from the in situ polymerization of MB on
the BC surface, but not by directly carbonizing the BC/MB hybrid as mentioned in the literature [31].
Obviously, compared with the small molecule compound, N,S-containing polymer is much more
suitable as N/S source for the synthesis of carbon-based electrocatalyst with high ORR catalytic activity.
To clarify the influence of synthesis parameters on the catalytic activity of N/S-CNF, a series of samples
were prepared. The corresponding LSV curves for the ORR (Figure S5) reveal that the catalytic activity
of N/S-CNF is sensitive to the synthesis condition, and the optimized experimental parameters are
critical for achieving the N/S-CNF with high catalytic activity.

The catalysis kinetic of the N/S-CNF for the ORR was further investigated. It is normal that
the limiting diffusion current increases with the rotation speed due to the thinned diffusion layer
(Figure 6c). The transferred electron number (n) per oxygen molecule involved in the ORR process
was calculated with Koutecky–Levich equation, which was to be ca. 3.89 in the potential range of
0.4 to 0.6 V, demonstrating an approximate four-electron pathway. To elucidate the electron transfer
mechanism, the hydrogen peroxide yields were measured with rotating ring-disk electrode (RRDE).
As shown in Figure 6f, the ring current originating from the oxidation of hydrogen peroxide ions
(HO2

−) is low. The calculated percentage of HO2
− is below 17% over the potential range from 0.2 to

0.8 V, which corresponds to a transfer number of ~3.88. This is agreement with the results obtained
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from the Koutecky–Levich plots, again illuminating a nearly 4e− pathway for the ORR catalyzed by
the N/S-CNF.

  

 

  

Figure 6. (a) CV curves of the N/S-CNF in N2/O2-saturated 0.1 M KOH solution at scan rate of
50 mV·s−1; (b) ORR polarization curves of the C-BC, C-BC/MB, N/S-CNF and Pt/C electrocatalysts at
scan rate of 10 mV·s−1 and a rotation rate of 1600 rpm; (c) LSV curves of N/S-CNF at different rotation
rates, and the inset is the corresponding Koutecky–Levich plots; (d) RRDE measurements for N/S-CNF
electrode; chronoamperometry curves of the N/S-CNF and Pt/C obtained at 0.75 V for (e) the stability
test; and (f) methanol tolerance test before and after adding 1 M methanol. (b–f) were obtained in
O2-saturated 1 M KOH solution.
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Table 1. The difference of half wave potential between the N/S-co-doped carbon-based elecrocatalyst
and 20 wt % Pt/C for the ORR in 0.1 M KOH solution.

Sample ΔE 1
2 (mV) Ref.

N/S-CNFs 30 This work
N-S-CNF-800 (MB) 200 [31]

NS-3DrGO-950 64 [43]
N,S-PGN-800 30 [45]

NSC800 35.4 [46]
NSC-A2 80 [47]
PAC-5S 48 [48]

S1N5-OMC 65 [49]
N/S-2DPC-60 27 [50]
N,S-hcs-900 ◦C 40 [51]

NS-G 72 [52]
N,S-CN 50 [53]

CNx/CSx-GNRs 1000◦ for 2.5 h 50 [54]

Subsequently, the chronoamperometric responses is used to evaluate the electrocatalytic activity
and stability of the N/S-CNF. As shown in Figure 6e, after a brief transient period, the oxygen reduction
current at the N/S-CNF electrode remains stable for the long time (6000 s) of polarization, while the
current at the Pt/C electrode reduced to about 77% during the same test period, implying the excellent
durability of the N/S-CNF.

Methanol-tolerance is an important benchmark for the electrocatalyst used in fuel cells,
the catalysis performance of the N/S-CNF in KOH electrolyte containing methanol was investigated
by chronoamperometry. As displayed in Figure 6f, after adjusting the concentration of methanol to
1 M in the O2-saturated 0.1 M KOH electrolyte, the ORR current for Pt/C electrocatalyst shows a
drastic surge and cannot be recovered to the initial level. Conversely, the current level of the N/S-CNF
remains virtually unchanged, indicating its excellent methanol-tolerance.

3. Materials and Methods

3.1. Materials

BC membranes were supplied by Hainan Yida Food Co., Ltd., (Hainan, China), stored in acetic
acid solution. Before use, BC membranes were immersed into a 0.1 M sodium hydroxide solution at
100 ◦C for 60 min to remove the residual cells, and then thoroughly washed with deionized water until
pH reached neutral. To facilitate experimental operation, the BC membranes were cut to quadrate
pieces with size of 3 × 3 cm, and followed by freeze drying at −50 ◦C. All other chemicals were
purchased from Aladdin Reagent Co. Ltd., (Shanghai, China) and used as received.

3.2. Preparation of BC/MB and BC/PMB

6 mL of the saturated solution of MB was poured into the autoclave with volume of 15 mL, and the
dried BC membranes of 15 mg were soaked into it. To accelate adsorption of MB on BC membrane,
the autoclave was sealed and heated at 100 ◦C for 4.5 h. The blued BC membranes were washed by
water to remove the physically adsorbed day molecules, and then immsered into 10 mL of ammonium
peroxydisulphate solution (0.1 M) for 1.5 h to make the methylene blue polymerize. The purple BC
membranes were freeze-dried, and transferred into a tubular furnace for carbonization under a flowing
N2 atmosphere at 800 ◦C for 2 h with a heating rate of 2 ◦C·min−1. After cooled to room temperature,
the black carbon powder coded as N/S-CNF was achieved. To compare, the controlled samples were
also prepared with the BC membranes adsorbing and unadsorbing MB by the similar process.
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3.3. Electrochemical Measurements

Electrochemical experiments were carried out by computer-controlled CHI 760E (Chenhua
Instrument, Shanghai, China) electrochemical workstation equipped with RDE apparatus at room
temperature, using a standard three-electrode system. The electrocatalyst-modified working electrode
was prepared with the elelctrocatalyst ink, which was obtained by mixing 10 mg of electrocatalyst and
5 mL of water/Nafion solution, and sonicating the mixture for 60 min. After the working electrode
loaded 10 μL of electrocatalyst ink was dried at room temperature, the CV and LSV tests were measured
in N2- or O2-saturated 0.1 M KOH solution, by using a saturated calomel and carbon rod as reference
electrode and counter electrode, respectively. All potentials in this work were reported with respect
to reversible hydrogen electrode (RHE). The electron transfer number (n) was determined by the
Koutecky–Levich equation:

1/j = 1/jk + 1/Bω0.5 (1)

Here, jk is the kinetic current density, and B is expressed by the following expression:

B = 0.2 × n × F × (DO2)2/3 × ν−1/6 × CO2 (2)

where n represents the number of electrons transferred per oxygen molecule; F is the Faraday constant
(F = 96,485 C·mol−1); DO2 is the diffusion coefficient of O2 in 0.1 M KOH (1.9 × 10−5 cm2·s−1); ν is the
kinematic viscosity of the electrolyte solution (0.01 cm2·s−1); CO2 is the concentration of dissolved O2

(1.2 × 10−6 mol·cm−3). The constant 0.2 is adopted when the rotation speed is expressed in rpm.
The n and H2O2 yield (%) were measured with RRDE, and calculated with the followed equations:

n = 4Id/(Id + Ir/N) (3)

H2O2 (%) = 100 × (4 − n)/2 (4)

where Id is the disk current density, Ir is the ring current density, and N = 0.37 is the current
collection efficiency.

3.4. Characterization

The crystalline structure, morphology and surface composition of sample were physically
characterized by XRD (D/max-rC) (Rigalcu, Tokyo, Japan), TEM (JEM-2100F) (JEOL, Tokyo, Japan)
equipped with EDS, SEM (SU-8020) (Hitachi High-Technologies Corp., Japan), Raman Spectrometer
(In Via Reflex) (Renishaw PLC, Wotton-under-Edge, UK) and XPS (AXIS ULTRA) (Kratos Analytical
Ltd., Hadano, Japan). The surface area and pore volume of the samples were measured on a physical
adsorption instrument (ASAP 2400) (Norcross, GA, USA), the functional groups were analyzed by
using Fourier transform infrared spectroscopy (FTIR, Nicolet Is10) (Thermo Fisher Scientific, Waltham,
MA, USA), and the thermal decomposition behavior was measured by TGA (Q600) (TA Instruments,
New Castle, DE, USA).

4. Conclusions

We developed a facile method to fabricate superior ORR catalysts. By simply in situ polymerization
of MB on the surface of BC, followed by carbonization, the N/S-CNF nanomaterials was obtained.
It was found that, compared with the small molecular substance, the polymer as nitrogen/sulfur
source can significantly enhance the catalytic activity of the resultant N,S-co-doped carbon nanofibers.
Benefited from the synergistic effect of the multiple active sites, as well as the enriched porosity and
high surface area, the N/S-CNF revealed excellent ORR activity in alkaline media with a half-wave
potential of about 0.80 V. Moreover, the N/S-CNF showed better long-term stability and methanol
tolerance than that commercial 20 wt % Pt/C, demonstrating its potential application in fuel cells and
metal-air batteries as alternative Pt electrocatalysts.

33



Catalysts 2018, 8, 269

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4344/8/7/269/s1,
Figure S1: EDS spectra of (a) the BC/MB and (b) BC/PMB, Figure S2: SEM image of the PMB, Figure S3:
The dark field TEM image of the C-BC/MB and the corresponding element mapping images of S, N, O and C,
Figure S4: The diameter (b) and length (c) distribution of the nanofibers obtained from TEM image (a) of the
sample N/S-CNF, Figure S5: Linear sweep voltammetry curves of the samples of N/S-CNF prepared at different
condition. Fixed the other experiment parameters, (a) the concentration of MB in the adsorption process of MB on
BC was varied from 0.01 to 0.1 mol/L; (b) the heat treatment temperature in the adsorption process of MB on BC
was varied from 60 to 150 ◦C; (c) the polymerization time of MB was varied from 0.5 to 6 h. All these linear sweep
voltammetry curves were obtained from O2-saturated 0.1 M KOH solution at scan rate of 10 mv/s and a rotation
rate of 1600 rpm.
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Abstract: It is still a challenge to synthesize non-precious-metal catalysts with high activity and
stability for the oxygen reduction reaction (ORR) to replace the state-of-the art Pt/C catalyst. Herein,
a Fe, N, S co-doped porous carbon (Fe-NS/PC) is developed by using g-C3N4 and 2,4,6-tri(2-pyridyl)-
1,3,5-triazine (TPTZ) as binary nitrogen precursors. The interaction of binary nitrogen precursors
not only leads to the formation of more micropores, but also increases the doping amount of
both iron and nitrogen dispersed in the carbon matrix. After a second heat-treatment, the best
Fe/NS/C-g-C3N4/TPTZ-1000 catalyst exhibits excellent ORR performance with an onset potential
of 1.0 V vs. reversible hydrogen electrode (RHE) and a half-wave potential of 0.868 V (RHE) in
alkaline medium. The long-term durability is even superior to the commercial Pt/C catalyst. In the
meantime, an assembled Zn-air battery with Fe/NS/C-g-C3N4/TPTZ-1000 as the cathode shows
a maximal power density of 225 mW·cm−2 and excellent durability, demonstrating the great potential
of practical applications in energy conversion devices.

Keywords: non-precious metal catalyst; oxygen reduction reaction; binary nitrogen precursors;
g-C3N4; 2,4,6-tri(2-pyridyl)-1,3,5-triazine

1. Introduction

The oxygen reduction reaction (ORR) plays an important role in the energy efficiency of polymer
electrolyte membrane fuel cells (PEMFCs) and metal-air batteries (MABs). So far, platinum (Pt)-based
materials are still the most effective catalysts for the ORR due to its sluggish kinetics. However,
the high price and scarcity of Pt severely hinder the large-scale applications of PEMFCs and MABs.
Therefore, extensive efforts have been devoted to develop low-cost and earth-abundant non-precious
metal catalysts with efficient ORR performance. The transition metal (M=Fe, Co, etc.) and nitrogen
co-doped carbon materials (M-N-C), such as graphene [1,2], nanotube [3,4], and porous carbon [5,6],
have shown great progress in ORR electrocatalysis, especially for Fe-N-C materials, which have been
considered as the most promising catalysts for substituting the expensive Pt catalysts [7–9].

The excellent ORR activity usually depends on two main factors, namely, the high intrinsic
activity of single sites and high density of active sites. Therefore, the M-N-C electrocatalysts for
efficient ORR require high heteroatom doping contents, high surface area, porous structure, and good
conductivity [10–12]. Heteroatom doping is an effective method to tailor the electronic structure of
electroneutral carbon matrix, which would facilitate the adsorption of O2. High surface area and porous
structure are beneficial to increase the number of accessible active sites and facilitate the mass transport
of the ORR relevant species approaching the internal active sites of catalysts [13,14]. Heat-treatment
at high temperature is a vital process to form the ORR active centers, therefore, the precursors
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should be chosen carefully. Recently, the use of binary nitrogen precursors has been developed as
an effective synthetic strategy to improve the porosity and heteroatoms doping contents, hence to
improve the ORR activity. Wu et al. [15] synthesized a Fe-N-C catalyst derived from polyaniline
(PANI) and dicyandiamide (DCDA) as binary nitrogen precursors, which possessed higher ORR
activity than the individual PANI or DCDA-derived ones. The superior ORR activity can be ascribed
to the increased content of pyridinic nitrogen doped into the carbon matrix. The combination of
PANI and DCDA could enhance the porosity and increase the surface area, thanks to the different
decomposition temperatures. Chen et al. [16] synthesized a class of Fe-N-C catalysts with 3D
nanoporous structure using phenanthroline (Phen) and PANI as dual nitrogen sources. The Phen
played the role of pore-creating agent due to its lower thermostability. A similar strategy was
also reported by Zelenay et al. [17]. Moreover, it has been proved that the additional doping of S
atoms in the Fe-N-C catalyst will remarkably enhance the ORR activity [18]. However, although the
development of non-precious metal catalysts has achieved great progress, the application of these
materials in practical devices, such as PEMFCs and MABs, is still far from satisfactory, especially for
the long-term stability [19].

In this work, we have developed a facile method to synthesize Fe, N, S co-doped porous carbon
materials (Fe-NS/PC) as efficient ORR catalysts with g-C3N4 and 2,4,6-tri(2-pyridyl)-1,3,5-triazine
(TPTZ) as binary nitrogen precursors. The TPTZ is able to coordinate with Fe3+ [20], which could
contribute to the uniformly-dispersed metal-containing species located at the N-doped carbon
skeleton [21,22]. The addition of g-C3N4 sheets could inhibit the sintering of TPTZ during carbonization.
The interaction of g-C3N4 and TPTZ is beneficial to increase the doping amount of iron and
nitrogen, and to facilitate the mass transfer of ORR relevant species. As a result, the binary nitrogen
precursor-derived Fe-NS/PC catalyst exhibited better ORR performance than the single nitrogen
precursor-derived ones. After second heat treatment, the Fe/NS/C-g-C3N4/TPTZ catalyst shows
enhanced activity and long-term durability. The best ORR activity of Fe/NS/C-g-C3N4/TPTZ-1000
is even superior to that of the state-of-the art Pt/C catalyst. A Zn-air battery with the
Fe/NS/C-g-C3N4/TPTZ-1000 cathode exhibits a maximal power density of 225 mW·cm−2 at room
temperature and superior stability with only 4.03% loss of output voltage at a current density of
20 mA·cm−2 after 20,000 s.

2. Results and Discussion

Figure 1a–c show the scanning electron microscope (SEM) images of the as-synthesized Fe-NS/PC
catalysts using g-C3N4 and TPTZ separated as single nitrogen precursor and together as binary
nitrogen precursors, denoted as Fe/NS/C-g-C3N4, Fe/NS/C-TPTZ, and Fe/NS/C-g-C3N4/TPTZ,
respectively. The Fe/NS/C-g-C3N4 has a fluffy morphology with high porosity (Figure 1a). By contrast,
Fe/NS/C-TPTZ shows a denser morphology (Figure 1b), probably because of the collapse of the carbon
skeleton during heat-treatment. Through the combination of both g-C3N4 and TPTZ with various
thermal stability (Figure S1), the Fe/NS/C-g-C3N4/TPTZ preserves the fluffy morphology (Figure 1c),
probably due to the fact that the mixed g-C3N4 sheets prevent the sintering of TPTZ.

The effects of N precursors on BET surface areas and pore structures were studied by N2

adsorption-desorption isotherms. As can be seen in Figure 1d,f, the Fe/NS/C-g-C3N4 exhibits a highest
BET surface area of 928 m2/g, the most of which are external surface area. The micropore area is
only 82 m2/g. The Fe/NS/C-TPTZ shows a slightly lower BET surface area of 849 m2/g, but a much
larger micropore area of 317 m2/g. However, the amounts of mesopores and macropores are relatively
few (Figure 1e), which are consistent with the dense structure displayed by SEM image (Figure 1b).
After the combination of g-C3N4 and TPTZ, although the BET surface area slightly decreases (759 m2/g),
the Fe/NS/C-g-C3N4/TPTZ catalyst integrates the micropores of Fe/NS/C-TPTZ and the fluffy
structure of Fe/NS/C-g-C3N4 (Figure 1f), which might facilitate the mass transfer and the ORR
catalytic activity [23,24].
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X-ray diffraction (XRD) was carried out to characterize the crystal structure of the Fe-NS/PC
catalysts. According to the XRD patterns in Figure 1g, the Fe/NS/C-TPTZ exhibits two main diffraction
peaks at around 25.5◦ and 43◦, associated to the (002) and (100) planes of graphitic carbon, respectively.
The (002) diffraction peak of the Fe/NS/C-g-C3N4 shifts to a higher angle of 29.8◦, which can be
associated with the carbon nitride (PDF-#78-1747). Noteworthy, the binary nitrogen precursor-derived
Fe/NS/C-g-C3N4/TPTZ displays a broad peak at around 25.8◦ corresponding to the (002) diffraction
of graphitic carbon, and a weak swell at 29.8◦ corresponding to the carbon nitride, which clearly
indicates the interaction between two nitrogen precursors during pyrolysis. No other diffraction peaks
can be observed, demonstrating the absence of any other Fe-containing crystalline phases.

Figure 1. Scanning electron microscope (SEM) images of (a) Fe/NS/C-g-C3N4, (b) Fe/NS/C-
TPTZ (TPTZ: 2,4,6-tri(2-pyridyl)-1,3,5-triazine), and (c) Fe/NS/C-g-C3N4/TPTZ; (d) N2 adsorption-
desorption isotherms; (e) corresponding pore size distributions; (f) comparison of BET surface
areas; and (g) X-ray diffraction (XRD) patterns of Fe/NS/C-g-C3N4, Fe/NS/C-TPTZ, and Fe/NS/
C-g-C3N4/TPTZ.

X-ray photoelectron spectroscopy (XPS) was implemented to investigate the states of each
component within the Fe-NS/PC catalysts. The survey XPS spectra (Figure 2a) reveal that the
main elements of Fe-NS/PC catalysts consist of Fe, N, C, O, and S. The elemental compositions are
summarized in Table S1. Figure 2b–d display the high resolution N 1s spectra of the three Fe-NS/PC
catalysts. All the spectra can be deconvoluted into four peaks corresponding to pyridinic N (N1,
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398.1–398.7 eV), pyrrolic N (N2, 399.78–400.7 eV), graphitic N (N3, 400.99–401.3 eV), and oxidized
N (N4, 402–404.27 eV) [25,26], respectively. Previous reports have demonstrated that both pyridinic
N and graphitic N may participate the oxygen reduction reaction [27–29]. These two N species
(N1 + N3) account for 4.03 at% of all the elements in Fe/NS/C-g-C3N4/TPTZ, remarkably higher
than that of Fe/NS/C-g-C3N4 (1.88%) and Fe/NS/C-TPTZ (3.46%), as shown in Table S1. Notably,
the contents of Fe and N in Fe/NS/C-g-C3N4/TPTZ are 0.29 at% and 6.67 at%, respectively, both of
which are the highest among the three catalysts. In addition, the co-doping of S element in Fe-N-C
catalysts would further improve the ORR activity, probably due to the structural defects and electron
distribution induced by S atoms [30,31]. Based on the consideration of the high heteroatoms doping
contents combined with the porous structure, the high ORR activity could be expected for the
Fe/NS/C-g-C3N4/TPTZ catalyst.

Figure 2. (a) X-ray photoelectron spectroscopy (XPS) survey spectra of Fe/NS/C-g-C3N4,
Fe/NS/C-TPTZ, and Fe/NS/C-g-C3N4/TPTZ catalysts; high-resolution N 1s XPS spectra of (b)
Fe/NS/C-g-C3N4, (c) Fe/NS/C-TPTZ, and (d) Fe/NS/C-g-C3N4/TPTZ.

The ORR activity of the Fe-NS/PC catalysts were evaluated by rotating disk electrode (RDE)
test in O2-saturated 0.1 M KOH solution. As displayed in Figure 3, the Fe/NS/C-g-C3N4/TPTZ
catalyst exhibits the best ORR activity with an onset (E0) and half-wave (E1/2) potential of 0.95 V
and 0.853 V (RHE), respectively, higher than that of Fe/NS/C-g-C3N4 catalyst (E0 = 0.946 V and
E1/2 = 0.843 V). By sharp contrast, the Fe/NS/C-TPTZ shows inferior ORR activity with E0 = 0.917 V
(RHE) and much smaller diffusion-limited current, probably due to the agglomerations of sintered
carbon that are difficult to disperse obstruct the transfer of ORR-related species, in spite of the high
BET surface area. The presence of g-C3N4 in dual nitrogen precursors might avoid the sintering of
TPTZ, meanwhile maintain the fluffy structure and increase the Fe, N doping content, thus resulting
in the full exposure of active sites, which could be responsible for the high ORR activity of the
Fe/NS/C-g-C3N4/TPTZ catalyst.
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Figure 3. Oxygen reduction reaction (ORR) polarization curves of Fe/NS/C-g-C3N4, Fe/NS/C-TPTZ,
and Fe/NS/C-g-C3N4/TPTZ catalysts in O2-saturated 0.1 M KOH with a rotating speed of 1600 rpm
and at a scan rate of 10 mV s−1. RHE: reversible hydrogen electrode.

To further improve the ORR performance, a secondary heat treatment was conducted to the best
Fe/NS/C-g-C3N4/TPTZ catalyst at the range of 800–1000 ◦C, denoted as Fe/NS/C-g-C3N4/TPTZ-T
(T = 800, 900, 1000). Figure 4a–h present the transmission electron microscope (TEM) images
of Fe/NS/C-g-C3N4/TPTZ, and Fe/NS/C-g-C3N4/TPTZ-T (T = 800, 900, 1000) at diversed
magnifications. All these samples show the morphological characteristics of agglomerations of
amorphous carbon nanoparticles with the diameter of 20–50 nm. No crystalline iron-containing
nanoparticles can be observed for all three catalysts, indicating no agglomerations of iron formed
during the second heat treatment. The energy dispersive X-ray spectroscopy (EDX) mapping analysis
of Fe/NS/C-g-C3N4/TPTZ-1000 was also carried out to observe the elemental distributions. As can
be seen in Figure 4i, the TEM image and the corresponding elemental mapping reveal that all doping
heteroatoms, which are regarded as the components of the ORR active sites, are uniformly distributed
throughout the carbon matrix, leading to the full exposure of the active sites to the ORR related species.

Figure 4. Transmission electron microscope (TEM) images of (a,b) Fe/NS/C-g-C3N4/TPTZ; (c,d)
Fe/NS/C-g-C3N4/TPTZ-800; (e,f) Fe/NS/C-g-C3N4/TPTZ-900; (g,h) Fe/NS/C-g-C3N4/TPTZ-1000;
and (i) TEM-EDX (EDX: energy dispersive X-ray spectroscopy) mapping analysis of C, N, S, O, and Fe
of Fe/NS/C-g-C3N4/TPTZ-1000.

42



Catalysts 2018, 8, 158

After a second heat treatment at different temperatures, all three Fe/NS/C-g-C3N4/TPTZ-T (T = 800,
900, 1000) catalysts show two main diffraction peaks at around 29.8◦ and 43◦ (Figure 5a), similar to
Fe/NS/C-g-C3N4. There are no other diffraction peaks appear, further demonstrating the absence
of crystalline iron-containing phases, which is consistent with the TEM results (Figure 4). Figure 5b
displays the N2 adsorption-desorption isotherms of the Fe/NS/C-g-C3N4/TPTZ-T (T = 800, 900,
1000) catalysts. The BET suface areas of Fe/NS/C-g-C3N4/TPTZ-800, Fe/NS/C-g-C3N4/TPTZ-900,
and Fe/NS/C-g-C3N4/TPTZ-1000 are 876.8 m2 g−1, 1026.4 m2 g−1, 1138.9 m2 g−1, respectively. The pore
size distributions of the Fe/NS/C-g-C3N4/TPTZ-T (T = 800, 900, 1000) indicate that the three catalysts all
possess a good porous structure (Figure 5c).

Figure 5. (a) XRD patterns; (b) N2 adsorption-desorption isotherms; and (c) corresponding
pore size distributions of Fe/NS/C-g-C3N4/TPTZ-800, Fe/NS/C-g-C3N4/TPTZ-900, and Fe/NS/
C-g-C3N4/TPTZ-1000.

The XPS survey spectra of Fe/NS/C-g-C3N4/TPTZ and Fe/NS/C-g-C3N4/TPTZ-T (T = 800, 900,
1000) were collected to measure the elemental compositions, as shown in Figure 6a and Table S2.
The contents of doped Fe and N elements reduce along with the secondary heat treatment temperature
elevates. The N doping contents of Fe/NS/C-g-C3N4/TPTZ-T (T = 800, 900, 1000) are 4.48%, 2.57%,
and 1.40%, respectively, all lower than that of Fe/NS/C-g-C3N4/TPTZ, due to the formation of
gaseous N-containing phases. The deconvoluted high-resolution N 1s spectra reveal that the pyridinic
N and graphitic N predominate in all three catalysts, as shown in Figure 6b–d and summarized in
Table S2. The high-resolution S 2p spectrum of Fe/NS/C-g-C3N4/TPTZ-1000 can be deconvoluted
into three peaks, as shown in Figure 6e. The two peaks at 164.0 and 165.2 eV can be described to
S 2p3/2 and S 2p1/2 of thiophene-like C-S-C structure, respectively [32,33], while the third peak at
167.3 eV corresponds to sulfate species. The synergetic effects of N, S co-doping would significantly
improve the ORR activity by reducing the electron localization around the Fe centers, and improve
the interaction with oxygen, facilitating the four-electron pathway [34]. The high-resolution Fe 2p
spectrum of Fe/NS/C-g-C3N4/TPTZ-1000 presents two major peaks at around 711 and 724 eV,
corresponding to Fe 2p1/2 and Fe 2p3/2, respectively (Figure 6f) [15,35]. The dominant peak at 711 eV
can be assigned to Fe3+ or Fe2+ coordinated with N, which are suggested to be the ORR active
centers [15,36]. The peak at 718.5 eV is a satellite peak indicating the co-existence of Fe3+ and Fe2+ in
the Fe/NS/C-g-C3N4/TPTZ-1000 [35].
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Figure 6. (a) XPS survey spectra of Fe/NS/C-g-C3N4/TPTZ and Fe/NS/C-g-C3N4/TPTZ-T
(T = 800, 900, 1000); high-resolution N 1s spectra of (b) Fe/NS/C-g-C3N4/TPTZ-800, (c) Fe/NS/C-
g-C3N4/TPTZ-900 and (d) Fe/NS/C-g-C3N4/TPTZ-1000; (e) high-resolution S 2p spectrum and (f) Fe
2p spectrum of Fe/NS/C-g-C3N4/TPTZ-1000.

The ORR activities of Fe/NS/C-g-C3N4/TPTZ-T (T = 800, 900, 1000) catalysts were measured
in O2-saturated 0.1 M KOH solution. For a comparison, commercial Pt/C (20 wt %) catalyst
was also evaluated. As displayed in Figure 7a, after secondary heat treatment, the ORR
activity of the Fe/NS/C-g-C3N4/TPTZ is further improved. Fe/NS/C-g-C3N4/TPTZ-800 and
Fe/NS/C-g-C3N4/TPTZ-900 exhibit similar activity with the half-wave potential (E1/2) of 0.863 V and
0.864 V (RHE), respectively. The best ORR activity is achieved at Fe/NS/C-g-C3N4/TPTZ-1000 with
the onset and half-wave potential of 1.0 V and 0.868 V (RHE), respectively, higher than that of Pt/C
catalyst (E0 = 0.97 V, E1/2 = 0.841 V). To evaluate the intrinsic catalytic activity, the mass activity (jm)
was calculated based on the Koutecky-Levich equation (Table S3). The Fe/NS/C-g-C3N4/TPTZ-1000
catalyst shows the best mass activity of 5.73 A g−1 at 0.9 V, reaching up to 48.8% of that of Pt/C
(11.73 A g−1).

To explore the origin of the high ORR activity, we have probed the possible role of Fe and
S within the Fe-NS/PC catalysts. As shown in Figure S2, Fe/N/C-g-C3N4/TPTZ-1000 without
sulfur doping exhibits lower onset and half-wave potentials for the ORR than Fe/NS/C-g-
C3N4/TPTZ-1000, indicating the promoting effects of sulfur co-doping. By sharp comparison,
the NS/C-g-C3N4/TPTZ-1000 without Fe doping presents inferior activity, with the half-wave
potential 64 mV lower than that of Fe/NS/C-g-C3N4/TPTZ-1000. These results definitely reflect
the indispensable roles of Fe and S doping in Fe-NS/PC for high ORR activity. It is well known that
SCN− can strongly coordinate with Fe atoms. As shown in Figure S3, the Fe/NS/C-g-C3N4/TPTZ-1000
catalyst shows obvious ORR activity degradation after injecting 5 mM SCN−, the remaining ORR
activity probably results from the N, S co-doped carbon materials. Interestingly, the ORR activity of
the Fe/NS/C-g-C3N4/TPTZ-1000 can almost recover after rinsing and replacing with fresh electrolyte,
indicating that Fe atoms are at least part of the ORR active sites.

Figure 7b shows the hydrogen peroxide yield (H2O2 %) and the electron transfer number (n)
of Fe/NS/C-g-C3N4/TPTZ-1000 calculated from disk current (Id) and ring current (Ir) obtained by
rotating ring-disk electrode (RRDE) test. The H2O2 yield is lower than 1.0% over the whole potential
range. The corresponding electron transfer number is calculated to be larger than 3.975. Notably,
the H2O2 starts to generate at the potential lower than 0.8 V, where the ORR polarization curve has
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reached the diffusion-limited current. These results indicate a direct four-electron pathway of ORR
on the Fe/NS/C-g-C3N4/TPTZ-1000. The Tafel plots of Fe/NS/C-g-C3N4/TPTZ-1000 depicted in
Figure 7c show the Tafel slope of 68 mV dec−1, closed to that of Pt/C catalyst (73 mV dec−1).

Figure 7. (a) ORR polarization curves of Fe/NS/C-g-C3N4/TPTZ, Fe/NS/C-g-C3N4/TPTZ-T (T = 800,
900, 1000) and Pt/C catalyst in O2-saturated 0.1 M KOH solution with a rotational speed of 1600 rpm
and at a scan rate of 10 mV/s; (b) hydrogen peroxide yield and electron transfer number of
Fe/NS/C-g-C3N4/TPTZ-1000 catalyst, (c) Tafel plots of Fe/NS/C-g-C3N4/TPTZ-1000 and Pt/C;
and (d) ORR polarization curves of Fe/NS/C-g-C3N4/TPTZ-1000 (before and after 10,000 potential
cycles) and Pt/C (before and after 5000 potential cycles).

An accelerated durability test (ADT) was carried out to assess the durability of Fe/NS/
C-g-C3N4/TPTZ-1000 catalyst by potential-cycling between 0.6 and 1.1 V at a scan rate of
50 mV s−1 in O2-saturated 0.1 M KOH. As shown in Figure 7d, after 10,000 cycles, the E1/2 of
Fe/NS/C-g-C3N4/TPTZ-1000 slightly decreases by 12 mV, demonstrating the superior durability
of the Fe/NS/C-g-C3N4/TPTZ-1000 catalyst, due to the robust structure of Fe and N anchored in
carbon matrix and the low yield of corrosive H2O2. In sharp contrast, the E1/2 of Pt/C remarkably
decreases by 35 mV after only 5000 cycles. The insufficient durability of the Pt/C might suffer from
the aggregation of Pt nanoparticles.

To further evaluate the potential for practical application, the Fe/NS/C-g-C3N4/TPTZ-1000
was assembled into a homemade primary Zn-air battery as cathode catalyst. Figure 8a presents
the polarization curves of Zn-air batteries with Fe/NS/C-g-C3N4/TPTZ-1000 and Pt/C as cathodes,
respectively. The Zn-air battery with Fe/NS/C-g-C3N4/TPTZ-1000 catalyst exhibits an open-circuit
voltage (OCV) of 1.385 V and a maximal power density of 225 mW cm−2 at a temperature of ca. 25 ◦C,
which is quite comparable to that of Pt/C with the OCV of 1.411 V and the maximal power density
of 246 mW cm−2. This performance outperforms the most of Zn-Air batteries utilizing analogous
Fe-N-C cathode reported so far [37–40]. In the meantime, the long-term stability of a Zn-air battery
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with Fe/NS/C-g-C3N4/TPTZ-1000 was also tested by recording the galvanostatic discharge curves.
As presented in Figure 8b, the Zn-Air battery with Fe/NS/C-g-C3N4/TPTZ-1000 catalyst only presents
a voltage loss of 4.03% after 20,000 s at a current density of 20 mA cm−2. For the Pt/C, the output
voltage loss reaches 8.17% under the same conditions, demonstrating the improved durability of
the Fe/NS/C-g-C3N4/TPTZ-1000. The slight fluctuation may due to the disturbance of testing
circumstance such as humidity, which cannot be completely avoided. These results suggest that the
as-prepared Fe/NS/C-g-C3N4/TPTZ-1000 catalyst has great potential to replace the precious metal
catalysts in practical application of Zn-air battery.

Figure 8. (a) Polarization curves and (b) discharge curves of Zn-air batteries with Fe/NS/C-
g-C3N4/TPTZ-1000, and 20 wt % Pt/C as cathode catalysts at 298 K.

3. Experimental Section

3.1. Preparation of g-C3N4 Nanosheets

Bulk g-C3N4 powder was synthesized according to a procedure described in a previous paper [41].
Typically, dicyandiamide (Aldrich, Milwaukee, WI, USA, 99%) powder was placed in an alumina
crucible with cover and heated at 550 ◦C for 4 h in air with a ramp rate of 2.3 ◦C/min. The obtained
yellow agglomerates were grinded into powders. The light yellow g-C3N4 nanosheets were prepared
by thermal etching of bulk g-C3N4 in air at 500 ◦C for 2 h with a ramp rate of 5 ◦C/min.

3.2. Catalyst Synthesis

Commercial Ketjenblack EC 600J (KJ 600) carbon black was first pretreated in 6.0 M HCl solution
for 12 h to remove metal impurities and collected by filtration. The obtained carbon black was then
treated in concentrated HNO3 solution at 80 ◦C for 8 h to introduce carboxyl groups [42].

In a typical synthesis, 125 mg of 2,4,6-tri(2-pyridyl)-1,3,5-triazine (TPTZ, Adamas, Shanghai,
China, 97%), 125 mg of g-C3N4 nanosheets, and 50 mg of acid-treated KJ600 were dispersed in 50 mL
of alcohol under vigorous stirring for 30 min, then Fe(SCN)3 solution, prepared by mixing FeCl3 (0.2 M,
1.2 mL) and potassium thiocyanate (KSCN, 0.2 M, 3.6 mL) in 50 mL of alcohol, was added into the
suspension and stirred for another 30 min. The solvent was then removed by rotary evaporation and
vacuum drying at 80 ◦C for 3 h. The resulting powder was pyrolyzed at 800 ◦C in a N2 atmosphere
for 1 h with a ramp rate of 10 ◦C/min. The pyrolyzed sample was subjected to acid leaching in
0.5 M H2SO4 solution at 80 ◦C for 8 h to remove unstable and inactive species followed by filtration
and thoroughly washed with ultrapure water. The sample was finally vacuum dried to obtain the
Fe/NS/C-g-C3N4/TPTZ catalyst. As a comparison, Fe/NS/C-g-C3N4 and Fe/NS/C-TPTZ catalysts
were prepared by the same procedure except using 250 mg of g-C3N4 or 250 mg of TPTZ as the single
nitrogen precursor, respectively.

Moreover, the Fe/NS/C-g-C3N4/TPTZ sample was heat-treated again at 800 ◦C, 900 ◦C,
and 1000 ◦C in a N2 atmosphere for 3 h to obtain the Fe/NS/C-g-C3N4/TPTZ-T (T = 800, 900, 1000)
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catalysts. The synthesis approaches for Fe/N/C-g-C3N4/TPTZ-1000 and NS/C-g-C3N4/TPTZ-1000
are the same as that for Fe/NS/C-g-C3N4/TPTZ-1000 without adding KSCN and FeCl3, respectively.

3.3. Characterizations

The morphology and elemental mapping of the samples were analyzed using field-emission
transmission electron microscopy (FE-TEM, JEM-2100F, JEOL Ltd., Tokyo, Japan) with a working
voltage of 200 kV. XRD analysis was performed using a D8 advance powder X-ray diffractometer
(Bruker, Karlsruhe, Germany) with a Cu Ka (λ = 1.5418 Å) at 0.2◦ s−1. The elemental composition
and chemical states were measured by XPS (K-Alpha, Thermo Scientific, Waltham, MA, USA) with
an Al Ka X-ray source. The surface areas and pore structures were characterized using a Micromeritics
ASAP 2020 instrument (Micromeritics Instrument Corp., Norcross, GA, USA).

3.4. Electrochemical Measurement

All electrochemical measurements were conducted on a bipotentiostat (CHI-730E, Shanghai
Chenhua, Shanghai, China) equipped with a rotating disk electrode (RDE) or rotating ring-disk
electrode (RRDE) system (PINE Inc., Durham, NC, USA) at room temperature. An Ag/AgCl electrode
and a graphite plate were used as the reference and counter electrode, respectively. The potential has
been experimentally corrected to the range of RHE by the following equation: E(RHE) = E(Ag/AgCl) +
0.956 V. The electrolyte was O2-saturated 0.1 M KOH solution.

For all Fe-NS/PC catalysts, 12 mg of catalyst was dispersed in the mixture of 0.5 mL of de-ionized
water, 0.45 mL of isopropanol and 0.05 mL of 5 wt % Nafion solution (Aldrich) by sonication for 1 h to
produce the ink. A certain volume of the catalyst ink was pipetted onto the pre-polished glassy carbon
disk (0.196 cm2 for RDE and 0.2475 cm2 for RRDE) resulting a loading of 0.4 mg cm−2. For commercial
Pt/C catalyst (20 wt %, ElectroChem, Inc., Woburn, MA, USA), the ink was prepared by dispersing
10 mg catalyst in 1.0 mL of de-ionized water, 0.95 mL of isopropanol, and 0.05 mL of 5 wt % Nafion
solution. The loading of the Pt/C catalyst was 0.1 mg cm−2.

In RDE tests, ORR polarization curves were measured at a scan rate of 10 mV s−1. The electrode
rotational speed was 1600 rpm. The background current was determined by recording the voltammogram
in N2-saturated electrolyte. The accelerated durability tests (ADT) were carried out by cycling the potential
in the range from 0.6 to 1.1 V in O2-saturated electrolyte with a scan rate of 50 mV s−1.

Hydrogen peroxide yield and the electron transfer number (n) can be calculated by the following
equations with the potential of ring electrode fixed at 1.4 V (RHE) in RRDE:

H2O2 % = 200% ×
Ir
N

|Id|+ Ir
N

(1)

n = 4 × |Id|
|Id|+ Ir

N

(2)

where Id is the disk current, Ir is the ring current, N = 0.37 is the collection efficiency of the Pt ring.

3.5. Primary Zn-Air Battery Test

The cathode of the Zn-air battery was prepared by loading the Fe/NS/C-g-C3N4/TPTZ-1000 or
20 wt % Pt/C catalyst onto carbon fiber paper (3.0 × 4.0 cm) with a catalyst loading of 1.0 mg cm−2.
Electrolytic zinc powder was used as the anode. The electrolyte was 6.0 M KOH solution. Polarization
curves and galvanostatic discharge curves were measured on Arbin battery testing system.

4. Conclusions

In summary, a Fe, N, S co-doped porous carbon as ORR electrocatalyst was developed based
on the interaction of binary nitrogen precursors during the pyrolysis process. After secondary heat
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treatment, the Fe/NS/C-g-C3N4/TPTZ-1000 catalyst displays superior ORR activity and durability
in alkaline media, in comparison with the commercial Pt/C. Enhanced ORR activity and durability
can be attributed to its good porous structure, high surface area, high contents of pyridinic N and
graphitic N, and the synergy of N and S co-doping. Moreover, the Zn-air battery assembled with
Fe/NS/C-g-C3N4/TPTZ-1000 as a cathode exhibits comparable power density and better stability
than that of the Pt/C, demonstrating its potential for substituting precious metal catalysts in practical
energy devices.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4344/8/4/
158/s1, Figure S1: Thermogravimetric analysis (TGA) of (a) g-C3N4 and (b)TPTZ under N2 atmosphere,
Figure S2: ORR polarization curves of Fe/N/C-g-C3N4/TPTZ-1000, NS/C-g-C3N4/TPTZ-1000 and
Fe/NS/C-g-C3N4/TPTZ-1000 in O2-saturated 0.1 M KOH solution with a rotational speed of 1600 rpm and a
scan rate of 10 mV/s, Figure S3: The polarization curves of Fe/NS/C-g-C3N4/TPTZ-1000 catalyst before and
after adding SCN− and after rinsing and replacing fresh O2-saturated 0.1 M KOH solution, Table S1: The element
contents of Fe/NS/C-g-C3N4 , Fe/NS/C-TPTZ and Fe/NS/C-g-C3N4/TPTZ obtained by XPS, Table S2: The
element contents of Fe/NS/C-g-C3N4/TPTZ-T (T = 800, 900, 1000) obtained by XPS, Table S3: Comparison of
ORR activity of Fe/NS/C-g-C3N4/TPTZ, Fe/NS/C-g-C3N4/TPTZ-T (T = 800, 900, 1000) and Pt/C catalysts.
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Abstract: Tremendous efforts have been devoted to develop low-cost and highly active
electrocatalysts for oxygen evolution reaction (OER). Here, we report the synthesis of mesoporous
nickel oxide by the template method and its application in the title reaction. The as-prepared
mesoporous NiO possesses a large surface area, uniform mesopores, and rich surface electrophilic
Ni3+ and O− species. The overpotential of meso-NiO in alkaline medium is 132 mV at 10 mA cm−1

and 410 mV at 50 mA cm−1, which is much smaller than that of the other types of NiO samples.
The improvement in the OER activity can be ascribed to the synergy of the large surface area and
uniform mesopores for better mass transfer and high density of Ni3+ and O− species favoring
the nucleophilic attack by OH− to form a NiOOH intermediate. The reaction process and the
role of electrophilic Ni3+ and O− were discussed in detail. This results are more conducive to the
electrochemical decomposition of water to produce hydrogen fuel as a clean and renewable energy.

Keywords: oxygen evolution reaction; mesoporous NiO; water splitting; nucleophilic attack;
electrophilic Ni3+ and O−

1. Introduction

Nowadays, since clean energy is playing an increasingly important role in environmental
protection, hydrogen production by water decomposition has been a hot research topic all along [1].
The research and development of catalysts with high activity and stability has important theoretical
significance [2] and application value in the fields of renewable resources for hydrogen production
by electrolysis. Hydrogen evolution reaction (HER) and oxygen evolution reaction (OER) are the two
half-reactions in electrochemical water that split to produce hydrogen. The OER process has slow
reaction dynamics, which consume much more energy in practical applications, and has attracted a
great amount of attention from researchers. Currently, the most widely used and efficient catalysts
for OER are RuO2 and IrO2. However, these catalysts are scarce in resources and are also expensive,
which impeded the large-scale application for commercial purpose. Therefore, in order to overcome
these difficulties, it is our goal to develop advanced catalysts with high-stability and low-cost.
The studies on first-transition metals, especially Mn, Fe, Co, and Ni-based materials have a growth
spurt owing to the good OER performance approaching that of noble metals.

Catalysts 2018, 8, 310; doi:10.3390/catal8080310 www.mdpi.com/journal/catalysts51
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It has been found that in addition to Pt, Pd, and other precious metals, nickel-based electrocatalysts
have emerged as outstanding OER catalysts owing to their low price, stability in alkaline solution,
relatively low overpotential, and ease of being doped or modified with guest elements. For example,
Ni-Fe-CNTs [3] and CoxNiySz [4] octahedral nanocages showed the overpotential of 247 mV and 362 mV
at 10 mA cm−2, respectively. Among them, NiO is easily available, and possesses a high specific
capacitance that is suitable in electrochemical reaction. It was reported that a NiO/Ni heterojunction [5]
showed highlighted performance, with the overpotential reaching 1.5 V (versus Reversible Hydrogen
Electrode, RHE) at 20 mA cm−2. It was reported that the Ni-Co oxide hierarchical nanosheets with a
Ni3+ rich surface benefits the formation of NiOOH, which promotes the OER as the main active site [6].

Since electrochemical processes with electron gain or loss are interfacial phenomena, the electrode
materials should possess a high specific surface area with a suitable pore size distribution to enhance
the charge–storage capability. The activity of a catalyst depends in part on its surface area [7].
Thus, mesoporous morphology is one of the most important design parameters for making an electrode
material. Recently, the synthesis of metal oxide porous electrodes was greatly reported. Compared with
micro or macroporous materials, mesoporous materials have unique advantages, such as the larger
mesopores increase the internal transmission efficiency of electrons, facilitate contact with active sites,
are stable in alkaline solution, have a pore size that is adjustable to control better selectivity, and have
a regular pore structure for particles in the rapid proliferation of channels [8]. It is well known that
mesopores with sizes in the range of 2 nm to 50 nm are highly desirable for electrochemical reactions,
since the mesopores facilitate ionic motion easily. There have been a lot of reports using mesoporous
first-transition metal oxides in electrochemical processes, especially in supercapacitors [9–12] and
rechargeable batteries [13]. Mesoporous NiO [14] possessed a high surface area, good surface redox
reactivity, and consequently a high capacitance of 124 F g−1. The mosoporous structure provides OH−

accessible pores and a very high surface area (477.7 m2 g−1 when calcined at 250 ◦C) for charge storage.
However, few attempts have been made to employ mesoporous NiO in OER reactions.

The oxygen species and lattice defects for transitional metal oxide may play an important role
in electrochemical reactions. However, the role of Ni3+ in the title reaction has been well recognized,
but the effect of oxygen species, especially the electrophilic O− active species, has been rarely
studied. In our previous work [15], we have reported that the mesoporous NiO prepared by a
surfactant-assisted route allowed efficient molecular transport by diffusion in the channels during
the oxidative dehydrogenation of propane reaction. The density of Ni3+ and O− species are much
higher for this mesoporous NiO than for other kinds of NiO. In this work, the same mesoporous nickel
oxide with rich Ni3+ and O− species was synthesized and tested in the oxygen evolution reaction.
For comparison, the conventional nano-sized NiO sample was synthesized by a modified sol–gel
method. The role of electrophilic Ni3+ and O− species in the formation of active NiOOH intermediate
was fully discussed.

2. Results and Discussion

2.1. Texture Characterizations

The mesoporous nickel oxide was prepared by a surfactant-templated method via urea
hydrolysis of metal nitrates followed by calcination in air, and denoted as meso-NiO. For comparison,
the traditional nano-sized NiO without the mesoporous structure was prepared by a modified sol–gel
method [16] using citric acid as the ligand, and denoted as bulk-NiO. The mesoporous structure and
surface properties of nickel oxide were characterized by XRD, N2 physical adsorption, O2 temperature
programmed desorption (O2-TPD), X-ray photoelectron spectroscopy (XPS) techniques, and laser
Raman spectroscopy. From the XRD patterns shown in Figure 1a, their corresponding XRD patterns
indicated the information of pure NiO phase for both samples. The characteristic peaks (111), (200),
and (220) can be observed at approximately 2θ of 27◦, 43◦, and 63◦. The crystal diffraction for meso-NiO
is much wider, indicating that the crystallite size for this mesoporous sample is smaller. By the Scherrer
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formula (L = 0.89λ/βcosθ, where β is the half height of the diffraction line, λ is the wavelength, and k
is the diffraction angle), the calculated crystallite size for meso-NiO is only 2.1 nm, which is much
smaller than the bulk-NiO of 17.4 nm. The homogeneous precipitation with surfactant-assisted urea
hydrolysis can ensure the smaller crystal size of the NiO catalyst [15].

Figure 1. (a) XRD pattern of mesoporous nickel oxide and nano-NiO catalysts. (b) Pore size distribution
plot of the meso-NiO; (c) SEM and (d) TEM images of the meso-NiO.

N2 adsorption tests were used to analyze the surface area and pore size distribution. As shown
in Figure 1b, the N2 sorption isotherm shows a type-IV adsorption–desorption behavior with a
well-defined pore-filling step at 0.45 P/P0, indicating the presence of mesopores for the meso-NiO
sample. The mesoporous size distributions based on the Barrett–Joyner–Halenda (BJH) method are
confirmed by the corresponding pore size distribution curves. The Brunauer–Emmett–Teller (BET)
specific area is 220.8 m2/g and 45.3 m2/g for meso-NiO and bulk-NiO samples, respectively. The pore
size and volume of meso-NiO are much larger than that of the bulk-NiO. In electrochemistry, a smaller
particle size distribution and larger specific surface area will be more beneficial to the improvement of
the catalytic efficiency, thereby enhancing the electrochemical activity [17].

The macroscopic pore and mesopore for the meso-NiO can be seen from SEM and TEM images,
as shown in Figure 1c,d. The macroscopic pore was formed by the aggregations of large particulates,
which processes the average size of about 1 μm (SEM, Figure 1c). The mesopores were wormhole-like
and randomly arranging (TEM, Figure 1d), but the pore sizes were distributed homogeneously within
the whole NiO nanoparticles. These wormhole-like pores were formed between NiO nanoparticles
due to their aggregation. Unlike SiO2, NiO could not form a space-stable ordered structure, because it
has a low framework cross-linking and a very strong Ni–O–Ni bond angle, so the stability of the nickel
oxide-ordered mesoporous structure is relatively difficult to obtain. Hence, during the electrochemical
process, the formation of a wormhole structure allows the electrolyte solution to penetrate and release
gases very quickly [18], which can improve the mass transfer and enhance the electrocatalytic activity.

2.2. OER Activity

The OER catalytic activities of meso-NiO and bulk-NiO were tested using a typical three-electrode
system in 1.0 M of KOH electrolyte. The samples were deposited onto glassy carbon electrodes to
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prepare the working electrodes. Figure 2a,b displays the linear scanning voltammetry (LSV) polarization
and Tafel slope curves of meso-NiO and bulk-NiO with IR-compensation. Obvious oxidation peaks
are obtained for meso-NiO near 380 mV (versus Ag/AgCl), which represents the oxidation of Ni (II)
to Ni (III) [19,20]. Obviously, the specific current density of meso-NiO is indeed higher than that of
bulk-NiO under a curtain applied voltage. Meso-NiO also presents a slightly earlier onset potential.
The overpotentials at 50 mA cm−2 are 410 mV and 494 mV for meso-NiO and bulk-NiO, respectively.
It is noted that the overpotential at 10 mA cm−2 is only 132 mV for meso-NiO, but it is obtained from
the anodic oxidation process, which leads to an unstable potential with running time. Moreover,
the corresponding Tafel plots (η versus log(j)) were drawn to study the OER kinetics (Figure 2b).
The linear region of the plots is fitted to the equation (η = a + blog |j|) yielding the Tafel plots of
192 mV dec−1 and 230 mV dec−1 for meso-NiO and bulk-NiO, respectively. Both Tafel slope values are
comparable with the values reported in Zhou’s work, where the values are between 159–503 mV dec−1,
depending on the different catalysts [21]. Since the Tafel slope is directly associated with the reaction
kinetics of an electrocatalyst, the reduced Tafel slope for meso-NiO means smaller overpotential
changes [22,23], resulting in a faster reaction rate constant, which implies better electrocatalytic kinetics
for OER as compared with bulk-NiO.

Figure 2. (a) Linear scanning voltammetry (LSV) curves over meso-NiO and bulk-NiO; (b) The
corresponding Tafel curves; (c) Cyclic voltammetry scans over meso-NiO with different scan rates;
(d) Electrochemically active surface area estimated by double-layer capacitance measurements.

The roughness factor (RF) is used to determine the ratio of the electrochemically active surface
areas (ECSA) to the geometric surface area of the electrode. To understand the origin of the better
OER activity of meso-NiO in comparison with bulk-NiO and estimate the ECSA and RF, we measured
the double-layer capacitance (Cdl) via a simple cyclic voltammetry (CV) method in a non-Faradaic
region at different scan rates [24], as can be seen from the CV curves recorded at different scan rates in
Figure 2c. Meso-NiO has a larger current density when the scan rate was the same. As demonstrated
in Figure 2d, the Cdl of meso-NiO (23.0 mF/cm2) was higher than that of bulk-NiO (8.9 mF/cm2),
especially when the scan rate was high. This indicated that meso-NiO had a greatly increased active
site and higher efficient mass and charge transport capability due to the high density of mesopores in
the bulk of meso-NiO. The larger ECSA values and more active sites can contribute to the better OER
electrocatalytic performance. It is important to note that the different catalytic activity has relevance to
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the morphology. It seems that the lower overpotential of meso-NiO than that of bulk-NiO results from
the better intrinsic activity of meso-NiO than bulk-NiO for OER under alkaline condition.

2.3. Characterizations

The composition and chemical valence states of the samples were probed by X-ray photoelectron
spectroscopy (XPS). Figure 3a,b show the XPS characterization of O 1s and Ni 2p3/2 for different nickel
oxide samples. As shown in Figure 3a, O 1s can be deconvoluted into two spectral peaks, one with a
lower binding energy peak (peak 1) at near 530 eV, and another with a higher binding energy peak
(peak 2) at about 532 eV, respectively. Peak 1 can be assigned to the surface lattice oxygen species O2−,
while peak 2 can be assigned to the oxygen species O−, which can be attributed to the formation of
an oxygen–Ni3+ bond [25]. It was noted that the ratio of peak 2 to peak 1 in the meso-NiO sample is
significantly greater than that of bulk-NiO, showing that the O− species of the former is significantly
higher than that of the latter.

As shown in Figure 3b, Ni 2p3/2 can be deconvoluted into Ni2+ (855 eV) and Ni3+ (856 eV) and
shake-up satellite (~862 eV) for all of the samples. In the case of meso-NiO, the intensity of the Ni3+

2p3/2 peak was much stronger than that of the Ni3+ 2p3/2 peak. This may be related to the particle
size and the surface effect of the catalyst. Meso-NiO has a small particle size and a strong surface
effect resulting in a relatively high peak of the binding energy spectrum. In addition, the valence
and composition of Ni elements are also factors that determine the strength of the binding energy.
The non-stoichiometric meso-NiO contains more Ni2+ cation vacancies; part of Ni2+ is oxidized to
higher valence states to maintain electrical neutrality. Therefore, the presence of more high-valence Ni
cations indicates a higher density of non-stoichiometric nickel oxide.

Figure 3c is the Raman spectra of the two samples. A Ni–O stretching vibration peak at near
500 cm−1 appeared in the spectra [26]. The shoulder peak at about 375 cm−1 is related to the vacancy
concentration of Ni cations [27]. It can be seen from Figure 3c that the shoulder of meso-NiO is more
obvious than that of bulk-NiO. Therefore, it can be concluded that the concentration of Ni3+ cations or
Ni vacancy in the former is greater. This result is consistent with the results of XPS characterization.

The distinct difference of active oxygen species between these two NiO can also be proved
from the O2-TPD tests, as shown in Figure 3d. The desorption oxygen species below 700 ◦C are
non-stoichiometric oxygen, which is attributed mainly to the O2− and O− species. As can be seen from
Figure 3d, the amount of O− species in the meso-NiO sample is significantly higher than that of the
bulk-NiO sample. This result is consistent with the results of XPS.
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Figure 3. (a) O 1s for XRD, (b) Ni 2p3/2 for X-ray photoelectron spectroscopy (XPS), (c) Raman,
and (d) O2 temperature programmed desorption (O2-TPD) characterizations of the meso-NiO and
bulk-NiO catalysts.

2.4. Discussion

From the above results, it was concluded that the mesoporous nickel oxide p exhibits a superior
electrocatalytic performance compared to regular nickel oxide in the electrochemical OER reaction.
These enhanced activity was beneficial from several aspects, such as geometric and electron structure
effect and surface properties.

Firstly, the geometric structure, such as particle size, specific surface area, and mesopores of the
catalyst, have a certain influence on the OER performance of nickel oxide. Electrocatalytic reactions
commonly take place on the surface of a catalyst, which means that electrochemical performance can
be strongly influenced by the geometric structure. The pore structure of mesoporous materials plays
an essential role to improve the catalytic performance of the catalyst. The features of a larger surface
area and pore volume formed by the aggregation of nanocrystalline NiO in meso-NiO is beneficial for
efficient electron transfer, therefore enhancing the conductivity and improving the catalytic efficiency.
Also, a large aperture can enlarge the range of reaction by promoting the full contact of the active
center and reaction species and intermediates.

Secondly, the OER activity has a relationship with the type of metal oxide catalysts. An electrical
double layer is formed when a metal oxide electrode is inserted into an electrolyte. Metal oxides
provide a much lower charge carrier concentration compared with metals. Therefore, a large space
charge layer is formed at the surface of the electrode. In general, due to the accumulation of surface
pores, the potential drop in the space charge layer is negligible for the p-type metal oxide at anodic
potentials, which is typical for OERs. In contrast, the space charge layer of the interface can cause
additional obstacles to the charge carrier for an n-type oxide. Therefore, as a catalyst material, a p-type
semiconducting oxide should be more suitable for OER than an n-type oxide [28]. NiO is a typical
p-type oxide, which has the advantage as being an OER catalyst. For p-type semiconductors, the oxygen
species O2−, O−, and holes (h+) will be balanced by the conversion: O2− + h+ ↔ O−, and the number
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of holes determines the number of O−. Meanwhile, the as-prepared meso-NiO in this work is rich in
nickel vacancies (holes), which will lead to the increasing of Ni3+ for electric neutrality. The holes
derived from the vacancies of Ni cations, which depend on Ni3+ and other high-valent Ni ions, play an
important role in the conductance. Therefore, the greater the Ni cation gap concentration, the higher
density of holes, and then the better the electrical conductivity.

Thirdly, the surface properties of the NiO catalyst are also important factors affecting the
electrocatalytic performance. As evidenced from the XPS, O2-TPD, and Raman results, the meso-NiO is
rich in Ni3+ and O− species; both are electrophilic agents. It was reported that the enriched Ni3+ on
the surface can initiate the formation of NiOOH, and was responsible for most of the redox sites acting
for OH− adsorption in alkaline solution, which was critical for enhancing OER [5]. Pfeifer proposed
that the reactive species in OER over IrO2 is not solely a property of the metal; it is also intimately
tied to the electronic structure of oxygen [29]. The surface electrophilic oxygen species is extremely
susceptible to nucleophilic attack by water or hydroxide, which as the nucleophile donate electrons to
the reactive oxygen to facilitate O–O bond formation on transition metal oxide during the OER.

2MO → 2M + O2 (g) (1)

MO + OH− → MOOH + e− (2)

MOOH + OH− → M + O2 (g) + H2O (l) (3)

Ni-O*+ OH− → (Ni-O-O-H)* + e− (4)

Finally, the reaction mechanism could be concluded based on understanding the relationship
between geometric/electron structure properties and the reaction process of the electrochemical OER
process (Figure 4). In the process of OER over the NiO catalyst, there are two different paths that
separate out the oxygen in an alkaline solution. One is the direct combination of Ni–O to produce
oxygen (Equation (1)), and the other is to produce the intermediates (NiOOH) and then decompose to
produce oxygen (Equations (2) and (3)) [26]. When a nickel metal electrode is immersed in an alkaline
solution (the solution of 1 M KOH in this article), a hydrous layer can be aged in base or in vacuum to
give the hydrous β-Ni(OH)2, which will oxidize to γ-NiOOH and β-NiOOH when the potential reaches
a certain value. The latter (β-NiOOH) has better water oxidation activity. The electrochemical oxidation
of nickel–oxide in electrochemical conditions is increased by the in situ formation of Ni(OH)2/NiOOH
hydroxide/oxyhydroxide species [30,31]. The hydroperoxy (-OOH) species are the key intermediates in
OER. In our case, the electrophilic Ni3+ and O− species is prone to be nucleophilic attacked by OH− in
the KOH solution (Equation (4), where Ni-O* means the electrophilic Ni3+ and O− species). The formed
(Ni-O-O-H)* is also facilitated to further react with OH− to form the product O2. For mesoporous NiO,
the high density of electrophilic Ni3+ and O− species result in the enhanced OER activity.

Figure 4. Representation of the fabrication process and reaction mechanism of meso-NiO.
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3. Materials and Methods

3.1. Materials

Materials were purchased in the grade indicated and used as received: nickel hexahydrate
(NiCl2·6H2O, AR, Sinopharm Chemical Reagent Co. Ltd., Shanghai, China), lauryl sodium sulfate
(SDS, 95%, Energy Chemical Reagent Co. Ltd, Shanghai, China), urea (CH4N2O, AR, Sinopharm
Chemical Reagent Co. Ltd., Shanghai, China), nickel nitrate (Ni(NO3)2, AR, Sinopharm Chemical
Reagent Co. Ltd., Shanghai, China), citric acid (C6H8O7H2O, AR, Sinopharm Chemical Reagent Co.
Ltd., Shanghai, China), caustic potash (KOH, 95%, Energy Chemical Reagent Co. Ltd., Shanghai,
China), and muriate (KCl, 99.5%, Sinopharm Chemical Reagent Co. Ltd., Shanghai, China).

3.2. Analytical Equipment

The equilibrium potential, stability, current density, etc. of the catalyst were determined by the
electrochemical workstation (CHI660E, A17104 Chenhua Co. Ltd., Shanghai, China). All of the testing
was done in a three-electrode system at 25 ◦C.

3.3. Synthesis of Nano-Nickel Oxide

Nano-nickel oxide was synthesized by the sol–gel method [15,16]. 0.03 M Ni(NO3)2, and 0.03 M of
citric acid was added to 50 mL of ethanol and then stirred with a glass rod until completely dissolved.
The solution was placed in a water bath and heated to 80 ◦C to allow it to evaporate. When one-third
of the solution remained, it was put in an oven and dried at 100 ◦C for 24 h, and then put in a muffle
furnace, heated to 300 ◦C, and calcined for 4 h to obtain bulk-NiO.

3.4. Synthesis of Meso-Nickel Oxide

The template method to synthesize mesoporous nickel oxide [14] takes the anionic surfactant
sodium dodecyl sulfate (SDS) as a guide agent structure. Urea slowly hydrolyzes to form NH3,
which reacts with Ni2+ to form a Ni(OH)2 precursor. In a typical process, NiCl2, SDS, urea, and H2O
were mixed at quality ratio of 1: 2: 30: 60 and stirred at 40 ◦C for 1 h to obtain a clear solution. The clear
solution was poured into a reaction kettle and treated at 80 ◦C for 20 h. The resulting material was
washed several times with water and ethanol and dried overnight at 60 ◦C, thus obtaining a precursor
Ni(OH)2. The precursor was calcined at 300 ◦C for 4 h to give meso-NiO.

3.5. Characterizations

The prepared sample was characterized by XRD (Model d/Max-C, Rigaku Corporation, Tokyo
Japan) [32]. The morphology of the sample was observed by SEM (LEO-1530, LEO Electron Microscope
Com., Berlin, Germany) and TEM (Phillps FEI, Tecnai 30, Thermo Fisher Scientific Com., Oregan, OR,
USA). The BET (AutoChem2920, Micromeritics Co. California, CA, USA) was used to test the particle
size and pore volume of the sample. Raman was used to test the relationship between the Ni cation and
vacancy concentration. O2-TPD measurements were performed on a mass spectrometer and used to
test the presence of oxygen species. The catalyst sample (0.2 g) was pretreated in pure oxygen flowing
at 15 mL/min at the sample’s calcining temperature for 1 h, and then cooled to room temperature
under the oxygen flow. After the system was subsequently flushed with He to achieve a smooth
baseline, the sample was heated to 900 ◦C at a rate of 15 ◦C/min in He flow (30 mL/min). The reactor
exit was monitored online by a mass spectrometer. XPS was used to test the surface composition of the
catalyst and the change in valence of the surface element.

3.6. Electrode Preparation

The catalyst was made in a certain ratio of ink: 0.1 g of catalyst was mixed with 0.1 g of Ketjen
black; then, 800 μL of isopropanol and 200 μL of Nafion were added and ultrasound mixed to disperse
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evenly. The geometric surface area of glassy carbon electrode is 0.196 cm2. Before the electrochemical
test, the working electrode was smoothed with α-AI2O3 with different particle sizes in a three-electrode
system for testing at 25 degrees. The three-electrode system consisted of the glassy carbon electrode
as a working electrode, the Pt wire as an auxiliary electrode, and Ag/AgCl as a reference electrode.
The electrolyte solution was 1M KOH. We took 8 μL of ink drops on the working electrode, dried it at
room temperature, and maintained the test temperature at 25 degrees. Then, we passed O2 in the 1 M
of KOH for half an hour prior to testing, and then placed the oxygen tube above the liquid level to
isolate the air from creating a saturated oxygen condition.

3.7. Electrochemical Characterization

The electrochemical capacitance measurements were determined by cyclic voltammetry (CV).
The potential range was selected as the 0.1-V potential window, which had the system’s open-point
as the center. The test was first activated at a sweep rate of 50 mV s−1 for 5 min, aiming to clean
the surface of electrodes and enhance the number of oxygen-containing functional groups in the
catalysts [33]. The CV test was carried out in static solution. We set five different scanning rates for
scanning: 0.02 V s−1, 0.04 V s−1, 0.06 V s−1, 0.08 V s−1, and 0.1 V s−1.

The electrochemical activity for OER was assessed by linear sweep voltammetry (LSV) in the
potential range of 0–0.8 V at a scan rate of 50 mV s−1. During the test, the reaction process should be
continuously stirred in order to prevent the working electrode reaction bubbles from affecting the test
results. The scan rate was 0.05 V s−1.

4. Conclusions

In summary, the meso-NiO composed of uniform mesopores were synthesized via the
surfactant-assisted urea hydrolysis method. The as-prepared meso-NiO shows high-rich Ni3+ cations
and O− species on the surface, as well as a large surface area, which concurrently benefited the OER
reaction. An overpotential of 410 mV to generate a current density of 50 mA/cm2 were obtained for
meso-NiO compared with the value of 494 mV for regular bulk-NiO. The outstanding electrocatalytic
performance of meso-NiO can be attributed to the synergy of the large surface area offered by the
mesoporous structure to facilitate the mass transport and surface properties with a higher density of
Ni3+ and O− as the main active sites on the surface. The surface electrophilic Ni3+ and O− species are
prone to be nucleophilic attacked by OH− in the alkaline solution to form the reactive intermediate,
which is also facilitated to further react with OH− to generate oxygen. Although the performance of
mesoporous nickel oxide in electrocatalysis is superior to that of nano-nickel oxide, there is still room
for improvement in its performance.
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Abstract: In this study, a low-cost and environmentally friendly method is developed to synthesize
cobalt and nitrogen co-doped graphene-carbon nanotube aerogel (Co-N-GCA) as a bifunctional
electrocatalyst for the oxygen reduction reaction (ORR) and the oxygen evolution reaction (OER).
The as-prepared Co-N-GCA has a hierarchical meso- and macroporous structure with a high N
doping level (8.92 at. %) and a large specific surface area (456 m2 g−1). In an alkaline medium,
the catalyst exhibits superior ORR electrocatalytic activity with an onset potential 15 mV more
positive than Pt/C, and its diffusion-limiting current density is 29% higher than that of commercial
Pt/C. The obtained Co-N-GCA is also highly active toward the OER, with a small overpotential of
408 mV at a current density of 10 mA cm−2. Its overall oxygen electrode activity parameter (ΔE) is
0.821 V, which is comparable to most of the best nonprecious-metal catalysts reported previously.
Furthermore, Co-N-GCA demonstrates superior durability in both the ORR and the OER, making
it a promising noble-metal-free bifunctional catalyst in practical applications for energy conversion
and storage.

Keywords: graphene-carbon nanotube aerogel; cobalt and nitrogen co-doped; oxygen reduction
reaction; oxygen evolution reaction

1. Introduction

Global energy and environmental issues have stimulated tremendous ongoing research into
developing sustainable and environmentally friendly energy conversion and storage systems [1].
Creating highly active electrocatalysts for the oxygen reduction reaction (ORR) and the oxygen
evolution reaction (OER) is crucial for the practical application of fuel cells, metal-air batteries,
and electrolyzers. Currently, Pt-based catalysts are regarded as the most active ORR catalysts but
are poor for the OER [2,3], while IrO2 and RuO2 are the most efficient catalysts for the OER but are
poor for the ORR [4]. However, their commercialization has been greatly hindered by the scarcity of
their materials, their consequent high cost, and their poor durability. As a result, extensive research
efforts have been devoted to searching for low-cost alternatives with comparable catalytic activity to
noble metal-based catalysts [5,6]. Due to the sluggish kinetics of the ORR and OER [7–9], it is highly
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challenging but imperative to develop a cheap and effective bifunctional electrocatalyst for the ORR
and OER.

Extensive efforts have been made to develop non-noble-metal bifunctional electrocatalysts,
such as transition metal oxides/sulfides [10–15], carbon-based materials [9,16–19], and perovskites [20].
Among these promising bifunctional ORR/OER catalysts, metal-nitrogen-doped carbon materials
have attracted much attention due to their remarkable activity, tunable surface chemistry, fast
electron transfer capacity, and economic viability [21–23]. However, substantially increasing the
active sites of metal-nitrogen-doped carbon materials remains a great challenge. Recently, it was
found that using nanosized carbon materials as supports, such as one-dimensional carbon nanotubes
(CNTs) and two-dimensional graphene, can further improve electrocatalytic performance [24–27].
However, methods for the synthesis of metal-nitrogen-doped graphene/CNTs often requires the high
temperature (600–1200 ◦C) which limits the practical application. And both CNTs and graphene
nanosheets are inclined to aggregate with each other due to strong Van der Waals interactions, and this
greatly hinders the full utilization of the active sites for catalytic reactions [21,28,29].

Because of their three-dimensional network structure, extremely low density, high porosity,
and large specific surface area, carbon-based aerogels have emerged as promising nanomaterials
and are providing fascinating options for preparing new functional electrode materials [30].
The incorporation of CNTs into graphene to produce a graphene–CNTs hybrid aerogel not only could
favor the dispersion of graphene and CNTs while maintaining the original properties of both graphene
and CNTs, but also could yield a 3D, interconnected, conductive network structure. This aerogel
network structure, for ORR, favors the O2 transformation to the active sites; for OER, facilitates timely
transfer evolved O2 molecules. It is expected that a graphene-carbon nanotube aerogel could result in
better electrocatalytic performance. However, to the best of our knowledge, there is no report about
M-N-C graphene-CNTs aerogel as an efficient oxygen electrode catalyst.

Herein, we report a one-pot hydrothermal method to prepare a cobalt and nitrogen co-doped
graphene-CNTs aerogel (Co-N-GCA) as a bifunctional electrocatalyst for the ORR and OER. Benefiting
from abundant catalytic active sites and a unique hierarchical structure that increases the exposure of
active sites and favors electron transfer and the diffusion of O2 molecules, the obtained electrocatalyst
exhibits superior electrocatalytic activity towards both the ORR and the OER in an alkaline medium.

2. Results and Discussions

The inset in Figure 1a is a photo of the as-prepared Co-N-GCA aerogel after freeze drying,
showing a black, low-weight, sponge-like material. The SEM images (Figure 1a,b) reveal that the
Co-N-GCA exhibits a well-defined and interconnected 3D porous network structure. The CNTs are
randomly and uniformly distributed between the graphene sheets. The pore walls consist of thin
layers of a network, which are cross-linked with graphene sheets and CNTs. TEM images (Figure 1c,d)
further confirm that the CNTs adhere tightly on the graphene substrates. No obvious CNT bundles
or graphene agglomerates are observable. Few scattered metal nanoparticles could also be found by
TEM inspection. The high-resolution TEM image (Figure S1) reveals the lattice fringe space of 0.47 nm
is consistent with the (111) plane of cubic Co3O4 spinel-phase. Photos of the prepared Co-GCA and
N-GCA aerogels and the corresponding SEM images are also provided in Figure S2.

The N2 adsorption–desorption isotherms and corresponding pore-size distribution curve of
Co-N-GCA are shown in Figure 2. According to the IUPAC classification, the N2 adsorption–desorption
isotherms are of type IV, with the amount of absorbed N2 monotonically increasing/decreasing at
high relative pressure (P/P0 > 0.9); this is typically associated with capillary condensation, indicating
the existence of mesopores (2−50 nm). Notably, the capillary condensation phenomenon occurs at
a high relative pressure, indicating a large pore-size distribution. The hysteresis loop resembles type
H3, suggesting open slit-shaped capillaries between the parallel layers of graphene. The surface area of
Co-N-GCA was calculated to be 456 m2 g−1. The Barrett-Joyner-Halenda (BJH) method indicated that
a hierarchical, meso- and macroporous material with a pore volume of 1.64 cm3 g−1 was formed by this
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method. This result is consistent with the SEM observations. The high surface area and hierarchically
porous structure of Co-N-GCA would provide plenty of active sites and favor the mass transport of
reactants and products, resulting in enhanced ORR/OER electrocatalytic activity.

Figure 1. SEM (a,b) and TEM (c,d) images of Co-N-GCA (inset in (a) shows a digital photograph of the
prepared aerogel).

Figure 2. Nitrogen adsorption–desorption isotherms (a) and the corresponding pore-size distribution
curve (b) of Co-N-GCA.

The elemental compositions of Co-N-GCA and N-GCA were investigated by X-ray photoelectron
spectroscopy (XPS) analysis. As shown in Figure S2, the XPS survey spectrum of Co-N-GCA exhibited
the signals of a C 1s peak (~284.5 eV), a N 1s peak (~398.1 eV), an O 1s peak (~531.1 eV), and a Co 2p
peak (~780.1 eV) [22]. The XPS results confirmed that Co and N elements were successfully doped
into the carbon matrix, and the amounts of doped Co and N in Co-N-GCA were 0.44 and 8.92 at. %,
respectively. In the case of N-GCA, the doped N content was 8.68 at. %, which was similar to that
of Co-N-GCA (Table S1). XPS analysis shows that a high amount of doped N can be achieved by
this method.

The deconvoluted high-resolution N 1s spectrum (Figure 3a) revealed four types of N species in
Co-N-GCA: pyridinic N/Co–Nx (398.9 eV), pyrrolic N (400.0 eV), graphitic N (401.2 eV), and oxidated
N (405.1 eV) [31]. Their corresponding contents are 47.5, 34.8, 13.5, and 4.2 at. %, respectively
(Table S2) [32]. Notably, most of the doped N is pyridinic (47.5 at. %). It has been reported that the ORR
active sites in N-doped carbon materials are carbon atoms with Lewis basicity next to pyridinic N [33].
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We expected the as-prepared Co-N-GCA to exhibit outstanding electrocatalytic performance due to
the high amount of pyridinic N. Meanwhile, M–Nx structure have also been reported to contribute to
ORR/OER active sites apart from the N–C active sites [34]. The high-resolution N 1s spectrum and
distribution of each N species of N-GCA are presented in Figure S3 and Table S2, respectively.

Figure 3. The X-ray photoelectron spectroscopy (XPS) high-resolution N 1s (a) and Co 2p (b) spectra
of Co-N-GCA.

Figure 3b presents a high-resolution XPS spectrum of Co 2p. The peaks situated at 781.4 eV
and 796.7 eV with two weak shake-up (satellite) peaks are assigned to the Co 2p 3/2 and Co 2p 1/2
atomic orbitals.

We have also performed inductively coupled plasma mass spectroscopic measurements to analyze
the content of Co, the result showed a relatively low cobalt content of ~0.91 wt. % in the Co-N-GCA
sample. Meanwhile, we also performed element analysis test, the result showed the N content in the
Co-N-GCA is 17.5 wt. %.

Figure 4a presents the XRD patterns of Co-N-GCA, N-GCA, and GCA. All three samples show two
broad, weak diffraction peaks at 2θ≈ 24◦ and 43.7◦, which correspond to the (002) and (100) reflections
of the graphitic peak (PDF#41-1487), respectively, confirming the graphitic crystal structure [35].
For Co-N-GCA, no metal peaks or other than carbon are observed, which may be due to the low
Co content.

Figure 4. XRD patterns (a) and Raman spectra (b) of Co-N-GCA, N-GCA, and GCA.

Figure 4b shows the Raman spectra of Co-N-GCA, N-GCA, and GCA. All of the samples exhibit
two prominent peaks at ca. 1580 cm−1 and 1335 cm−1, corresponding to the characteristic D and G
bands, respectively. The D band belongs to the breathing modes of sp2 atoms in rings, whereas the
G band is assigned to stretching in all pairs of sp2 atoms in both rings and chains [36]. Generally,
the intensity ratio of the D and G bands (ID/IG) is used to quantify the extent of defects in carbon
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materials. The ID/IG ratios for Co-N-GCA, N-GCA, and GCA were 1.25, 1.08, and 0.98, respectively,
indicating that Co-N-GCA had more structural defects. In the Raman spectra of Co-N-GCA, there is
a small peak at 672 cm−1, which can be indexed to Co-O.

The electrocatalytic performance of Co-N-GCA for the ORR was initially evaluated separately
by cyclic voltammetry (CV) in N2- and O2-saturated 0.1 M KOH solutions. As shown in Figure 5a,
the CV curve of Co-N-GCA was virtually featureless in the N2-saturated electrolyte, while displayed
well-defined oxygen reduction cathodic peaks in the O2-saturated electrolyte. Notably, Co-N-GCA
had the more positive ORR peak potential (0.837 V vs. RHE) than commercial 20 wt. % Pt/C (0.841 V
vs. RHE) (Figure S4), indicating the superior ORR catalytic activity of Co-N-GCA.

Figure 5. (a) Cyclic voltammetry (CV) curves of Co-N-GCA in N2- and O2-saturated 0.1 M KOH
solutions; (b) linear sweep voltammetry (LSV) curves of Co-N-GCA, N-GCA, GCA, and commercial
20 wt. % Pt/C at a rotation speed of 1600 rpm; (c) LSV curves of Co-N-GCA at 1600–3600 rpm rotation
speeds (inset shows the corresponding K–L plots); (d) LSV plots of Co-N-GCA at a rotation speed of
1600 rpm before and after 1000 CV (50 mV s−1) cycles.

To further investigate the ORR activity, the linear sweep voltammetry (LSV) curve of Co-N-GCA
was recorded at 1600 rpm in O2-saturated 0.1 M KOH solution. For comparison, we present the LSV
curves of Co-N-GCA, N-GCA, GCA, and commercial 20 wt. % Pt/C in Figure 5b. In terms of the
onset potentials and diffusion-limiting current densities of the ORR, Figure 5b show that the ORR
activity follows the order GCA < N-GCA < Co-N-GCA. The Co-N-GCA is more electrocatalytically
active toward the ORR than Pt/C, with an onset potential of 0.975 V (vs. RHE), which is 15 mV more
positive than that of commercial Pt/C. The diffusion-limiting current density of Co-N-GCA (at 0.6 V)
is about 29% higher than that of commercial Pt/C, which further indicates that the mass transport on
Co-N-GCA is more efficient than on Pt/C.

To gain more information on the ORR kinetics of the Co-N-GCA catalyst, LSV curves were
recorded in an O2-saturated 0.1 M KOH solution at various rotation rates, increasing from 1600 to
3600 rpm (Figure 5c). The diffusion current density of oxygen reduction increased with the rotation
rate, owing to enhanced mass transport. In addition, the K–L plots at different electrode potentials
displayed good linearity. The K–L equation was adopted to calculate the electron transfer number
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(n) of Co-N-GCA in the potential range from 0.482 V to 0.682 V, and an average n value of 3.96 was
obtained, indicating that the ORR proceeded via a four-electron pathway.

The stability of the Co-N-GCA catalyst was further evaluated by LSV in O2-saturated 0.1 M KOH
at 1600 rpm for 1000 continuous cycles. As shown in Figure 5d, there wasn’t an obvious change in
the half-wave potential of Co-N-GCA after 1000 continuous cycles, suggesting that Co-N-GCA has
excellent ORR stability in an alkaline medium.

The electrocatalytic OER activity of Co-N-GCA was investigated by LSV measurements, which
were conducted in O2-saturated 0.1 M KOH at 1600 rpm. For comparison, the OER with N-GCA,
GCA, and IrO2/C was also performed under the same conditions (Figure 6a). OER catalytic activities
are commonly judged by the potential required to oxidize water at a current density of 10 mA cm−2.
Significantly, compared with the standard reaction potential (1.23 V), the Co-N-GCA composite can
reach 10 mA cm−2 with a small overpotential (η) of 408 mV, while N-GCA, GCA, and IrO2/C reach
the same current density with overpotentials (η) of 515, 685, and 377 mV, respectively.

Figure 6. Oxygen evolution reaction (OER) LSV curves of Co-N-GCA, N-GCA, GCA, IrO2/C, and RuO2

at 1600 rpm in O2-saturated 0.1 M KOH solution (a); OER Tafel plots of Co-N-GCA, N-GCA, and GCA
(b); OER LSV plots of Co-N-GCA in the beginning and after 1000 cycles (c); and the overall LSV curves
of Co-N-GCA, N-GCA, and GCA at 1600 rpm in O2-saturated 0.1 M KOH solution (d).

The Tafel plots were also generated to study the OER kinetics of these catalysts. As shown in
Figure 6b, the resulting Tafel slopes of Co-N-GCA, N-GCA, and GCA were found to be ~65, ~98,
and ~160 mV dec−1, respectively. The Co-N-GCA composite exhibited the smallest Tafel slope,
suggesting its extremely favorable reaction kinetics.

Accelerated stability tests in O2-saturated 0.1 M KOH at room temperature for Co-N-GCA were
also carried out to investigate its durability for the OER. As shown in Figure 6c, after 1000 continuous
potential cycles, the overpotential of Co-N-GCA increased by only 20 mV at a current density of
10 mA cm−2, indicating Co-N-GCA has superior electrocatalytic stability for the OER.

The overall electrocatalytic activity of a bifunctional electrocatalyst as an oxygen electrode can be
evaluated by taking the difference in potential between the OER current density at 10 mA cm−2 and
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the ORR current density at −3 mA cm−2 (ΔE). If the difference ΔE is smaller, this usually indicates the
material is more suitable for practical applications. The overall electrocatalytic activities for the above
catalysts are shown in Figure 6d. The ΔE values for Co-N-GCA, N-GCA, and GCA are 0.821, 0.983,
and 1.389 V, respectively, showing that the bifunctional catalytic activities of the samples followed the
order Co-N-GCA > N-GCA > GCA. More importantly, the ΔE value for Co-N-GCA is comparable to
or even much smaller than many nonprecious metal-based bifunctional oxygen electrode catalysts
reported previously (Table S3), suggesting the as-prepared Co-N-GCA is an effective bifunctional
catalyst for the ORR and OER.

3. Materials and Methods

3.1. Materials

Graphite powder was purchased from Sigma Aldrich (Saint Louis, MO, USA). Multiwall carbon
nanotubes were bought from Tsinghua University (Beijing, China). Urea and cobalt(II) acetate
tetrahydrate were obtained from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). Nafion
(5 wt. %) was obtained from DuPont (Wilmington, DE, USA). Commercial Pt/C (20 wt. %) catalyst was
purchased from Johnson Matthey (London, UK). RuO2 was obtained from Sigma-Aldrich (Saint Louis,
MO, USA). IrO2/C (20 wt. %) catalyst was prepared by a method reported in the literature [37]. Carbon
nanotubes were acid-treated with concentrated HNO3 at 110 ◦C for 3 h to remove metal impurities
and enhance wettability. Other reagents were of analytical grade and were used as received without
further purification. Graphite oxide (GO) was synthesized from natural graphite flakes by a modified
Hummers method [38].

3.2. Preparation of the Catalysts

GO (40 mg) was dispersed in 40 mL deionized water. Acid-treated carbon nanotubes (4 mg),
urea (6 g), and cobalt(II) acetate tetrahydrate (30 mg) were added to the GO solution. The obtained
mixture was ultrasonically treated for 2 h to form a suspension. Subsequently, the stable suspension
was transferred into a 50 mL Teflon-lined autoclave and heated at 170 ◦C for 10 h. After the autoclave
cooled to room temperature, the resulting hydrogel was washed with deionized water several times,
followed by freeze drying. The resulting material is denoted as Co-N-GCA. For comparison, Co-GCA,
N-GCA, and GCA were also prepared via similar procedures without the addition of urea, cobalt(II)
acetate tetrahydrate, or both, respectively.

3.3. Physical Characterization

Scanning electron microscopy (SEM) images were collected on a Nova Nano 430 field emission
scanning electron microscope (FEI, Hillsboro, OR, USA). Transmission electron microscopy (TEM)
images were recorded on a JEM-2100HR transmission electron microscope (JEOL, Tokyo, Japan).
Powder X-ray diffraction (XRD) patterns were obtained on a TD-3500 powder diffractometer (Tongda,
Liaoning, China). Raman spectroscopy measurements were conducted on a Lab RAM Aramis
Raman spectrometer (HORIBA Jobin Yvon, Edison, NJ, USA) with a laser wavelength of 632.8 nm.
Surface area and pore structure characteristics were analyzed by Brunauer-Emmett-Teller (BET) and
Barrett-Joyner-Halenda (BJH) methods using the adsorption branch of the isotherms obtained on
a Tristar II 3020 gas adsorption analyzer (Micromeritics, Norcross, GA, USA). X-ray photoelectron
spectroscopy (XPS) measurements were carried out on an ESCALAB 250 X-ray photoelectron
spectrometer (Thermo-VG Scientific, Waltham, MA, USA).

3.4. Electrochemical Measurements

Electrochemical measurements were performed on an electrochemical workstation (Ivium,
Eindhoven, the Netherlands) in a three-electrode configuration. An Ag/AgCl electrode (3 M NaCl)
and a Pt wire were used as the reference electrode and the counter electrode, respectively. 0.1 M
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KOH solution was selected as the electrolyte. The catalyst ink was prepared by dispersing 5 mg of
the corresponding catalyst in 1 mL Nafion ethanol solution (0.25 wt. %), then dropping 20 μL of the
ink on a polished glassy carbon electrode with a diameter of 5 mm, followed by drying under an
infrared lamp.

Before the measurements, the electrolyte solution was purged with high-purity N2 or O2 gas for
at least 30 min. Cyclic voltammetry (CV) and linear sweep voltammetry (LSV) tests were performed
with a sweep rate of 10 mV s−1. The Ag/AgCl (3 M NaCl) electrode was calibrated with respect to
reversible hydrogen electrode (RHE), in 0.1 M KOH, E (RHE) = E (Ag/AgCl) + 0.982 V.

For the ORR, the electron transfer number (n) per oxygen molecule was calculated with the
Koutecky–Levich (K–L) equation as follows [11]:

j−1 = jk−1 + (0.62nFCD2/3r−1/6ω1/2)
−1

(1)

where j and jk are the measured current density and the kinetic current density, respectively; n is the
transferred electron number per oxygen molecule; F is the Faraday constant (96,485 C mol−1); C is the
bulk concentration of O2 in 0.1 M KOH (1.2 × 10−3 mol L−1); D is the O2 diffusion coefficient of in 0.1
M KOH (1.9 × 10−5 cm2 s−1); γ is the kinetic viscosity of the electrolyte (0.01 cm2 s−1); and ω is the
angular velocity.

The Tafel plots were obtained by correcting the measured current density against the
diffusion-limiting density to give the kinetic current density, calculated from:

jkin =
jjdiff

jdiff − j
. (2)

For the OER, the OER potential was IR corrected to compensate for the electrolyte’s ohmic
resistance by using the E–iR relation, where i is the current and R is the uncompensated for ohmic
electrolyte resistance (~45 Ω) measured via high-frequency AC impedance.

4. Conclusions

In summary, a highly efficient bifunctional cobalt and nitrogen co-doped graphene-carbon
nanotube aerogel (Co-N-GCA) has been designed and prepared using a simple one-pot hydrothermal
method. By combining the merits of: (1) a synergistic effect between the abundant highly active
sites, including cobalt oxide species, nitrogen dopant, and possibly Co–Nx species and (2) a 3D
conductive, interconnected, hierarchical porous structure for the exposure of active sites and efficient
electron and mass transport, the Co-N-GCA exhibited excellent bifunctional catalytic performance and
long-term durability in the ORR and OER. These results reveal its promising potential as a low-cost
and highly active ORR and OER catalyst for applications in regenerative fuel cells and rechargeable
metal–air batteries.
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spectrum of Co-N-GCA and N-GCA (a); high-resolution N 1s spectra of N-GCA (b); Table S1: Surface composition
of Co-N-GCA and N-GCA, calculated from XPS results; Table S2: Distribution of each N species, obtained from
the fitting results of N1s XPS spectra (normalized to the surface N atoms of each material); Figure S4: CV curves
of 20 wt. % Pt/C in O2-saturated 0.1 M KOH solution; Table S3: Comparison of ORR and OER activity parameters
with other recently reported highly active non-noble metal bifunctional electrocatalysts.
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Abstract: In this work, the influence of the structure-forming agent on the composition,
morphology and oxygen reduction reaction (ORR) activity of Fe-N-C catalysts was investigated.
As structure-forming agents (SFAs), dicyandiamide (DCDA) (nitrogen source) or oxalic acid (oxygen
source) or mixtures thereof were used. For characterization, cyclic voltammetry and rotating disc
electrode (RDE) experiments were performed in 0.1 M H2SO4. In addition to this, N2 sorption
measurements and Raman spectroscopy were performed for the structural, and elemental analysis
for chemical characterization. The role of metal, nitrogen and carbon sources within the synthesis
of Fe-N-C catalysts has been pointed out before. Here, we show that the optimum in terms of
ORR activity is achieved if both N- and O-containing SFAs are used in almost similar fractions. All
catalysts display a redox couple, where its position depends on the fractions of SFAs. The SFA has
also a strong impact on the morphology: Catalysts that were prepared with a larger fraction of
N-containing SFA revealed a higher order in graphitization, indicated by bands in the 2nd order
range of the Raman spectra. Nevertheless, the optimum in terms of ORR activity is obtained for the
catalyst with highest D/G band ratio. Therefore, the results indicate that the presence of an additional
oxygen-containing SFA is beneficial within the preparation.

Keywords: Fe-N-C catalyst; oxygen reduction reaction

1. Introduction

Me-N-C catalysts play an emerging role as possible catalyst materials for the oxygen reduction
reaction in fuel cells. It is clear that they can be prepared from any kind of metal, nitrogen and
carbon precursor, but that the overall achievable activity will be strongly related to the optimization
of the mixtures. In the first approaches, macrocycles were supported on a carbon black and then
pyrolysed at temperatures above 600 ◦C to form significantly more active catalysts in comparison to the
non-pyrolysed macrocycles [1,2]. To enable cheaper preparation and independent optimization of metal
and nitrogen content in the synthesis, alternative preparation approaches had to be established. In 1989,
Gupta et al. showed that the combination of metal acetate with polyacrylonitrile and carbon black leads
to the formation of active materials when pyrolysed at temperatures >600 ◦C [3]. Main efforts to find
suitable nitrogen and metal precursors were made by Dodelet’s group and others [4–7]. These early
approaches were strongly limited in the density of active sites, as the carbon black always displays a
relative mass in the final catalyst that is not contributing in terms of active sites [8–11].
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To overcome this limitation, the first method that enabled the preparation of Me-N-C catalysts
without additional carbon support, is the oxalate-supported pyrolysis of porphyrins [12]. In this
approach oxalate works as a structure-forming agent (SFA) as the final catalyst resembles its
morphology [13–15]. In addition to this, the use of sulfur strongly affected the morphology
and performance of the catalysts [16,17]. Sulfur usually enables a higher porosity and lower
graphitization [16,18], but more important it was found to prevent carbide formation that was assigned
to active site destruction by works of us and of others [17,19,20]. That indeed excess iron was at the
origin of active site destruction was further confirmed through an alternative strategy to prevent active
site destruction [21]. Namely, instead of following the state-of-the art preparation protocol (pyrolysis
plus acid leaching), the pyrolysis was interrupted at 550 ◦C (a temperature below the temperature limit
for iron carbide formation), excess iron was removed by an acid leaching. Afterwards the synthesis
was continued up to the usual end temperature followed by an additional acid-leaching. Indeed,
such catalysts prepared with intermediate acid leaching (IAL) reach the same activities as the original
sulfur-added catalysts.

Motivated by these findings, we started to develop a new synthesis route in our group that
uses dicyandiamide (DCDA) as a structure-forming agent in combination with a nitrogen and iron
precursor. In recent studies we varied the amount of sulfur within this synthesis [22]. The trends in
kinetic current density as a function of S/Me ratio were similar to trends observed previously for
the combination of iron oxalate with CoTMPP [23], with a maximum in ORR activity at S/Fe = 0.8.
However, in contrast to these earlier finding, our new catalysts still contained considerable fractions of
iron carbide in the optimum of ORR activity. Only for the highest S/Me ratios iron carbide formation
was inhibited but iron sulfide species were formed [22]. This showed us, that while sulfur-addition
strongly affects the achievable ORR activity, sulfur itself helps not to prevent iron carbide formation in
our selected system.

In order to get more insights on the missing parameter that is required for further optimization,
we focused on a molar ratio of S/Fe = 0.8 in this work and stepwise exchanged the DCDA with oxalic
acid as alternative a structure-forming agent with strong similarities to the metal oxalates used within
the oxalate-supported pyrolysis of porphyrins [14]. The results show that by tuning the composition
of the SFAs the activity and morphology is changing considerably.

2. Results and Discussion

In the following chapter, the composition of the precursor is expressed as the relative oxalate
content which is the molar fraction of oxalic acid in the overall sum of structure-forming agent
(SFA = oxalic acid and DCDA). In Figure 1a,b the yield and the BET surface area; respectively, are
given as a function of the relative oxalate content within the SFA.

Figure 1. (a) Change of the synthesis yield as a function of relative part of oxalic acid in the overall
SFA (considering molar fractions), both the yield after heat-treatment (�) and after heat-treatment plus
acid-leaching (�) are shown. In (b) the relation between BET surface area (left axis, �); respectively,
ratio of the yields (right axis, o) and the amount of oxalic acid in the structure-forming agent (SFA)
are given.
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The values plotted as squares in Figure 1a were all obtained after pyrolysis and acid leaching;
the yields after the pyrolysis only are shown as triangles. Due to strong gas evolution, the pyrolysis
product of the catalyst with only DCDA as SFA was transferred out of the quartz boat. Therefore, no
yield without acid leaching is given for this catalyst (and for all other syntheses it was taken care that
sufficiently large boats were used). In general, the yields of final catalysts are larger when DCDA is
used as SFA in comparison to oxalic acid. One important aspect can be noted from the comparison
of the yields after pyrolysis and after pyrolysis plus acid-leaching: In all cases, the as-obtained yield
after pyrolysis was larger compared to the yield after pyrolysis plus acid leaching. This is expected,
as it is supposed that during the acid-leaching, inorganic iron species which were formed during the
pyrolysis are leached [24,25]. However, for the sample prepared with 80% oxalic acid in the SFA the
yield increases during acid leaching. This illustrates, that beside a possible removal of some species, the
implementation of additional ones must have appeared so that the yield could increase. From the ratio
of the yield after pyrolysis and acid leaching in relation to the yield just after pyrolysis the values as
plotted in Figure 1b are obtained. The observed trend for this curve, is almost opposite with respect to
the trend observed for the BET surface area. Hence, it can be concluded, that a not successful leaching
(or change from an anhydrous iron species to a hydrated one) is at the origin of the low surface area
observed for this catalyst.

The data for the catalyst at 80% oxalic acid as SFA is highlighted in both graphs of Figure 1.
Initially, we assumed that these out-of-trend values of yield and BET surface area were due to failures
during the synthesis of this catalyst. However, repeating the synthesis confirmed the reproducibility
in all respects. This catalyst (80% oxalic acid in SFA) will therefore not be included in detail in the
following discussion, as it seems that the precursor combination leads to undesired reactions, most
probably already in the precursor stage. This is shortly addressed in Section 3.1.

The results of N2 sorption measurements are summarized in Table 1. As indicated, only some
of the catalysts contain surface areas within the micropore regime (<20 nm); most of the samples are
basically mesoporous.

Table 1. Summary of the results obtained from N2 sorption measurements. SA is used as surface area
and DCDA as dicyandiamide.

Oxalic Acid/(Oxalic Acid + DCDA) 100 96 80 60 40 20 0

BET SA/m2 g−1 444 300 63 371 305 245 295
Meso SA/m2 g−1 441 300 35 147 277 245 295
Micro SA/m2 g−1 3 <1 28 224 28 0 0

Micro/BET/% 1 <1 44 60 9 0 0

It becomes clear that in order to obtain a significant fraction of micropores, both nitrogen and
oxygen-containing SFAs should be used at the same time. In order to be able to verify to what extent it
is the microporosity that is of importance for the high activity, further experiments are required.

In order to see the impact of the synthesis on the electrochemical performance, cyclic voltammetry
and RDE experiments were performed in N2 saturated and O2 saturated electrolytes, respectively.
The results are given in Figure 2. It becomes clear that there is a strong impact of the SFA-ratio
on the capacitive current density. Interestingly, all catalysts exhibit a redox peak at about 0.7 V.
Furthermore, for some catalysts a peak in the anodic sweep is visible between 0.3 and 0.4 V. This peak
was also previously observed for phenanthroline-based catalysts but usually vanishes upon cycling.
So far, we were not able to make a final assignment. For the intense redox peak at ~0.7 V it might
be assigned either to Fe2+/Fe3+ couple or quinone/hydroquine [11]. Considering the double layer
capacity, it roughly seems to increase with an increasing ratio of oxalic acid (maximum for the sample
with a ratio of 60%) and then to drop down (see discussion below).
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Figure 2. Cyclic voltammetry (100 mV s−1) in N2 saturated 0.1 M H2SO4 (a) and rotating disc electrode
experiments (rpm 1500, 10 mV s−1) (b) of the variation series.

During RDE experiments it is again the 60% sample that gives the highest onset potential and
largest kinetic current density in comparison to all other samples. Most of the samples give the usual
shape of RDE curves, but at lower fractions of oxalic acid, the curves indicate some kinetic hindrance. It
should be noted that none of the catalysts reach the expected diffusion limiting current density for a four
electron reduction (expected value 5.9 mA cm−2) [26]. There are two different explanations possible:
First, the selectivity is changing according to the observed value of maximum current density. To further
verify this, it would be important to perform experiments with the Rotating Ring Disc Electrode (RRDE)
and to have a more detailed analysis of the composition of the catalysts by ideally X-ray induced
photoelectron spectroscopy and Mößbauer spectroscopy. Unfortunately, this is beyond the scope
of this publication but might be addressed in a future work. Second, it is well known for Me-N-C
catalysts that the observable diffusion limiting current density is depending on the loading. This might
be due to a 2 × 2 electron mechanism, where the probability of re-adsorbing and further reducing
any of the formed hydrogen peroxide increases with catalyst film thickness on the electrode [27,28].
Also here, RRDE experiments at different loadings would assist in answering this question. Both, the
cyclic voltammogram (CV) and RDE curves of the outlier related to 80% look pretty much like iron
oxide species.

In Figure 3 the Tafel plots of all investigated catalysts are shown. It becomes apparent that the
ORR activity in terms of kinetic current density changes drastically with the ratio of oxalic acid in
the SFA. The Tafel slopes of the more-active catalysts show values of about 70 mV dec−1. This value
is in good agreement with the values that were observed for other catalysts prepared by the (oxalate
supported) pyrolysis of porphyrins [15,24,29] as well as alternatively prepared catalysts (without the
use of a reactive gas heat-treatment) [19]. When the fraction of oxalic acid goes down the Tafel slope
increases, getting closer to 100 mV dec−1. While not intended, this might be related to an interaction
of the catalyst with ammonia (from DCDA decomposition) during the heat-treatment. A larger Tafel
slope value for catalysts that involve ammonia in their preparation was also previously observed [19].
The lowest value of 64 mV dec−1 is obtained for the catalyst with exclusively oxalic acid as SFA.
It might illustrate slightly better kinetics that might result in a higher turn-over frequency (TOF). If a
change in the TOF is also at the origin of the observed changes in Tafel slope, in this work, it might be
concluded that the catalyst with 60% oxalic acid in the SFA need to have a significant higher number
of ORR active sites. This will be discussed below with respect to the data from combustion analysis.
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Figure 3. Tafel plots of all investigated catalysts (calculated from RDE data provided in Figure 2b).

As mentioned above, the capacity of the different catalysts seems to be affected by the ratio of
oxalic acid in the SFA. A plot of the related current density in the double layer region of the CVs
(named as j(DL capacity)) vs ratio of oxalic acid in SFA shows that there is a maximum in capacity
current for 60% oxalic acid in the SFA and then the capacitive current remains constant or slightly
decreases, this is shown in Figure 4a. In contrast to this a clear maximum is visible for the ORR activity
in Figure 4b.

Figure 4. Analysis of electrochemical data. In (a) the current density related to the double layer capacity
(100 mV s−1) (�), outlier at 80% (�), in (b) the kinetic current density jkin (•) and in (c) the potential
positions of the peak maxima in the anodic sweep of the CVs are given as a function of the ratio of
oxalic acid in SFA (�).

77



Catalysts 2018, 8, 260

In Figure 4c the potentials related to the peak maxima in the anodic sweep of the cyclic
voltammograms are given as a function of the ratio of oxalic acid in the SFA. Roughly, the trend
is similar as for the kinetic current density: The resulting kinetic current density was getting as higher
as more positive the anodic peak position was, what is in agreement with previous reports [30–32].
Nevertheless, it becomes clear, that E (Peakanode) is only a weak activity descriptor for this group
of catalysts. While the peak position might be an indicator for the turn-over frequency (TOF) on active
sites, the charge under the redox peak might be related to the number of active sites (if assigned to
Fe2+/Fe3+), or number of sites promoting the ORR (evtl. quinone/hydroquinone). As both (TOF and
site density) will contribute to the kinetic current density, this might explain the only weak correlation.
Furthermore, it should be noted, that the difference between the anodic and cathodic peak is not
constant but increases from about 40 to 220 mV and then decreases to about 50 mV (not displayed).
Further characterization will be required to fully understand this trend.

It is well known that the nitrogen content is an important parameter as it is required for the
formation of active sites. In order to get further insights to what extend the SFA composition affects
the composition of the final catalyst combustion analysis for CHN was performed. The nitrogen and
hydrogen contents as a function of SFA composition are shown in Figure 5a. Also, the amount of
residuals was determined as difference between 100% minus nitrogen, carbon and hydrogen contents.
The data are shown in Figure 5b. The expected residuals were basically iron, sulfur and oxygen, and
maybe some chlorine from the acid-leaching procedure.

Figure 5. Results of elemental analysis for nitrogen (�) and hydrogen (�) (values multiplied by factor
of four) are shown (a). In (b) the content assigned to residuals is given (�).

Rather unexpected, the outlier at 80% with the worst activity yields the highest nitrogen content.
A similar trend was observed for the amount of residuals. The very high value of residuals of almost
50% in this catalyst could be assigned (at least in parts) to iron oxide as indicated in the electrochemical
measurements, but also in the Raman spectra (below).

If one has to identify a distinct difference between the outlier versus the others, it was the ratio
between [H] and [N] that was changing, as visible from Figure 5a.

In general, there was a good correlation between the nitrogen content and the onset potential.
This is visible from Figure 6a. Also here, the worst performing catalyst gave an exception. It could
have its origin in the very low surface area observed for this catalyst (right axis). Figure 6b correlates
the content of nitrogen with the intensity ratio of the D3 band and G band, we will refer to it, below
after discussing the Raman spectra.
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Figure 6. Correlation between the nitrogen content from elemental analysis (left axis, �) as well as
BET surface area (right axis, �) and the onset potential (a) (defined as potential at −0.1 mA cm−2) and
correlation between the nitrogen content and the intensity ratio D3/G from Raman spectroscopy (b).

For characterization of the carbon morphology, Raman spectra were recorded for all catalysts
(Figure 7a,b). The analysis of the Raman spectra was made in relation to literature on carbon
blacks [33,34]. All samples reveal the typical shape of carbon blacks with distinct D-band and G-band
intensities. While the latter is related to in-plane vibration modes, the former is related to vibrations
“at the edges” of the graphene layer [35]. Hence, the intensity ratio D/G is inverse proportional to the
graphene layer extension.

Figure 7. Raman spectra of the variation series (a), spectrum for 80% oxalic acid in SFAs (b) and
deconvoluted Raman spectrum (1st order region) of the best performing catalyst with 60% oxalic acid
in SFAs (c). Influence of the ratio of oxalic acid in the SFA on the D/G (�) and D3/G band ratios (�) (d).
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It is interesting to note, that for those samples with dominant ratios of DCDA in the SFA additional
bands in the 2nd order region become pronounced. This band is related to the 2D band. In a recent
work by Larouche et al. [36] it was discussed that the ratio of 2D/D areas can be used to calculate a
graphene layer extension labelled Leq that also considers the curvature within graphene flakes [36].
That is why in the paragraph above “at the edges” was written in quotation marks, because the
D band will be formed when the vibrations occur at the edges, but also if the symmetry (e.g., by
implementation of defects, five-ring groups, etc.) is broken.

Also, the 1st order region was analyzed in more detail by fitting the spectra assuming the presence
of four bands: The aforementioned D and G bands and in addition a D3 and a D4 band. These are
assigned to heteroatoms in carbon and polyaromatic hydrocarbons, respectively [33,34,36]. As an
example, the fit of the most active catalyst is provided in Figure 7c.

In Figure 7d the intensity ratios of D/G band and D3/G band are shown as a function of oxalic
acid in the SFA. Except for the sample prepared exclusively with DCDA, first an increase in D/G ratio
and then a decrease (above 60% oxalic acid) is observed. Comparing the trends in Figures 4a and 7d it
seems that the intensity ratio D/G follows the trend in capacity. There is also a strong relation between
the capacity and the BET surface area (not shown) underlining that in most of the cases indeed edges
of graphene layers might contribute to the D-band intensity (rather than curvatures).

In a previous work, we were able to show by analyzing the Raman spectra of a group of Me-N-C
catalysts before and after accelerated stress tests (AST), that a decrease in the D3/G ratio correlated
with the decrease in ORR activity observed during AST [37]. As this loss in activity was also correlating
with the displacement of metal out of the N4 plane, we attributed a contribution of MeN4 related
vibrations to be located in the D3 band region [37]. As given in Figure 7d, up to a ratio of 40% oxalic
acid in the SFA the D3/G band ratio is increasing and then does not change significantly (It should be
noted that the worst performing catalyst reached a value of 0.7). On the basis of our previous work,
this might be an indicator for a change of the relative amount of FeN4 sites. The correlation between
nitrogen content and the D3/G band ratio in Figure 6b pointed into this direction. However, it must be
noted that a similar good correlation would be given for the content of residuals with Int D3/G.

Nevertheless, as discussed above, the D3 band is assigned to vibrations at defects/ heteroatoms
in the graphene sheets. Hence, most possibly all these heteroatoms contributed to some extend to the
D3 band intensity.

Even though, it was already discussed above, the sample with 80% is out of trend, its Raman
spectrum as displayed in Figure 7b should be addressed, shortly. Distinct bands can be identified at
500 and 516 cm−1. On first view, these bands were assigned to iron oxide vibrations [38]. This is in
agreement with the band at 500 cm−1, but so far, we were not able to assign the band at 516 cm−1.
On the basis of the observations made so far for this sample, we believe that the formation of these
two bands is in strong relation to its worse composition and activity.

Why does the activity increase so much by changing the fraction of oxalic acid in the SFA?
In our previous publication, iron acetate was the only source of oxygen within the synthesis.

In this study we replaced the iron acetate by iron chloride which allowed us to systematically vary
the content of oxygen in the overall precursor from zero to a maximum of 70 at % (hydrogen not
considered). It is interesting to note, that the catalyst with the maximum activity in this work has a
relative content of oxygen (44 at %) very similar to the one calculated for the precursor of the oxalate
support pyrolysis of porphyrins (43 at %). This might be an indicator for its very good performance.
Furthermore, the results indicate that only by using relative fractions of oxalic acid ≥40% in the SFA,
a sufficiently amorphous carbon is formed that enables high kinetic current densities.

Nevertheless, it must be pointed out that further characterization including Mößbauer
spectroscopy and X-ray induced photoelectron spectroscopy will be required to enable a conclusive
interpretation on the role of oxygen in the precursors to obtain highly active Fe-N-C catalysts.

On the basis of the results provided in this work, we can conclude that both a high surface area
and sufficient nitrogen content are required to achieve a good performing Fe-N-C catalyst.
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3. Materials and Methods

3.1. Catalyst Preparation

In order to prepare a precursor, first sulfur (0.78 mol eq) is grounded in a mortar together with
iron chloride hexahydrate (1 mol eq). Then, 1,10-phenanthroline (0.48 mol eq) is added and mixed
until a homogeneous mixture is obtained. Finally, the structure-forming agents (SFAs) (6.5 mol eq)
are added and the mixture is grounded until homogeneous. The preparation is given as Scheme in
Figure 8, below.

As mentioned in the scheme, the color of the precursor changed upon addition of DCDA and/or
oxalic acid. At the same time the initially solid precursor mixture turned into a viscose paste.
While DCDA addition gave a distinct red color to this pulp (might be indicative of [Fe(CN)6]3+

formation), the addition of oxalic acid turned the color more orange/light brown. In addition, gas
evolution took then place. If the precursor was then left in air, finally the precursor appeared like a
meringue as visible in the picture. Regarding the precursor to obtain the 80% catalyst of this variation
series, it contains the minimum amount of DCDA that had to be present to enable this gas evolution.
Gas evolution and formation of this meringue-like morphology was not observed at higher oxalic
acid contents. Except for this; however, the precursor of the 80% sample behaved rather similar during
preparation compared to the other samples.

Figure 8. Scheme of the preparation procedure to obtain Fe-N-C catalysts by the use of two different
type of SFA.

The as-obtained precursor mixture is filled in quartz boats and then subjected to a heat-treatment.
For the pyrolysis a heating ramp of 5 ◦C min−1 is chosen. To allow the system to balance in-between
there are two dwell times at 300 and 500 ◦C, each for 30 min, before heated to the final end temperature
of 800 ◦C with a dwell time of 60 min.

After cooling down (<80 ◦C) the quartz boat with the main part of the pyrolysis product is
transferred to 2 M HCl. The composition is first acid-leached for 1 h in an ultrasonic bath and then
further stirred for additional 8 h (usually over-night). After filtration, washing with H2O and drying
the final mass is obtained.

Note, for determining the yields the final catalyst mass (yield after pyrolysis and acid leaching) or
the mass after pyrolysis was divided by the related precursor masses of iron chloride hexahydrate,
1,10-phenanthroline and sulfur, without considering the masses of DCDA and/or oxalic acid. This was
applied, as otherwise, due to the different molar masses of DCDA and oxalic acid also the absolute
mass of the precursor mixture would have changed.
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3.2. Electrochemical Measurements

Electrochemistry is performed in 0.1 M H2SO4 with a conventional 3-electrode setup. The working
electrode is a glassy carbon disc (0.196 cm2) coated with the catalyst ink. As counter and reference
electrode; respectively, a glassy carbon rod and an Ag/AgCl were used. All given potentials refer to
the reversible hydrogen electrode (RHE). In order to prepare the catalyst ink, 5 mg of catalyst powder
were dispersed in a mixture of 25 μL Nafion (5 wt %), 83.3 μL H2O and 142 μL ethanol, hence the
Nafion to catalyst ratio is 0.25. After 30 min of sonication the ink is homogenized with an ultrasound
homogenizer. Then 5 μL of the ink are dropped on the GC disc and left to dry (catalyst loading:
0.5 mg cm−2).

First measurements are performed in N2 saturated electrolyte with a conditioning of the electrode
(20 scans with 300 mV s−1, 0.0 to 1.2 V). Then a CV is measured with 100 mV s−1, this CV is used for
evaluating the capacitive current density of our catalysts. In addition, one Linear Scan Voltammogram
(LSV) is measured from 1.2 to 0.0 V for later background correction of the RDE data with 10 mV s−1.

After saturating the electrolyte for 15–20 min with oxygen, three LSVs are recorded in the same
potential range with 0, 900 and 1500 rpm as rotation speed. After background correction, the kinetic
current density jkin is determined by Equation (1).

jkin(U) = [jDiff,lim × j(U)] × [jDiff,lim − j(U)]−1 (1)

In this equation, jDiff,lim is the as-measured diffusion limiting current density. For those catalysts
that do not display a pronounced diffusion plateau the current density at 0.0 V was chosen as jDiff,lim.
The parameter j(U) is the as-measured current density.

3.3. Raman Spectroscopy

Raman spectroscopy was performed with an “alpha300 R” confocal Raman microscope (WITEC,
Ulm, Germany) with a laser wavelength of 532.2 nm. Spectra were recorded in a range of 0 to 4000 cm−1

as overlay of ten scans each with 10 s of integration time. For the measurements, catalyst ink was
dropped on a silicon disc and dried. For each sample measurements are performed at two to three
different locations and the average graphs are plotted in this work.

For the fitting of the 1st order range typically found for carbon blacks (800–2000 cm−1) four bands
were introduced with Voigt line shape.

3.4. N2 Sorption Measurements

In order to determine the BET surface area and micropore surface area (from V-t plots) of all
catalysts, N2 sorption measurements were made with an Autosorb-3B (Quantachrome, Boynton Beach,
FL, USA). Previous to the measurements, the samples (about 100 mg of the catalyst powders) were
degassed at 200 ◦C over-night. Only for some of the catalysts a micropore surface area was obtained.

3.5. Combustion Analysis (CHN)

Combustion analysis was performed for the overall sample series with a VarioEL III instrument
(Elementar Analysesysteme GmbH, Langenselbold, Germany). Each sample was measured two times,
average values as well as the standard deviation were determined and are included in the plots. In all
cases the sum of the three components did not count up to 100%, what shows that additional species
are present within the catalysts. This might be iron, sulfur and oxygen and maybe chlorine from the
acid leaching step.
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Abstract: The oxygen reduction reaction (ORR) at the cathode is a fundamental process and functions
a pivotal role in fuel cells and metal–air batteries. However, the electrochemical performance of
these technologies has been still challenged by the high cost, scarcity, and insufficient durability of
the traditional Pt-based ORR electrocatalysts. Heteroatom-doped nanocarbon electrocatalysts with
competitive activity, enhanced durability, and acceptable cost, have recently attracted increasing
interest and hold great promise as substitute for precious-metal catalysts (e.g., Pt and Pt-based
materials). More importantly, three-dimensional (3D) porous architecture appears to be necessary for
achieving high catalytic ORR activity by providing high specific surface areas with more exposed
active sites and large pore volumes for efficient mass transport of reactants to the electrocatalysts.
In this review, recent progress on the design, fabrication, and performance of 3D heteroatom-doped
nanocarbon catalysts is summarized, aiming to elucidate the effects of heteroatom doping and 3D
structure on the ORR performance of nanocarbon catalysts, thus promoting the design of highly
active nanocarbon-based ORR electrocatalysts.

Keywords: oxygen reduction reaction; heteroatom doping; metal-free catalysts; nanocarbon;
three-dimensional

1. Introduction

With the increasing energy consumption and environmental issues, there has been an urgent demand
for the development of renewable and sustainable energy storage and conversion technologies [1–3].
Among the various technologies, rechargeable batteries, electrochemical capacitors, and fuel cells are
recognized as the most efficient and feasible choices, particularly for electronic and transportation
applications [4–6]. Compared with other batteries, such as nickel–metal hydride, lead–acid, and lithium–ion
batteries, fuel cells and metal–air batteries have the higher theoretical energy density and higher efficiency
with low emission of pollutants due to the direct conversion of chemical energy to electrical energy through
chemical reaction [7–9]. For example, the typical fuel cell with H2 as the fuel, O2 as the oxidizing agent,
and water as the end product with zero emissions and high efficiency, has drawn much attention in terms
of fundamentals and applications [10,11]. However, the practical application of such fuel cells is largely
restricted by the high activation barriers of electrochemical process, especially for the sluggish oxygen
reduction reaction (ORR) kinetics at the cathode [12,13]. The cathodic ORR is much slower than the anodic
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oxidation reaction and therefore greatly limits the output performance of these promising technologies [14].
Fortunately, electrocatalysts can play an important role to lower the activation energy barriers of the sluggish
ORR. Nowadays, platinum (Pt)-based materials are considered as the most efficient ORR electrocatalysts
for their excellent catalytic performance with relatively high current density and low overpotential [15–18].
However, the large-scale application of Pt-based electrocatalysts is severely hindered by the drawbacks
of high cost, fuel crossover effect, instability due to CO deactivation, and Pt dissolution. Thus, it is highly
urgent to develop advanced non-precious metal or even metal-free catalysts to substitute Pt-based catalysts
with high catalytic activity, enhanced durability, and satisfactory cost in the long term.

Recently, much effort has been devoted to developing a series of non-precious metal ORR catalysts,
such as transition metal oxides, chalcogenides, and transition metal–nitrogen–carbon (M–N/C, M = Fe,
Co, Ni, Mn, etc.) materials [19–22]. However, these non-precious metal-based catalysts have some
disadvantages, such as low catalytic activity compared to Pt/C and poor durability caused by the
metal leaching during usage. On the other hand, metal-free carbon-based catalysts have achieved
great development due to their outstanding catalytic ORR performance, high chemical stability,
relatively low cost, and environmental friendliness during the past decades [23–26]. Since the first
accomplishment of vertically aligned nitrogen-doped carbon nanotubes (VA-NCNTs) as metal-free
ORR catalysts reported by Dai’s group [27], various heteroatom-doped nanocarbon materials—such
as graphene, carbon nanotubes, porous carbon, and their hybrids—have been extensively exploited
as substitutes for Pt-based catalysts [28–31]. Most of the heteroatom-doped nanocarbon materials
exhibit comparable or even better catalytic activity to Pt-based catalysts due to the doping-induced
charge redistribution, which can facilitate the chemisorption of O2 and electron transfer for the ORR
process [32]. More importantly, the metal-free catalysts of doped nanocarbon materials surprisingly
exhibit efficient catalytic activity and long-term stability without CO deactivation and fuel crossover
effects. Therefore, developing advanced and low-cost heteroatom-doped metal-free nanocarbon
materials with superior ORR catalytic activities is highly desired.

Besides the heteroatom-doping (e.g., N, S, P, B, etc.), structure engineering of nanocarbon is also
a crucial strategy to determine the catalytic ORR performance, considering that the high surface area
and suitable pore structure of a superior electrode configuration are the prerequisites in ensuring
accessible active sites and efficient transport of electrons and ions [33–35]. For instance, engineering
3D porous structure of nanocarbon materials is a feasible approach to improve the ORR performance
by providing better electrolyte permeability, electron-transfer path, and mass transport/diffusion.
In recent years, for example, the fast development of nanocarbon materials (e.g., graphene) enables
them to play an important role in the improvement of metal-free ORR catalysts performance [36],
but 2D graphene sheets are readily to restack, which would block the active sites of catalysts and
increase the resistance for mass transfer, leading to poor catalytic properties. Hence, 3D structured
nanocarbon materials (cross-linked CNTs, 3D graphene, porous carbon, etc.) with chemical doping
assuredly hold great prospect as efficient ORR catalysts to replace noble-metal-based catalysts [37–39].

Several reviews have been published in the past few years regarding the design of heteroatom-
doped carbon nanomaterials and their applications in ORR [31,40–42]. However, special attention has
not been paid to these heteroatom-doped carbon nanomaterials from the standpoint of structural effects
on ORR performance. As shown in Figure 1, in this review, the current widely accepted mechanisms
for ORR is briefly introduced, the recent rational design of different 3D doped-nanocarbon materials,
such as 3D CNTs nanostructures, 3D graphene, porous carbon, and their hybrids is discussed as well,
and then we focus on the recent achievements of 3D doped-nanocarbon materials and their enhanced
ORR performance. The structure-dependent ORR performance of 3D doped-nanocarbon are well
discussed, which will be beneficial to future development of non-precious metal electrocatalysts with
both exceptional activity and durability in the near future.
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Figure 1. The relationships between ORR mechanism, catalyst design, and ORR performance.

2. The Mechanisms for ORR

The ORR is a fundamental reaction and a major limiting factor of performance for metal–air batteries
and fuel cells [7,11]. In general, ORR, which involves multiple electrochemical reactions, can proceed either
a four-electron path to directly produce H2O (in acidic medium, 4H+ + O2 + 4e− → 2H2O) and OH−

(in alkaline medium, 2H2O + O2 + 4e− → 4HO−) as the final products or a less efficient two-step
two-electron pathway with the formation of H2O2 (in acidic medium, O2 + 2H+ + 2e− → H2O2,
H2O2 + 2H+ + 2e− → 2H2O) or HO2

− (in alkaline media, O2 + H2O + 2e− → HO2
− + OH−,

HO2
− + H2O + 2e− → 3OH−) as the intermediate specie [41,43]. As schematically shown in Figure 2,

in a typical proton exchange membrane fuel cell (PEMFC), hydrogen and oxygen/air continuously
enter the anode and the cathode, respectively [44]. The fuel molecules (H2) are oxidized at the anode
(H2 → 2H+ + 2e−). In this process, the electrons flow out of the anode to provide electrical power, while
protons diffuse across the electrolyte membrane towards the cathode and react with adsorbed oxygen to
produce water (ORR, 4H+ + O2 + 4e− → 2H2O). The ORR occurs by efficient four-electron reduction.

 

Figure 2. Schematic illustration of a hydrogen/oxygen fuel cell and its reactions based on the PEMFC.
Reproduced from [44], Copyright 2001, Wiley.

Generally, the four-electron reduction mechanism is favorable for ORR owing to its efficiency
advantage and the avoiding of hydrogen peroxide intermediate species that can damage the membrane
and ionomer [45]. However, the ORR at the cathode suffers from complicated electron transfers,
as illustrated in Figure 3, in a full reduction pathway (Figure 3a), the O–O bond of adsorbed O2 breaks
into two O* intermediates which could be reduced to OH− and H2O as the final products in the
alkaline and acidic conditions, respectively. While for partial reduction to take place, as shown in
Figure 3b, O2 is first adsorbed on to the catalyst surface, then the adsorbed O2 couples two protons
to form HOOH* intermediates before the O-O bond is cleaved, leading to a high yield of H2O2

or HO2
− via a two-electron pathway, which should be avoided during the ORR process [46,47].
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Under acidic conditions, the ORR is inherently several orders of magnitude slower than the HOR,
and catalysts are required to lower activation barriers of the sluggish ORR. Only a few types of
materials, to date, have been found to provide suitable activity and stability towards the ORR in
acidic media, such as heteroatom-doped nanocarbon materials and the transition metal-based NP
functionalized carbon nanomaterials [21,48]. While the ORR kinetics are more favorable in alkaline
mediums, providing an opportunity to use non-precious metal catalysts, such as metal-oxides and
doped nanocarbon materials [45].

 

Figure 3. Proposed mechanism schematics of (a) full reduction and (b) partial reduction of oxygen.
Reproduced from [47], Copyright 2016, Elsevier.

3. 3D Heteroatom-Doped Nanocarbon Electrocatalysts for ORR

Carbon materials, especially nanostructured carbons, has been widely used as electrode materials
for energy storage and conversion devices originating from their general advantages, such as good
conductivity for rapid electron transfer, super large active surface area for ion adsorption, and superior
chemical stability for resistance of acid and alkaline corrosion [33,49–51]. Additionally, the tailorable
surface chemistry, abundant structural variety, and low cost of nanocarbons together boost their
harvesting as active catalysts for ORR in metal–air batteries and fuel cells [22,34]. Nevertheless,
structure optimization of nanocarbon catalysts is one of the main strategies to sufficiently expose
and/or activate the catalytic sites. It is noted that low-dimensional nanocarbons—including 0D
fullerene, 1D carbon nanotubes, and 2D grapheme—usually have low utilization efficiency due to
the embedded active sites on the limited surface, which is unfavorable for both mass transport and
electron transfer during ORR process [33,52]. However, when fabricated to be a continuous 3D porous
structure, the 3D nanocarbon can provide a high surface area with abundant exposed active sites,
contributing to good electrocatalytic performance. More importantly, the 3D nanostructures play
a critical role in greatly accommodating discharge products and providing channels for ion transfer
and oxygen diffusion, further accelerating reaction kinetics [53].

Over the past decade, carbon-based metal-free electrocatalysts doped with heteroatom, such as N, S,
B, P, and their mixtures, have emerged as front runners to replace Pt and other noble metals for highly
efficient ORR [22,54]. Both experiments and theoretical calculations show that the doping of heteroatoms
in the sp2 lattice of graphitic carbon can alter the electronic arrangement of the carbon-based material
and tailor their electron donor properties, as a result, breaking the electroneutrality of sp2 carbon to create
charged sites favorable for O2 adsorption and enhancing effective utilization of carbon π electrons for O2

reduction, thus leading to improved ORR electrocatalytic activity [24,29,43]. Despite the great improvements
that have been achieved, most of the carbon-based metal-free catalysts still show inferior intrinsic ORR
activities compared with Pt-based ones though with better stability and lower costs. Increasing evidences
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profile that efficient ORR nanocarbon catalysts should be favored to have abundant accessible active sites
for implementing reaction, good conductivity for charge transfer, and suitable porous structure for mass
transport. The presence of adequate reactive sites in combination with novel structural design makes
them attractive metal-free catalysts. To achieve the aforementioned merits, various heteroatom-doped 3D
nanocarbon materials, such as N-doped CNT aerogels [37], nanoporous N-doped graphene [55], N, P-doped
porous carbon, and doped graphene/CNT hybrid materials have been developed as high-performance
ORR catalysts (Figure 4) [56,57].

Figure 4. Advantages of metal-free 3D doped-nanocarbon materials and their applications as high-
efficiency ORR electrocatalysts.

3.1. Heteroatom-Doped 3D CNTs for ORR

As typical 1D sp2-hybridized carbon nanomaterials, CNTs can be considered as 2D graphene
sheets rolled up into nanoscale tubes [8,58]. Because of their unique structural characteristics and
outstanding physicochemical properties—such as large surface area, high mechanical property,
good electrical conductivity, and excellent chemical stability—CNTs have stimulated continuous
interest in the field of nanotechnology, especially in environmental and energy areas, in recent
decades [52,59]. When heteroatoms are appropriately doped into the carbon matrix of CNTs, enhanced
ORR performance can be achieved [8]. Doped-CNTs function in enhancing electrical conductivity,
oxygen mass transfer, corrosion resistance, and water removal of catalysts, leading to improved
catalytic activity and durability [60,61]. More importantly, putting the tiny cylindrical nanotubes
together into an integral 3D framework with interconnection and rational distribution and controlling
the porous structure can provide abundant exposed active sites and stable electron/mass transport
skeleton, and hence ORR activity [37].

3.1.1. Single Heteroatom-Doped 3D CNTs

In 2009, Dai et al. synthesized N-doped VA-CNTs through pyrolyzing iron(II) phthalocyanine
(FePc) in the presence of additional NH3 gas (Figure 5a) [27]. The proposed 3D N-doped VA-CNTs
were discovered to be superior to commercially Pt/C catalysts for the electrocatalysis of the ORR with
a much higher catalytic activity, lower overpotential, smaller crossover sensitivity, and better long-term
stability in alkaline electrolytes (Figure 5b). The catalytic mechanism of nitrogen-doped VA-CNTs
for the ORR was investigated using quantum mechanical calculations based on the B3LYP hybrid
density functional theory (DFT), results suggest that the introduce of nitrogen dopants changes the
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charge density of carbon atoms (Figure 5c). Based on the theoretical and experimental results, Dai and
co-workers presented that the N-induced charge delocalization could change the chemisorption mode
of O2 from the end-on adsorption (Pauling model) at the non-doped CNT surface (top, Figure 5d) to
a side-on adsorption (Yeager model) onto the N-doped CNT surface (bottom, Figure 5d). Interestingly,
the parallel diatomic adsorption could effectively weaken the O–O bonding to facilitate ORR at the
N-doped VA-CNTs electrodes. Besides the high surface area, good electrical and mechanical properties
of 3D vertically aligned CNTs provide additional advantages for the nanotube electrode in fuel cells.
It should be noted that a certain amount of residual Fe catalyst herein may exist in the N-doped
VA-CNTs. The metal contaminants are believed to have certain effects on ORR performance. Therefore,
it is urgently needed to develop a metal-free synthesis route to produce N-doped CNTs in order to
confirm the actual electroactivity of N-doped CNTs for ORR without the disturbance of metal residue.

To reveal the intrinsic catalytical mechanism of N-doped CNTs, several technologies including
metal-free catalysis growth and detonation-assisted chemical vapor deposition (CVD) have been
developed [62,63]. By using an erasable-promoter-assisted hydrothermal reaction coupling with
pyrolysis, Zhang and co-workers synthesized clean, high-specific surface area (~869 m2·g−1),
and highly conductive (~10.9 S·m−1) N-doped CNT aerogels [37]. During the synthetic process,
N doping was realized by pyrolysis of aerogels with pyrrole molecules as ‘built-in’ nitrogen sources
(post-treatment), importantly, the electrical conductivity of CNT aerogels was restored and the π-π
stacking between CNTs was enhanced through thermal treatment, which can repair the π-conjugated
skeleton of CNTs, thereby maintaining the 3D gel network (Figure 5e,f). Owing to the unique
structure with 3D frameworks constructed by randomly entangled CNTs, the obtained N-CNT aerogels
(Figure 5g) exhibited superior activity and high stability for ORR catalysis in alkaline conditions.
Moreover, the crossover test (Figure 5h) demonstrated that the N-CNT aerogels electrode efficiently
inhibit the crossover effect of methanol. Zhu et al. prepared porous N-doped CNTs by activation and
pyrolysis of polypyrrole nanotubes [64], which result in a hierarchical porous structure with in situ N
doping. This material exhibited excellent catalytic activity with a four-electron pathway for ORR in
alkaline condition. They believe that the favorable ORR activities of N-doped CNTs were attributed to
its porous tube structure, high surface area, and uniform N distribution. Template method is considered
as the most effective strategy for the preparation of ordered porous nanostructures. By using an anodic
alumina oxide template, Yang et al. fabricated a N-doped macroporous carbonaceous nanotube array
for ORR catalyst (Figure 5i,j) [65]. The nanotubes with macroporous feature can facilitate mass transfer
within the electrodes. The doping of electron-rich N which can activate the p electrons of sp2 carbon by
conjugating with the lone-pair electrons from nitrogen dopants can provide more active sites to adsorb
O2. These merits together contribute to the high performance for ORR in terms of onset potential,
half-wave potential values, reaction current, and durability.

There are several different nitrogen configurations including pyrrolic N, pyridinic N, and graphitic
N in carbon matrix [54]. Pyrrolic N and pyridinic N are located at the edges and bonded to two carbon
atoms, while graphitic N is incorporated in the core structure of the carbon materials by replacing
the sp2-hybridized carbon atom. Generally, different configurations with different N type would
affect the electronic structure of neighboring carbon atoms, leading to different catalytic properties.
Up to date, numerous N-doped CNT materials have been prepared via different synthetic strategies
for ORR electrocatalyst [37,64,66,67]. However, it is still unclear whether the pyridinic or graphitic
N is mainly responsible for the active sites for the ORR. Recent theoretical work and experiments
suggest that pyridinic N improves the onset potential, whereas the graphitic N determines the limiting
current density for the ORR [24]. Pyridinic N can provide one p electron to the aromatic π system with
a lone electron pair in the plane of the carbon matrix to enhance the electron-donating capability of the
catalyst. Therefore, pyridinic N can weaken the O–O bond via the bonding of O with N and/or the
adjacent C atom to facilitate the reduction of O2.
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Figure 5. (a) Scanning electron microscopy (SEM) image of N-doped VA-CNTs; (b) ORR polarization
curves of Pt/C (curve 1), VA-CNTs (curve 2), and N-doped VA-CNTs (curve 3); (c) Calculated charge
density distribution for the N-doped CNTs; (d) Schematic representations of possible adsorption
modes of an oxygen molecule at the CNTs (top) and N-doped CNTs (bottom). Reproduced from [27],
Copyright 2009, American Association for the Advancement of Science. (e) Digital photograph;
(f) model schematic diagram; and (g) Transmission electron microscopy (TEM) image of N-doped
CNT aerogels; (h) Methanol crossover effect measurements of N-doped CNT and Pt/C catalyst at
−0.4 V. Reproduced from [37], Copyright 2015, Wiley. (i) The fabrication process and (j) SEM image
of N-doped macroporous carbonaceous nanotubes arrays. Reproduced from [65], Copyright 2014,
The Royal Society of Chemistry.

Similar to N-doped CNTs, other heteroatom (e.g., phosphorus and boron)-doped CNTs also
demonstrated improved electrocatalytic activity toward ORR, compared to its undoped counterpart [60,68].
Boron and phosphorus have a similar effect on the ORR activity as N, as they both disrupt the charge
uniformity and change the charge density of the carbon network. However, the mechanisms of B-doped
CNTs and N-doped CNTs are different. There are multiple active B moieties in B-doped CNTs, including
BC3, B4C, BC2O, and BCO2. Owing to the lower electronegativity of B (2.04) than C (2.55), positively
polarized B dopant in B-doped CNTs on one hand adsorbs O2 on the other hand acts as a bridge to transport
electrons from graphitic carbon p electrons to O2, which can also improve the ORR activity. Although
the ORR performance of B-doped CNT materials is not competitive to that of commercial Pt/C catalyst,
the proportional relationship between the boron content and ORR performance suggests the great potential
of B-CNTs for further improvement. P doped-CNTs are another interesting type of metal-free catalysts
for improving ORR because P has the same number of valence electrons as N and often shows similar
chemical properties. For example, p-doped MCNTs were reported to exhibit much higher ORR activity
than commercial Pt/C in alkaline fuel cells [69]. Very recently, Zhang and co-authors also confirmed that
porous P-doped CNTs exhibit better ORR catalytic activity than that of undoped-CNTs [68].
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3.1.2. Multiple Heteroatom-Co-Doped 3D CNTs

Addition to the single heteroatom-doped CNTs, co-doped CNTs with different heteroatom were
investigated to show much better electrocatalytic ORR performance duo to the synergistic effect
between different heteroatoms. Vertically aligned MWCNT arrays co-doped with P atoms and N
atoms were first synthesized by an injection-assisted CVD method [61]. Because of the synergetic
effect arising from co-doping CNTs with both P and N, the obtained P, N co-doped MWCNT arrays
significantly show outstanding electrocatalytic activity toward ORR comparable to the commercial
Pt/C electrode and significantly better than that of CNTs doped by P or N only. Subsequently, another
N, P-dual-doped CNT array was synthesized by a novel one-pot method with an aminophosphonic
acid resin as the N, P, and C sources [70]. Compared with traditional bamboo-shaped N-CNTs and N,
P-dual-doped CNTs, the as-obtained N, P-CNTs with unique architecture of which the large hollow
channels and open ends provide abundant catalytic active sites in inner walls, being accessible to
oxygen molecules exhibited comparable activity and much better CO and methanol tolerance towards
ORR to Pt/C catalysts.

3.2. Heteroatom-Doped 3D Graphene for ORR

Graphene, which is composed of one monolayer of carbon atoms with a honeycomb structure,
has been widely explored in different fields for its fascinating physical and chemical properties [71,72].
However, graphene is constructed of sp2-bonded carbon atoms via hybridization of s, px, and py

atomic orbitals, resulting in a zero-band gap semiconductor with the conduction and valence bands.
The lack of intrinsic bandgap muchly limits the applications of pristine graphene in the areas of energy
storage, electrocatalysis, and nanoelectronics [73]. Fortunately, chemical doping with foreign atoms
has been demonstrated to be an effective method to tailor the electronic and electrochemical properties
of graphene by changing the electronic density within the graphene sheet, thus opening the bandgap in
graphene, and extending its applications [74,75]. For example, the increased active sites and enhanced
catalytic activity of graphene towards ORR have been achieved by doping with foreign non-metallic
atoms (e.g., N, B, P, or S) [36,76–78].

Other than heteroatom doping, morphology control, and structural design, which relate to
the surface area, pore structure and electron donating/withdrawing capability, is perhaps the most
effect way to enhance the ORR activity of graphene materials [29,33]. Especially, heteroatom doping,
in company with 3D structure design, has been a popular and widely accepted strategy to develop
graphene-based ORR electrocatalyst [79–82].

3.2.1. Single Heteroatom-Doped 3D Graphene

After their first discovery of metal-free VA-NCNTs as high-performance ORR electrocatalysts,
Dai et al. used a modified CVD method to prepare N-doped graphene films on Ni-coating SiO2/Si
substrate [83]. They demonstrated that the N-graphene can act as a metal-free catalyst with a much
better catalytic activity, tolerance to crossover effect, and long-term stability than Pt catalyst for ORR
via a four-electron pathway in alkaline fuel cells. Subsequently, N-doped graphene was synthesized
via catalyst-free thermal annealing graphite oxide and nitrogen source [76]. The synthesized N-doped
graphene materials, which completely avoid the contamination of metal catalysts, have high nitrogen
content and exhibit excellent catalytic activities toward ORR in alkaline electrolytes.

3D graphene structures can effectively restrain the restacking between graphene sheets, and therefore
expose more active sites, heteroatom-doped 3D graphene materials are expected to show much better
electrocatalytic performance for ORR than the 2D ones [84,85]. By using a hydrothermal self-assembly
approach followed by high-temperature treatment, as shown in Figure 6a, Qiu et al. fabricated 3D porous
N-doped graphene aerogels (NPGAs, Figure 6b), which exhibited good electrocatalytic activity and
long-term stability in a Li–O2 cell system [86]. The large void volume, interconnected porous channels,
multidimensional electron transport pathways, less stacking of graphene sheets and the sufficient exposure
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of active sites originated from the doped N atoms within graphene sheets collectively contribute to the
outstanding electrochemical performances of the as-made NPGA. Yi et al. prepared highly conductive
and ultralight nitrogen-doped graphene nanoribbons aerogel (N-GNRs-A) by using a facile hydrothermal
method (Figure 6c) [81]. Due to the synergistic effect of the nanoporous structure, high surface area, good
conductivity and the N-doped structural integrity of the GNRs, the proposed aerogel as a novel ORR catalyst
show comparable catalytic activity (Figure 6d), superb methanol tolerance (Figure 6e), and better stability
(Figure 6f) than commercial Pt/C catalysts in both alkaline and acidic solutions. After that, various 3D
N-doped graphene materials prepared through different methods have been developed as high-performance
ORR catalysts [38,86–88]. S-doped 3D porous RGO hollow nanospheres framework (S-PGHS), prepared
with GO and dibenzyl disulfide as precursors, exhibited superior electrocatalytic activity comparable with
that of commercial Pt/C (40%), and much better durability and methanol tolerance [89]. 3D sulfur-doped
graphene networks S-GFs were also prepared by using an ion-exchange/activation combination method,
which showed outstanding ORR catalytic performance [90]. Recently, 3D P-doped graphene (3DPG)
fabricated by CVD method with nickel foam as template and triphenylphosphine (TPP) as C and P sources
was proposed as ORR catalyst, which exhibited better catalytic activity, long-term stability, and methanol
tolerance than pristine 3D graphene and commercial Pt/C [91].

 

Figure 6. (a) Schematic process for synthesis of 3D NPGAs; (b) SEM image of 3D NPGAs. Reproduced
from [86], Copyright 2015, Wiley. (c) Illustration of the synthetic route for N-GNRs-A; (d) Linear sweep
voltammetry (LSV) curves of pristine MWCNTs, GNRs-A, N-GNRs-A, and Pt/C in an O2-saturated
0.1 M KOH solution at a scan rate of 10 mV s−1 and a rotation speed of 1600 rpm; (e) Methanol crossover
effect on N-GNRs-A and Pt/C upon addition of 3 M methanol after about 10 min in an O2-saturated
0.1 M KOH solution at −0.4 V; (f) Current–time chronoamperometric response of N-GNRs-A and
Pt/C catalysts at −0.4 V in O2 saturated 0.1 M KOH aqueous solution at a rotation rate of 1600 rpm.
Reproduced from [81], Copyright 2014, Wiley.

3.2.2. Multiple Heteroatom-Co-Doped 3D Graphene

Co-doped 3D graphene has been expected to possess better electrocatalytic performance compared
to single doped 3D graphene due to the synergistic effect between different heteroatoms. Qiao and
co-authors prepared N and S dual-doped mesoporous graphene (N-S-G) for the first time as a metal-free
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catalyst for ORR [92]. The obtained N-S-G showed outstanding ORR performance, which is comparable
to commercial Pt/C and prominently better than that of graphene catalysts doped solely with S or with
N. Furthermore, by using further DFT calculations, they elucidated that the synergistic performance
improvement results from the redistribution of spin and charge densities caused by the co-doping of
S and N, which leads to abundant carbon atom active sites. Soon after that, 3D N, S co-doped graphene
frameworks (N/S-GFs) and 3D B, N co-doped graphene foams (BN-GFs) were prepared by one-pot
hydrothermal approach and modified CVD method, respectively [79,80]. Both of which manifested
superior ORR catalytic behavior with mainly four-electron transfer pathway in alkaline condition.
3D N, B-doped graphene aerogels (N, B-GAs) prepared via a two-step method involves a hydrothermal
reaction and a pyrolysis procedure were also demonstrated to exhibit an outstanding catalytic activity
for the ORR [93]. Among the dual-doped 3D graphene materials for ORR catalysts, N, S co-doped 3D
graphene is the most popular one and has been widely prepared by various methods including biomass
pyrolysis [94], hydrothermal method [95,96], hydrothermal reaction-pyrolysis two-step method [97],
and soft template-assisted method [98].

In addition to dual doping, co-doping 3D graphene catalysts with more than two different heteroatoms
is also an effective strategy to enhance the ORR performance, as exemplified by N-P-O co-doped 3D
graphene [99]. The N-P-O co-doped free-standing 3D hierarchical porous graphene (3D-HPG) was fabricated
through a one-pot gas-exfoliation assisted ‘cutting-thin’ technique from solid carbon sources (Figure 7a).
The produced graphene exhibited continuously 3D hierarchical porous structure with heteroatoms of N, P,
and O simultaneously doped into the carbon frameworks, which can effectively modulate the electronic
characteristics and surface chemical feature (Figure 7b). The resultant N-P-O co-doped 3D-HPG catalysts
exhibited excellent ORR activity. As shown in Figure 7c, in a 0.1 M KOH electrolyte, the ORR polarization
curves reach well-defined diffusion limiting currents, and the Koutecky–Levich (K–L) plots suggest the good
linearity at varied potentials with the electron transfer number calculated to be 3.83, which is comparable to
the commercial Pt/C catalyst. Significantly, the durability of N-P-O co-doped 3D-HPG is much better than
that of commercial Pt/C catalyst (Figure 7d).

 

Figure 7. (a) Schematic process for synthesis of N-P-O co-doped 3D-HPG; (b) Schematic model of 3D-HPG;
(c) ORR polarization curves for 3D-HPG at different rotating rates in O2-Saturated 0.1 M KOH solution at
scanning rates of 5 mV·s−1, inset: K–L plots; (d) The current vs. time (i-t) chronoamperometric responses of
3D-HPG and Pt/C in O2-saturated 0.1 M KOH at a constant potential at 0.65 V (versus RHE) and a rotation
rate of 1600 rpm, inset: the ratio of the J/J0. Reproduced from [99], Copyright 2016, Elsevier.
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3.3. Heteroatom-Doped 3D Porous Carbon for ORR

Engineering a 3D porous structure—which can provide good electrolyte permeability, mass
transport, and an electron-transfer path—is considered the most promising approach to enhance the
ORR performance of carbon-based non-precious metal ORR electrocatalysts. Up to now, various 3D
porous carbon materials have been exploited as promising and efficient catalysts for their outstanding
virtues such as low cost, high conductivity, high surface area with abundant porosity, designable
carbon framework, as well as high chemical and mechanical stability [100–103]. Similar to 3D CNTs
and 3D graphene, 3D porous carbon can also be doped with heteroatoms for ORR electrocatalysts [104].

3.3.1. Single Heteroatom-Doped 3D Porous Carbon

To develop N-doped carbon materials without any metal components, Feng and co-workers fabricated
N-doped 3D ordered mesoporous carbons (N-OMCs) via a metal-free nanocasting technology by using
SBA-15 as the template and N,N′-bis(2,6-diisopropyphenyl)-3,4,9,10-perylenetetracarboxylic diimide (PDI)
as the precursors [100]. Owing to its high surface area and a graphitic framework with an appropriate
nitrogen content, the obtained N-OMCs exhibited outstanding ORR performance with high catalytic activity,
efficient resistance to crossover effects and excellent long-term stability. The ORR performance was superior
to that observed for the commercial Pt/C catalyst, suggesting the superior ORR activity of N-OMCs.
Soon after that, another nitrogen-doped carbon nanocages (NCNCs) with high nitrogen content and specific
surface area were prepared by using in situ generated MgO as a template and pyridine as the source of both
carbon an nitrogen [105]. The resulting NCNCs exhibited superior ORR performance with outstanding
stability towards methanol crossover and CO poisoning in alkaline solution. Importantly, without the
interference of metal impurities, this study clarifies that it is the N-doped carbon species rather than the
metal-related active sites are responsible for the ORR activity of the NCNCs. By using a green biomass source
method with fermented rice as starting materials, Qu and co-authors fabricated a porous N-doped carbon
spheres (N-CSs) with high specific surface areas (2105.9 m2·g−1) and high porosity (1.14 cm3·g−1) [106].
When tested as ORR catalyst for fuel cells, the proposed N-CSs exhibit excellent catalytic activity with
long-term stability and good resistance to crossover effects and CO poisoning superior to that of the
commercially available catalyst Pt/C. Later, various N-doped 3D porous carbon derived from different
biomass—such as malachium aquaticum [107], shrimp-shell [108], and porous cellulose [109]—have been
demonstrated to exhibit excellent ORR performance.

In general, two crucial factors—including the doped element content/type and specific
surface area/porous structure—govern the performance of the carbon-based ORR catalysts. Recently,
to simultaneously optimize both surface functionalities and porous structures of the metal-free catalysts,
Feng et al. developed N-doped carbon materials by using templating synthesis with nitrogen-enriched
aromatic polymers as precursors and subsequent NH3 activation (Figure 8a) [102]. The as-fabricated
nitrogen-doped mesoporous carbon exhibit the outstanding ORR activity in alkaline media with half-wave
potential of 0.85 V versus reversible hydrogen electrode with a loading of 0.1 mg·cm−2. More importantly,
the H2O2 yield measured with meso/micro-PoPD remained below 5% at all potentials, corresponding to
a favorable high electron-transfer number of 3.97 (Figure 8b). Superior electrochemical durability was also
observed for the meso/micro-PoPD to the Pt/C catalyst under the same condition (Figure 8c). It should
be noted that most N atoms are buried within the N-doped carbons, and these hidden N atoms are
inaccessible to the reactants during ORR process. Recently, Wang and co-workers developed a 3D N-doped
hierarchical porous carbon monolith (NHPCM) composed of branched mesoporous rods via an in situ
source-template-interface reaction route by using furfuryl alcohol as the carbon source (Figure 8d) [103].
Owing to the increased exposure and achievability of the catalytic sites originates from the favorably activated
O2 at the edged groups, the resulting hybridized carbon nanowires possess an outstanding electrocatalytic
ORR activity with a four-electron dominant reaction pathway. Interestingly, in spite of low N content,
the NHPCM with 1.1 at% N shows not only superior ORR activity, but also improved MeOH crossover and
high durability compared to commercial Pt/C (Figure 8e,f). This phenomenon is ascribed to the high ratio
of graphitic to pyridinic N and the unique 3D macroporous scaffold with interconnected mesoporous rods,
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as well as the easily reachable catalytic sites. Uninterruptedly, various N-doped 3D porous carbon materials
were exploited for ORR catalysts [110–115].

 

Figure 8. (a) Schematic illustration of the synthesis of meso/micro-N-doped carbon (PoPD)
electrocatalyst; (b) H2O2 yields plots of meso/micro-PoPD, reference materials, and Pt/C catalyst;
(c) Half-wave potential of meso/micro-PoPD and Pt/C with the same loading of 0.1 mg cm−2 as
a function of the number of potential cycles in O2-saturated electrolyte. Reproduced from [102],
Copyright 2014, Macmillan Publishers Limited; (d) Schematic illustration of the synthesis of
3D N-doped hierarchical porous carbon monolith (NHPCM) electrocatalyst; (e) Current–time
chronoamperometric response of NHPCM-1000 and Pt/C with or without the addition of 6 mL
MeOH into the electrochemical cell containing 100 mL electrolyte at 0.6 V (vs. RHE) with a rotating rate
of 1600 rpm; (f) Current–time chronoamperometric response of NHPCM-850, NHPCM-1000, and Pt/C
over 3.5 h at 0.6 V (vs. RHE) in O2-saturated 0.1 M KOH solution at 1600 rpm. Reproduced from [103],
Copyright 2015, Wiley.

3.3.2. Multiple Heteroatom-Co-Doped 3D Porous Carbon

As described above, the synergistic effect arising from the co-doping of heteroatoms significantly
enhances the ORR activity of metal-free catalysts. For example, a 3D sulfur–nitrogen co-doped carbon
foams (S–N–CF) with hierarchical pore structures were demonstrated to show better ORR performance
with higher catalytic activity, higher methanol tolerance and longer-term stability than a commercial
Pt/C catalyst [101]. The relationship between the catalyst properties and structures of metal-free
carbon materials for ORR was also clarified: (1) the high heteroatom doping for S–N–CF can provide
abundant active sites; (2) the hierarchical pore structures and 3D networks can ensure fast electron
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transfer and reactant transport within the electrodes. More recently, multiple heteroatom-co-doped
3D porous carbons—such as 3D S–N co-doped carbon foams [101], N and P dual-doped hierarchical
porous carbon foams [39]; B, N co-doped 3D porous graphitic carbon [116]; N and P co-functionalized
3D porous carbon networks [117]; and N, S, and O co-doped hierarchically porous carbon [118]—have
been developed as efficient metal-free electrocatalysts for ORR. As an example, the N, S, and O
co-doped hierarchically porous carbon were fabricated via a one-pot pyrolysis reaction with silica
as template, sucrose and trithiocyanuric acid (TA) as precursors [118], A hierarchically micro-,
meso-, and macroporous carbon featured with abundant dopant species and high specific surface
area were obtained (Figure 9a). The resulting product displays abundant low contrast holes with
diverse sizes, suggesting the featured hierarchical porosity (Figure 9b). When tested in acidic
electrolytes, the one-pot pyrolyzed metal-free electrocatalysts with optimized structure exhibits
comparable or even better ORR activities than the commercial Pt/C catalyst (Figure 9c,d). The excellent
electrocatalytic performance is ascribed to the abundant dopant species, good integrated conductivity,
and hierarchically porous architecture.

 

Figure 9. (a) Illustration of the one-pot fabrication process of N, S-doped porous carbon (CNS) materials;
(b) TEM observation of the CNS sample, inset is the SAED patterns; (c) RRDE voltammograms of the
1100-CNS and Pt/C samples at 1600 rpm; (d) Electron transfer number (n) and HO2

− yield derived
from the RRDE test. Reproduced from [118], Copyright 2017, The Royal Society of Chemistry.

3.4. Nanocarbon Hybrid Materials for ORR

In addition to heteroatom-doped 3D CNT, graphene and porous carbon nanomaterials discussed
above, nanocarbon hybrid materials with 3D structures also show superior ORR activity. To restrain
the stacking interaction, which may bury active sites for ORR, between 2D heteroatom-doped graphene
sheets, researchers tactfully incorporated 1D structured CNTs between graphene sheets [119–124].
The resulting CNTs/graphene hybrid exhibited good ORR activity comparable to and/or better
than the commercial Pt/C catalysts under alkaline conditions. For example, Yu and coworkers,
for the first time, proposed a nitrogen-doped graphene/carbon nanotube nanocomposite (NG-NCNT)
as ORR catalyst. Herein, the NG-NCNT was synthesized via a hydrothermal process by using
oxidized multiwalled carbon nanotube, graphene oxide, and ammonia as precursors (Figure 10a) [119].
The prepared electrode with NG-NCNT as catalyst displays much larger current and more positive
onset potential than those of the NG, NCNT, G-CNT, and mixed product of GO and OCNT, respectively
(Figure 10b). These indicate that the NG-NCNT possesses the best electrocatalytic ORR activity
among the samples. Recently, a facile route by combining rapidly evaporating aerosol droplets with
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pyrolysis process was developed to fabricate N, P co-doped CNTs/graphene hybrid nanospheres
(Figure 10c,d) [125]. The obtained hybrid material shows better ORR performance than a commercial
Pt/C catalyst in alkaline condition (Figure 10e). When tested in acidic solution, a comparable ORR
onset potential and much better stability than the commercial Pt/C catalyst were also achieved
(Figure 10f). To date, carbon nanotube/graphene hybrid structures doped with heteroatom such as
N [57,122,124,126,127] and N/S [121,123] have been fabricated by different methods as promising
metal-free catalysts for ORR.

 

Figure 10. (a) Schematic illustration of the preparation of the NG-NCNT nanocomposites; (b) RDE
voltammograms in O2-saturated 0.1 M KOH solution at room temperature (rotation speed 1600 rpm,
sweep rate 20 mV·s−1) for the NG-NCNT, NCNT, NG, G-CNT, Pt/C and directly mixed product of GO
and OCNT. Reproduced from [119], Copyright 2013, Wiley. (c) Schematic illustration of the process
for co-assembling carbon nanotubes and graphene into hybrid nanospheres in rapidly evaporating
aerosol droplets; (d) A photograph of the ultrasonic fountain and mist generated by a high-frequency
ultrasound (1.7 MHz) from an aqueous dispersion containing oxidized carbon nanotubes and graphene
oxides; (e) LSV curves of N, P-CGHNs and Pt/C in O2-saturated 0.1 M KOH; (f) LSV curves of N,
P-CGHNs and Pt/C in O2-saturated 0.1 M HClO4. Reproduced from [125], Copyright 2016, Wiley.

3.5. Other Kinds of Nanocarbon Materials for ORR

Aside from CNTs, graphene, porous carbon, and their hybrids mentioned above, other kinds of
nanocarbon materials characterized with heteroatom doping and 3D structure also have been widely
investigated as ORR electrocatalysts [128–131]. Nanocarbon networks especially N-doped nanocarbon
networks can serve as excellent ORR catalysts. For instance, Hou et al. proposed a free-standing N-doped
carbon nanotubes/carbon nanofibers hybrid (NCNT/CNFs) via simple pyrolysis of toluene or pyridine [132].
Due to the unique 3D hierarchical structure and pyridinic-N doping, the as-prepared NCNT/CNFs exhibited
outstanding catalytic ORR performance with a favorable four-electron pathway, better selectivity and
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resistance to the methanol crossover, and long-term stability compared to the powder-form NCNTs and
commercial Pt/C catalyst in an alkaline medium. Afterwards, Yan et al. proposed a N-doped carbon
nanofiber aerogel (N-CNFA) as an efficient oxygen electrode catalyst for fuel cells [133]. The optimized
N-CNFA follows a favorable four-electron ORR mechanism with more stability than commercial Pt/C
catalyst. This excellent performance was attributed to the hierarchical porous structure, high specific surface
area, and the abundance of catalytically active sites on N-CNFA. Recently, a metal-free N- and O-doped
carbon nanowebs was also developed for use as an efficient ORR catalyst for hybrid Li-air batteries [131].
The 3D web structure shows good mass and electron transport properties, which render it a better framework
support for the catalytically active sites, besides, the N and O groups together create highly ORR active
pyridone groups on the nanoweb surface. It is well-known that 3D flexible electrodes are the fundamental
requirement of flexible energy storage and conversion systems. By simply pyrolyzing the facial cotton
under NH3, Cheng et al. prepared a 3D flexible, porous N-doped carbon microtube (NCMT) sponge as
a multifunctional ORR catalyst [134]. The flexible NCMT sponge consists of a mass of interconnected
fiber-like structures with a micron-scale hollow core and porous well-graphitized walls (Figure 11a,b).
Owing to the synergetic advantages of micron-scale hollow cores and the intimately-interconnected, porous
tube walls, the sluggish three-phase (O2, electrolyte, and electrode) reactions efficiently proceed as illustrated
in Figure 11c. The exposed surface atoms, such as C and N, provide abundant active sites. The porous
walls and hollow cores within the carbon fiber promote the fast and efficient transport of O2 and electrolyte.
The interconnected graphitic walls facilitate fast electron transfer. Therefore, the unique 3D structure of
NCMT demonstrates excellent ORR activities with better durability than Pt/C (Figure 11d).

 

Figure 11. (a) Optical and (b) SEM images of NCMT-1000; (c) Schematic illustration showing the
catalysis process on NCMT-1000; (d) Stability evaluation of NCMT-1000 and Pt/C tested by the
chronamperometric responses. Reproduced from [134], Copyright 2016, The Royal Society of Chemistry.

More recently, N and S co-doped 3D hollow-structured carbon spheres (N,S-hcs) were synthesized
via a facile and environmentally friendly route of soft template avenue as an efficient and stable
metal free catalyst for the ORR [135]. Similar to the synthesis of N,S-hcs, cetyltrimethylammonium
bromide (CTAB) was used as a typically pore-forming template to fabricate mesoporous 3D N-doped
yolk-shelled carbon spheres (N-YS-CSs) via carbonization in the presence of carbon nitrogen
precursors [136] . The mesoporous surface and particle size of N-YS-CSs can be well tuned by
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controlling the amount of ammonia a catalyst, and the optimized products exhibit outstanding cathode
catalytic performance for direct methanol fuel cells. Another report is that Huang’s group used
urchin-like hierarchical silica spheres as templates for the synthesis of uniform 3D hierarchical N-doped
carbon nanoflower (NCNF) and investigated its electrocatalytic activity towards ORR [137].

4. Conclusions and Perspectives

Nanocarbon-based metal-free catalysts are promising candidates originating from low cost and
high-performance of ORR catalysts for fuel cells and metal–air batteries. In this review, we have
summarized the recent development of advanced nanocarbon-based, metal-free ORR catalysts,
including single and multiple heteroatom-doped carbon nanotubes, graphenes, and porous carbons,
as well as their hybrids. The discussion of electrocatalysis has focused on the influence of 3D structure
and heteroatoms on the electrochemical performance of nanocarbon catalysts. Compared with
commercially available Pt/C, single nonmetal heteroatom (e.g., N, S, B, and P) or multiple heteroatom
(e.g., NP, NS, NB NSO and NPO) doped nanocarbon materials show comparable or even higher
electrocatalytic activity, better durability, and greater tolerance against fuel crossover and CO poisoning.
The unique 3D structured nanocarbon materials can not only enhance the exposure and stability of
ORR active sites, but also provide the mass transport and electron transfer pathways. Therefore,
the synergetic effect between the 3D nanostructures and the doping-induced charge redistribution
results in superior ORR activity.

Over the past decade, considerable progress has been made in the development of high-efficiency
3D structured nanocarbon-based ORR electrocatalysts. However, some important challenges may
be addressed prior to practical applications: (1) The understanding of the activity mechanism of
heteroatom-doped nanocarbon is challenging to rationally correlate the electron structure, adsorption
properties, and apparent activities. For example, the nitrogen doping induces charge distribution,
and parallel diatomic O2 adsorption can effectively weaken the O–O bond and lower the ORR potential,
facilitating oxygen reduction at the N-doped nanocarbon electrode. Some theoretical and experimental
results indicate that different N doping configurations result in difference of the ORR activity and planar
pyridinic N with a lone electron pair is claimed as the active type to improve the electron-donating
capability and weaken the O–O bond. However, there is a debate that graphitic N rather than pyridinc
N may be responsible for the ORR. Therefore, in-depth understanding of the type of active sites
toward ORR and unambiguous identifying of different types of active configurations is imperative
for developing advanced heteroatom-doped nanocarbon catalysts in terms of rationally selecting
synthesis methods and precursors. Besides, more powerful and effective characterizations, including
advanced electron microscopy and in situ or operando techniques, should be combined with theoretical
calculations to identify the different active types and the actual active sites. (2) Except active sites,
two other key factors of the mass transport and electrical conductivity together determine the ORR
performance of a nanocarbon catalyst. Therefore, structure design and optimization of nanocarbon
electrocatalysts, such as pore structure, surface area, and electrical conductivity, are significantly
important to enhance their ORR performance. Generally, 3D porous structure can provide a high
surface area with abundant exposed active sites and large pore volume with multidimensional electron
transport pathways, and hence facilitate mass (e.g., ions, oxygen and discharge products) diffusion
and electron transfer, further accelerating reaction kinetics. As discussed above, great progress has
been made via designing 3D porous structures to achieve outstanding ORR performance. However,
a detailed relationship between the pore structure and mass transport capability in different media is
yet to be determined, and detailed models describing the transport of reactants and products within
the active sites are still unclear. (3) Additionally, future efforts in the research and development of 3D
nanocarbon catalysts toward ORR should focus on the tradeoffs between electrical conductivity and
surface density of active sites. With continuous research in this promising field, we look forward to
the bright future of 3D heteroatom-doped nanocarbon catalysts as well as the breakthroughs in the
understanding of the nature of the ORR on these carbon-based metal-free ORR catalysts.
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Abstract: Ag4Bi2O5/MnO2 nano-sized material was synthesized by a co-precipitation method in
concentrated KOH solution. The morphology characterization indicates that MnO2 nanoparticles
with a size of 20 nm are precipitated on the surface of nano Ag4Bi2O5, forming a structure like corn
on the cob. The obtained material with 60% Mn offers slightly higher initial potential (0.098 V vs.
Hg/HgO) and limiting current density (−5.67 mA cm−2) at a rotating speed of 1600 rpm compared to
commercial Pt/C (−0.047 V and −5.35 mA cm−2, respectively). Furthermore, the obtained material
exhibits superior long-term durability and stronger methanol tolerance than commercial Pt/C. The
remarkable features suggest that the Ag4Bi2O5/MnO2 nano-material is a very promising oxygen
reduction reaction catalyst.

Keywords: fuel cells; manganese dioxide; silver bismuthate; alkaline; oxygen reduction reaction

1. Introduction

With the rapid consumption of fossil energy, the aggravated emission of carbon dioxide (CO2)
leads to severe environmental issues. In order to reduce the consumption of gasoline, fuel cells,
especially Zn-O2, Li-O2, and the other metal-air batteries, have been considered as clean power sources,
which can directly convert chemical energy into electrical energy with higher energy conversion
efficiencies compared with traditional internal combustion engines [1]. However, the scarcity and
high cost of platinum or platinum-based catalysts [2–4] commonly used in the cathodic oxygen
reduction reaction (ORR) limit the commercialization of fuel cells. Additionally, the platinum
(Pt) or platinum-based materials are sensitive to poisoning by methanol [5]. Recently, intensive
research has been conducted to develop platinum free catalysts, such as silver (Ag) [6–9], manganese
oxide [10–13], and silver/manganese oxide composite [14–16], which are promising catalysts with
excellent performance at room temperature for alkaline fuel cells. Manganese oxides are promising
catalysts for the oxygen reduction reaction owing to their outstanding activity toward oxygen reduction
with the advantages of low cost and abundance [17]. Manganese dioxide (MnO2) has good catalytic
performance towards the oxygen reduction reaction through the integral four electrons mechanism, but
its application is limited by the instability of the structure during the discharge process [18]. Silver and
its complexes have a good ability to catalyze the oxygen reduction reaction. They were also reported
to be more stable than Pt and Pt-based catalysts during long-term operation in alkaline media [7]. Ag
and Ag-based materials are insensitive to methanol and can be applied in direct methanol fuel cells
(DMFCs) [19]. In addition, Ag and its complexes have a lower price than Pt catalysts. The advantages
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of reasonably high electrochemical activity, long-term stability, methanol tolerance, and lower price
compared with Pt make Ag and Ag-based composites attractive as catalysts for the oxygen reduction
reaction in alkaline media, especially for DMFCs due to the high methanol tolerance of silver. However,
the cost of silver and its complexes is still high compared with some other transition metals. It is urgent
to develop a facile and green method to synthetize a new catalyst with low cost, relatively excellent
electrocatalytic ability for the oxygen reduction reaction, and good stability and methanol tolerance in
an alkaline electrolyte.

In this study, a facile method was proposed to prepare nano Ag4Bi2O5/MnO2 material. MnO2

nano-particles were evenly precipitated on the surface of Ag4Bi2O5 nano-rods to form a structure like
corn on the cob. The synthesis method has the advantages of low temperature and short synthesis
period, and more importantly, MnO2 can be effectively anchored on the surface of Ag4Bi2O5 nano-rods.
This material has a comparable catalytic activity to the commercial Pt/C in terms of the oxygen
reduction reaction. The catalyst displays superior stability and methanol tolerance compared with
the commercial Pt/C. Therefore, nano Ag4Bi2O5/MnO2 material can be an effective catalyst for the
oxygen reduction reaction in alkaline solution.

2. Results and Discussion

2.1. Illustration of the Synthesis Process

Figure 1 shows the schematic of the synthesis process of Ag4Bi2O5/MnO2 nano-material.
This material was based on Ag4Bi2O5 nano-rods with manganese oxide nanoparticles deposited
on the surface to form a structure like corn on the cob. The synthesis method was so facile that
manipulation at room temperature was enough to effectively precipitate MnO2 on the surface of the
Ag4Bi2O5 rods. This structure is conducive to the synergistic effect of the three metals (Ag, Bi, and Mn)
and the adsorption of O2 on the surface of the catalyst as well as the disconnection of the O-O bonds.
The nanostructure can effectively reduce the size of the catalyst and increase the specific surface area
so that more catalytic activity sites are exposed and the oxygen reduction process can be catalyzed in
a stable and efficient way [20]. Therefore, Ag4Bi2O5/MnO2 can be considered as a promising catalyst
for the oxygen reduction reaction.

Figure 1. Schematic drawing of the synthesis process of nano Ag4Bi2O5/MnO2 material. (a) diagram
of nano Ag4Bi2O5; (b) diagram of nano Ag4Bi2O5/MnO2; (c) SEM image of nano Ag4Bi2O5; (d) SEM
image of nano Ag4Bi2O5.
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2.2. Structural and Morphological Characterizations

As is clearly illustrated in Figure 2, when Ag4Bi2O5 is added to manganese dioxide, the X-ray
powder diffraction (XRD) patterns of the samples (0–60% Mn) still have the typical characteristic
peaks of Ag4Bi2O5. From the XRD patterns, it was found that the samples were typical at 2θ = 26.37◦,
31.25◦, 31.85◦, 37.76◦ and 56.19◦ corresponding to (112), (411), (312), (600), and (332) of the Ag4Bi2O5,
respectively, according to the standard JCPDS 87-0866 of Ag4Bi2O5. The peaks of Ag4Bi2O5/MnO2 are
broad, indicating that the incorporation of Mn affects the crystalline structure of Ag4Bi2O5. There are
no typical peaks of MnO2 because the MnO2 is amorphous.
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Figure 2. X-ray powder diffraction (XRD) patterns of Ag4Bi2O5/MnO2 with different ratios of
manganese dioxide contents from 0% to 70%.

Scanning electron microscopy (SEM) images in Figure 3 of the Ag4Bi2O5/MnO2 samples show the
morphological and structural information. It can be seen in Figure 3a that nano Ag4Bi2O5 are smooth
rods with length and width of 200 nm and 30 nm, respectively. When the amount of manganese
dioxide is 10–60%, there are some nano particles on the rod-like Ag4Bi2O5, and the length and width
is still about 200 nm and 30 nm, respectively. With the increase of the ratio of manganese dioxide,
there are more nano particles on the nano rods. The structure is beneficial to the synergistic effect of
Ag, Bi, and Mn in catalyzing the oxygen reduction reaction. The nanostructure can reduce the size of
the catalyst and more catalytic activity sites are exposed so that the oxygen reduction process can be
catalyzed in a stable and efficient manner. When the amount of manganese oxide is 70%, the material
particles become larger, and the length and width are about 400 nm and 100 nm, respectively.

The results of transmission electron microscope (TEM) and high-resolution transmission electron
microscopy (HRTEM) are shown in Figure 4. It can be seen from Figure 4a that MnO2 is distributed
on the surface of rod-like Ag4Bi2O5. The HRTEM image of Ag4Bi2O5 with 60% Mn was used to
further demonstrate the detailed structural features of the material. The distances between the lattice
planes are 0.333 nm and 0.417 nm corresponding to the planes of Ag4Bi2O5 (112) and Ag4Bi2O5 (301),
respectively (Figure 4b). There are no planes of MnO2 because it is amorphous. This result is consistent
with the result of XRD.
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Figure 3. Scanning electron microscopy (SEM) images of Ag4Bi2O5/MnO2 with different ratios of
manganese dioxides contents, (a) 0%; (b) 10%; (c) 20%; (d) 30%; (e) 40%; (f) 50%; (g) 60%; and
(h) 70% Mn.

Figure 4. (a) Transmission electron microscopy (TEM) image of Ag4Bi2O5 with 60% Mn, (b) high-
resolution transmission electron microscopy (HRTEM) image of Ag4Bi2O5 with 60% Mn.
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In order to explore the elemental distribution of Ag4Bi2O5 with 60% Mn, mapping analysis of
Ag4Bi2O5 with 60% Mn was performed as in Figure 5. It can be seen that the four elements of O, Ag,
Bi, and Mn are evenly distributed. Energy dispersive spectrometer (EDS) analysis was also performed
to obtain the chemical composition shown in Figure 6. It is proved that the presence of O, Ag, Bi, and
Mn elements and the successful synthesis of Ag4Bi2O5 with 60% Mn. The atomic ratios of Ag, Bi, and
Mn are 15.56%, 7.57%, and 6.15%, respectively. The ratio of Bi and Mn is 1.23, which is close to the
theoretical ratio of 1.33. The atomic ratio of Ag:Bi conforms to the atomic ratio 2:1 in the Ag4Bi2O5.

Figure 5. Elemental mapping images of Ag4Bi2O5 with 60% Mn (a) O element, (b) Ag element, (c) Bi
element, (d) Mn element.
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Figure 6. Energy dispersive spectrometry (EDS) analysis of Ag4Bi2O5 with 60% Mn.
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To investigate the elemental compositions and the valences of the elements in the as prepared
Ag4Bi2O5 with 60% Mn composite, X-ray photoelectron spectroscopy (XPS) was employed. The results
are shown in Figure 7. Figure 7a shows the XPS survey spectra. Figure 7b–d shows the high resolution
spectra of Ag 3d, Bi 4f, and Mn 2p of Ag4Bi2O5/MnO2, respectively. In Figure 7b, it can be seen that
the peaks at 368.2 eV and 374.2 eV are Ag 3d5/2 and Ag 3d3/2, respectively. These two peaks show
that the valence state of Ag is +1 [21]. The two peaks at 158.8 eV and 163.9 eV in Figure 7c correspond
to Bi 3f7/2 and Bi 3f5/2, respectively, proving the presence of Bi of +3 [21]. Figure 7d shows the XPS
spectra of the 2p orbital of the Mn element in Ag4Bi2O5/MnO2. The two peaks at 642 eV and 653.7 eV
correspond to Mn 2p3/2 and Mn 2p1/2 of Mn4+, respectively, which indicates that the valence state of
the whole material is dominated by MnO2 which is on the surface [22].
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Figure 7. X-ray photoelectron spectroscopy (XPS) spectra of (a) Ag4Bi2O5 with 60% Mn, (b) XPS spectra
of Ag 3d, (c) XPS spectra of Bi 4f, (d) XPS spectra of Mn 2p.

2.3. Electrocatalytic Performance

To provide an insight into the activity of ORR on the Ag4Bi2O5/MnO2 material, linear sweep
voltammetry (LSV) plots were tested by a rotating disk electrode (RDE) at a speed of 1600 rpm
in O2-saturated 0.1 mol L−1 KOH solution at a scanning rate of 5 mV s−1. MnO2, Ag4Bi2O5, and
commercial Pt/C was also investigated under the same conditions. The starting potential is the
potential at the limiting current density of 0.1 mA cm−2 [23]. It is shown in Figure 8a and Table 1
that the initial potential (vo), half-wave potential (v1/2), and limiting current density (j) of Ag4Bi2O5

is −0.09 V, −0.227 V, and −2.06 mA cm−2, respectively. With the increase of content of MnO2, the
materials have a better ability to catalyze ORR due to the increase of the synergistic effects of Ag, Bi,
and Mn. The initial potential, half-wave potential and limiting current density of Ag4Bi2O5 with 60%
Mn are 0.098 V, −0.047 V, and −5.67 mA cm−2, respectively, which shows that this has the best ability
to catalyze the oxygen reduction reaction compared to any other ratio of Ag4Bi2O5/MnO2. In addition,
Ag4Bi2O5 with 70% Mn is poor for catalyzing ORR although MnO2 is increased. This result is due to
the particles of the material becoming larger, leading to fewer catalytic activity sites thus reducing the
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activity for catalyzing the oxygen reduction reaction compared with 10–60% Mn. Figure 8b shows the
RDE curves of Ag4Bi2O5 with 60% Mn at different rotation speeds (400–2500 rpm). Figure 8c shows
the Koutecky-Levich (K-L) plots which describe the relation between the inverse real current density
(j−1) and the inverse of the square root of the rotating rate (ω−1/2) [22]. The good linearity of the K-L
plots reveals that the kinetics of the ORR is first-order with respect to the concentration of dissolved
oxygen and similar electron transfer numbers at different potentials [24].

1
i
=

1
ik
+

1
id

ik = n f kC0

id = 0.62nFD2/3
0 v−1/6C0ω

1/2

Here, n is number of electrons involved in the reaction, F is the Faraday constant
(96,500 C mol−1), D0 is the diffusion coefficient of oxygen in the electrolyte (0.1 mol L−1 KOH solution)
(1.93 × 10−5 cm2 s−1), v is the viscosity coefficient of the solution (0.1 cm2 s−1), C0 is the concentration
of O2 in 0.1 mol L−1 KOH solution (1.26 × 10−3 mol L−1), ω is the speed of the disc (rad s−1) [25,26].
As calculated from Figure 8d in the potential range from −0.25 V to −0.35 V, the average number of
transferring electrons of ORR on the Ag4Bi2O5 with 60% Mn is about 3.9, indicating that the ORR
catalyzed by the Ag4Bi2O5 with 60% Mn follows the most efficient four-electron mechanism.
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Figure 8. In 0.1 mol L−1 KOH solution, (a) linear sweep voltammetry (LSV) curves of Ag4Bi2O5

with different ratios of manganese dioxides (0% Mn to 70% Mn) with O2 saturation at a potential
scanning rate of 5 mV s−1 and a rotation speed of 1600 rpm, (b) LSV curves of Ag4Bi2O5 with 60%
Mn at different rotation speeds (400–2500 rpm) at scanning rate of 5 mV s−1, (c) Koutecky-Levich
curves of Ag4Bi2O5 with 60% Mn at different potentials, (d) Number of transferring electrons at the
corresponding potentials.
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Table 1. Initial potential (vo), half-wave potential (v1/2) and limiting current density (j) of commercial
Pt/C and Ag4Bi2O5 with different contents of MnO2.

Parameter vo (V vs. Hg/HgO) v1/2 (V vs. Hg/HgO) J (mA cm−2)

0% Mn −0.09 −0.227 −2.06
10% Mn 0.042 −0.123 −3.00
20% Mn 0.046 −0.099 −3.086
30% Mn 0.052 −0.090 −3.23
40% Mn 0.052 −0.078 −3.52
50% Mn 0.111 −0.084 −4.70
60% Mn 0.098 −0.047 −5.67
70% Mn 0.107 −0.219 −2.41
100% Mn −0.014 −0.203 −2.19

Pt/C 0.179 −0.014 −5.09

To further elucidate the electrochemical performance of the Ag4Bi2O5/MnO2 materials,
the electrochemically active surface area (ECSA) can be evaluated through a simple cyclic voltammetry
(CV) measurement as in Figure S1 [27]. The calculated electrochemically effective double-layer
capacitances (Cdl) shown in Figure S2 are 0.92, 1.39, 1.51, 2.07, 2.47, 3.78, 5.02, and 1.34 mF cm−2 for
0%, 10%, 20%, 30%, 40%, 50%, 60%, and 70% Mn, respectively. This result indicates that Ag4Bi2O5 with
60% Mn can expose most electrochemically active sites during the ORR process.

It is inferred that the obtained Ag4Bi2O5 with 60% Mn catalyst offers a larger enhanced
electrocatalytic activity than Ag4Bi2O5 and MnO2 in Figure 9a,b. The initial potential (vo), half-wave
potential (v1/2) and limiting current density (j) of Ag4Bi2O5 with 60% Mn are 0.098 V, −0.047 V, and
−5.67 mA cm−2, respectively. Compared with commercial Pt/C, the initial potential and half-wave
potential of Ag4Bi2O5 with 60% Mn are 0.005 V more positive (Pt/C, 0.093 V) and 0.017 V more
negative (Pt/C, −0.03 V), respectively, and the limiting current density is slightly higher than Pt/C,
showing the performance of Ag4Bi2O5 with 60% Mn toward oxygen reduction reaction is close to Pt/C
in potential and slightly superior in current density. Previous papers showed that the doping of Bi2O3

and NaBiO3 into MnO2 would enhance the durability during the discharge process [21,28,29]. The new
material of Ag4Bi2O5/MnO2 displays two beneficial functions for both couples of Mn-Bi and Ag-Mn.
The former plays an important role of strong support of the structure of MnO2, which will greatly
enhance the durability of the catalyst, and the latter offers remarkable catalytic performance compared
to the single Ag or Mn compound. The electrocatalytic activity of Ag4Bi2O5 with 60% Mn towards ORR
was examined by CV in 0.1 mol L−1 KOH solution saturated with O2 and Ar, respectively, at a sweep
rate of 50 mV s−1. The oxygen reduction peak of Ag4Bi2O5 with 60% Mn is at −0.09 V and the peak
current density is 1.53 mA cm−2 in electrolyte solution saturated with O2, as shown in Figure 9c,d
shows the Tafel of Ag4Bi2O5 with 60% Mn and commercial Pt/C. The Tafel slope of the Ag4Bi2O5

with 60% Mn and commercial Pt/C are 73 and 68 mV dec−1, respectively. The low ORR Tafel slope of
Ag4Bi2O5 with 60% Mn implies a transition from Langmuirian adsorption to Temkin adsorption of
adsorbed O/OH groups [30]. Therefore, the electrochemical catalyst activation of Ag4Bi2O5 with 60%
Mn is close to that of Pt/C [15]. The long-term stability was assessed in O2-saturated 0.1 mol L−1 KOH
solution by chrono-amperometry. Ag4Bi2O5/MnO2 has a small decay of −13% in ORR activity after
10,800 s, while Pt/C has an attenuation of 18% shown in Figure 9e. In addition, the current density of
the Pt/C shows a much sharper decrease when methanol is introduced in the electrolyte (Figure 9f),
while the current density of Ag4Bi2O5/MnO2 only exhibits a small decrease under the same conditions.
This means that Ag4Bi2O5/MnO2 displays superior stability and methanol tolerance compared to the
commercial Pt/C.
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Figure 9. (a) LSV curves of Ag4Bi2O5 with 60% Mn, Pt/C and MnO2 by rotating disk electrode
(RDE) in KOH solution with O2 saturation at a speed of 5 mV s−1 and a rotation speed of 1600 rpm,
(b) comparison between commercial Pt/C and Ag4Bi2O5 with 0% Mn, 60% Mn, 100% Mn, at half-wave
potential (v1/2) and current density (j), (c) cyclic voltammetry (CV) curves of Ag4Bi2O5 with 60% Mn at
a scan rate of 50 mV s−1 with Ar and O2 saturation, respectively, (d) Tafel curves of Ag4Bi2O5 with 60%
Mn and commercial Pt/C, (e) i-t chrono-amperometric curves of Ag4Bi2O5 with 60% Mn and Pt/C at
−0.26 V with O2 saturation at a rotation speed of 1600 rpm, (f) methanol tolerance of Ag4Bi2O5 with
60% Mn and commercial Pt/C by chronoamperometric response with O2 saturation for 1200 s and
adding 3.0 mol L−1 CH3OH at about the 420th second.

Table 2. Comparison of oxygen reduction reaction (ORR) catalytic activities between Ag4Bi2O5 with
60% Mn and the other relevant catalysts.

Catalyst
E0 (V vs.
Hg/HgO)

E1/2(V vs.
Hg/HgO)

Currents
(mA cm−2)

Stability Reference

Ag4Bi2O5 with 60% Mn 0.098 −0.047 5.67 88% (10,800 s) This work
Mn3O4/NrGO −0.1 −0.2 4.4 63% (21,600 s) [10]

Ag@MnFe2O4/C −0.08 −0.171 4.8 88.7% (15,000 s) [31]
50% Ag-MnO2/C −0.036 −0.216 5.5 91% (50,000 s) [32]

SC-PMO −0.037 −0.237 5.0 82% (16,000 s) [33]
CPANI/Mn2O3 0.108 −0.082 5.61 91.1% (80,000 s) [34]

rGO/MnO2/Ag 0.034 −0.126 3.4 94% (10,000 s) [35]
Ag-PBMO5 0.054 −0.056 5.0 91% (50,000 s) [36]

Ag/Cu37Pd63 0.05 −0.04 2.96 77.6% (48,000 s) [37]
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Recently, several papers all from prestigious journals have reported several catalysts with good
ORR performance. The catalytic properties of these materials and the as-prepared Ag4Bi2O5 with
60% Mn in this study are compared in Table 2. Among all the listed catalysts, the Ag4Bi2O5 with 60%
Mn shows the most efficient ORR performance with positive initial potential and half-wave potential,
high limiting current density, and excellent long-term stability [33–37]. The comparison shows that
Ag4Bi2O5 with 60% Mn is a highly efficient catalyst for ORR.

3. Experimental

3.1. Reagents

All the chemicals were analytical grade and used as received without further purification.
Ag2O, Bi2O3, Mn(NO3)2, HNO3, and isopropanol were commercially available from Tianjin
Fuchen Industry Co. Ltd. (Tianjin, China). KOH was purchased from Chengdu Huarong
Chemical Reagent Co. Ltd. (Chengdu, China). Commercial Pt/C (20 wt%, Hispec 3000) was
obtained from Johnson Matthey Company (London, UK). Conductive graphite (Timcal-ks6) was
available Timical Company (Changzhou, China). Nafion solution (5 wt%, D520) was from DuPont
(Wilmington, NC, USA).

3.2. Synthesis and Physical Characterizations

An amount of 100 mL 6.5 mol L−1 KOH was employed as basic solution, marked as solution A.
Then 1.16 g Ag2O and 1.17 g Bi2O3 were dissolved in 50 mL 1 mol L−1 HNO3, and the mixture solution
was marked as solution B. The solution B was added into the solution A at a rate of 3 mL min−1. After
complete reaction of the solutions A and B, the resulting solution was aged for 1 h and marked as
solution C.

Amounts of 0 g, 0.1 g, 0.22 g, 0.38 g, 0.60 g, 0.89 g, 1.34 g, and 2.09 g of 50% Mn(NO3)2 solutions
were dissolved in deionized water to prepare portions of 20 mL solutions, respectively. These eight
Mn(NO3)2 solutions were dripped into the above solution C at a rate of 3 mL min−1, respectively.
After crystallization for 2 h, the samples were washed with deionized water until pH = 7, and then
dried in vacuum at 303.15 K for 8 h. The materials were named 0% Mn, 10% Mn, 20% Mn, 30% Mn,
40% Mn, 50% Mn, 60% Mn, and 70% Mn by ratio of moles.

All the preparation was conducted under conditions of room temperature and a strong agitation
at 2000 rpm.

3.3. Physicochemical Characterization

The phase structures of samples were analyzed by a Rigaku D/max2500VB2+/PC X-ray
diffractometer (XRD) with a Cu Kα anticathode (40 kV, 200 mA) (Rigaku Corporation, Tokyo,
Japan). The morphology and surface structure of Ag4Bi2O5/MnO2 were investigated by using
scanning electron microscopy (SEM, ZEISS, SUPRA 55, Carl Zeiss AG, Oberkochen, Germany),
transmission electron microscope (TEM, Hitachi, H-7700, Hitachi Company, Tokyo, Japan) and high
resolution transmission electron microscope (HR-TEM, JEOL JEM-2100F, JEOL Company, Tokyo,
Japan). The elemental mapping and energy dispersive spectrometer (EDS) was carried out on an X-ray
energy instrument (LINK-ISIS300, Oxford, UK). The valences of elements were analyzed by using
an X-ray photoelectron spectrometer (XPS, Thermo VG Scientic ESCALAB 250, Thermo Fisher Scientific,
Waltham, MA, USA).

3.4. Electrochemical Measurements

The electrochemical performance of the Ag4Bi2O5/MnO2 samples was tested on a rotating disk
electrode with a diameter of 5 mm (RDE, AFMRSCE, Pine Instrument, Grove, PA, USA) at rotation
speeds of 400–2500 rpm and a potential sweeping rate of 5 mV s−1 by linear sweep voltammetry
(LSV). A Hg/HgO electrode was used as the reference electrode, and a platinum wire as the auxiliary
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electrode. The working electrode was prepared as follows: 8 mg catalyst and 4 mg conductive graphite
were dispersed ultrasonically for 30 min in a mixture of 55 μL Nafion solution, 430 μL isopropanol
and 650 μL deionized water to form catalyst ink. Then 5.6 μL of the ink was spread on the glassy
carbon electrode (GCE) and dried at room temperature. The working electrode was loaded with
a catalyst amount of 0.2 mg cm−2. Cyclic voltammetry (CV) of Ag4Bi2O5/MnO2 was conducted using
an electrochemical workstation (CHI 760d, Chenhua Instruments, Shanghai, China). The potential
range of the CV was between −0.3 V and 0.3 V (V vs. Hg/HgO). The electrochemical tests of LSV,
CV, and Tafel were performed in 0.1 mol L−1 KOH solution saturated with oxygen (O2) or argon (Ar)
gas. The i-t chronoamperometric was tested at −0.26 V with O2 saturation for 10,800 s. The methanol
tolerance test was performed in 0.1 mol L−1 KOH solution saturated with O2 for 1200 s and 3.0 mol L−1

CH3OH was added at about the 420th second. The results were shown by chronoamperometry curves.
For comparison, Ag4Bi2O5, and MnO2 were also tested by the same procedure.

4. Conclusions

Ag4Bi2O5/MnO2 nano-material was successfully synthesized by a co-precipitation method.
The MnO2 nano particles were distributed on the surface of rod-like Ag4Bi2O5 crystals to form
a structure like corn on the cob. Compared with a commercial Pt/C catalyst, the Ag4Bi2O5 with
60% Mn nano-material has an equivalent ORR activity in alkaline media, but a better stability and
methanol tolerance. The excellent electrochemical activity of Ag4Bi2O5/MnO2 might benefit from
the synergistic effects of Ag, Bi, and Mn as well as more active sites. The synergistic effects of the
Ag-Mn elements remarkably enhanced the catalytic activity. The Bi-Mn elements and the corn-cob
like structure of Ag4Bi2O5/MnO2 are propitious to strengthen the stability of the catalyst. More
active sites contribute to the adsorption of O2 on the catalyst surface and the breakage of O-O bonds.
In alkaline conditions, the catalyst can catalyze the oxygen reduction reaction through the four-electron
mechanism. Therefore, nano Ag4Bi2O5/MnO2 has proved to be a very promising oxygen reduction
catalyst under alkaline conditions.

Supplementary Materials: The following are available online at www.mdpi.com/2073-4344/7/12/379/s1,
Figure S1: CV curves of Ag4Bi2O5 with different content of MnO2, (a) 0%; (b) 10%; (c) 20%; (d) 30%; (e) 40%; (f) 50%;
(g) 60%; (h) 70%, Figure S2: Extraction of the Cdl for Ag4Bi2O5/MnO2 with different ratios of manganese dioxides.
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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,
are kinetically intrinsic sluggish reactions, and primarily catalyzed by precious metal centers, e.g., Pt,
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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.

 

Figure 1. Schematic organization of the cobalt-based catalysts (CoCat) including layered double
hydroxides, chalcogenides, oxides, M–Nx/C and metal organic framework with some major applications.
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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

125



Catalysts 2018, 8, 559

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.

 
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.

 
Figure 3. (a) Raman spectra; (b) X-ray diffraction (XRD) patterns; (c) oxygen reduction reaction (ORR)
polarization curves of CoSe2/N-doped carbon nanohorns (NCNH), CoSe2/carbon nanohorns (CNH),
CoSe2/C, NCNH and Pt/C catalysts in O2-saturated 0.1 KOH at 1600 rpm at a scan rate of 5 mV s−1

(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 4. (a) scheme of the synthesis of N-doped reduced graphene oxide (N-RGO); (b) XRD patterns
of supported hexagonal CoSe onto GO and N-RGO; (c) BET–nitrogen adsorption–desorption isotherms
of rGO(1000), and NG25(1000); (d) ORR polarization curves of NC25(1000), NG25(1000), CoSe/C,
CoSe/NC25(1000), CoSe/NG25(1000) and Pt/C electrocatalysts at 900 rpm (cathodic sweep) in
O2-saturated 0.1 M KOH at 25 ◦C with the catalyst loading of 0.286 mg cm−2; and (e) ORR Tafel
plots of supported CoSe catalysts in alkaline medium. Reproduced from [67], Copyright © The
Electrochemical Society, 2017.

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.

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 ΔE = 0.75 V (ΔE = 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.

 
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 ΔE = 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.

 

Figure 8. Representation of Co@N–CNTs–m resulting from CoAl–layered double hydroxides
(LDH)/melamine mixture. Reproduced from [32], Copyright © Elsevier, 2016.

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
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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 ΔE (ΔE = 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).

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).
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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)

Figure 12. The oxygen evolution reaction (OER) mechanism in acid (blue line) and alkaline (red line)
medium. Two reaction routes of oxygen evolution take place: (1) black line indicates that the process
involves the formation of a peroxide (M–OOH) intermediate; (2) green line indicates that the direct
reaction of two adjacent oxo (M–O) intermediates to produce molecular oxygen. Reproduced from [4],
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 ΔE 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.

 
Figure 13. The scheme exemplifying the proposed OER electrocatalytic mechanism on Co3O4 NSs.
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.

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
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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.

 

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].

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.

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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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.

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].

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.

Figure 21. (a) Schematic illustration of the synthesis of CoS2/RGO; and (b) HER polarization curves
(cathodic sweep) collected on different catalysts with mass loading of 0.285 mg cm−2 in 0.5 M H2SO4

acidic solution at a scan rate of 5 mV s−1 at room temperature. Reproduced from [176], Copyright ©
Elsevier, 2017.

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.

Figure 22. Schematic representation of (a) the etching process of metal@carbon by pre-oxidation; (b) the
synthetic chemical route for CoSe2@DC. Reproduced from [64], Copyright © Elsevier, 2016.
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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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Abstract: Metal–organic framework (MOF) materials can be used as precursors to prepare
non-precious metal catalysts (NPMCs) for oxygen reduction reaction (ORR). Herein, we prepared
a novel MOF material (denoted as Co-bpdc) and then combined it with multi-walled carbon
nanotubes (MWCNTs) to form Co-bpdc/MWCNTs composites. After calcination, the cobalt ions
from Co-bpdc were converted into Co nanoparticles, which were distributed in the graphite carbon
layers and MWCNTs to form Co-bpdc/MWCNTs. The prepared catalysts were characterized by TEM
(Transmission electron microscopy), XRD (X-ray diffraction), XPS (X-ray photoelectron spectroscopy),
BET (Brunauer–Emmett–Teller), and Raman spectroscopy. The electrocatalytic activity was measured
by using rotating disk electrode (RDE) voltammetry. The catalysts showed higher ORR catalytic
activity than the commercial Pt/C catalyst in alkaline solution. Co-bpdc/MWCNTs-100 showed the
highest ORR catalytic activity, with an initial reduction potential and half-wave potential reaching
0.99 V and 0.92 V, respectively. The prepared catalysts also showed superior stability and followed
the 4-electron pathway ORR process in alkaline solution.

Keywords: metal–organic framework; non-precious metal catalyst; oxygen reduction reaction;
Co-bpdc; Co-bpdc/MWCNTs composites

1. Introduction

In recent years, as a result of the global energy crisis and environmental pollution, the search
for cheap, efficient, and environmentally friendly alternative energy conversion and storage systems
has aroused huge and sustained interest [1,2]. Hydrogen is a clean energy source, and fuel cells are
the best way to utilize it. Fuel cells are considered one of the most efficient clean power-generating
technologies of the 21st century. However, the high cost of fuel cells limits their commercialization;
the precious metal catalysts make up a large part of the cost. To realize commercialization of the fuel
cells as soon as possible, we urgently need to develop high-efficiency and low-cost non-precious metal
catalysts to replace the high-cost, platinum-based noble metal catalysts [3–7].

Oxygen reduction reaction (ORR) plays a pivotal role in fuel cells and metal–air batteries [8–10].
Among the various non-noble metal ORR catalysts, transition metal–nitrogen–carbon (M/N/C)
complexes or composites have attracted much attention due to their low price, high activity,
long durability, and high resistance to methanol exchange [11,12]. Over the past several decades,
non-noble metal catalysts (mainly Fe or Co) have been the most studied and have made great
progress [13–17]. Jasinski first reported that nitrogen-containing metal macrocyclic compounds were
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able to catalyze oxygen reduction reaction, and thus created a new era of non-precious metals and
non-metallic catalysts [10]. Subsequent studies have found that the activity and stability of the
catalyst can be improved by pyrolyzing the metal salt compound and the nitrogen macrocyclic
compound, which contain transition metal, nitrogen source, and carbon source [17–19]. Furthermore,
the heteroatom-doped carbon material is a kind of promising material that can be used to replace
the noble metal catalyst, and the doping of the carbon material with heteroatoms can effectively
improve electrocatalytic activity and stability [20–22]. Among the heteroatom-doped carbon materials,
nitrogen-doped carbon nanomaterials have been extensively studied because of their low cost,
high electrocatalytic activity, high durability, and good environmental protection [23–25]. Many results
have shown that the introduction of nitrogen atoms can induce the ionization of adjacent carbon
atoms, promote the adsorption of oxygen, and lead to the improvement of catalytic activity.
Nitrogen-doped carbon materials can also work with metal compounds to significantly improve
catalytic efficiency [21,26].

Metal–organic framework (MOF) materials are composed of inorganic metal centers (metal ions or
metal clusters) and bridged organic ligands through self-assembly interconnection, forming a porous
crystalline material with a cyclical network structure [27–30]. MOF materials have a great prospect
in non-precious metal catalysts because MOF materials have many advantages, such as structural
diversity, adjustable aperture, and large specific surface area. These advantages have attracted
the attention of researchers, and make MOF materials widely used in the catalytic field [29,31–33].
Since MOF-derived catalysts have many fully exposed nanostructures, resulting in their excellent
electron transport properties, these catalysts have high electrocatalytic activity in fuel cells, in both
acidic and alkaline electrolytes [29,34]. We can modify a MOF material to make it rich in Fe–N4 or
Co–N4 coordination structure, so that the MOF material contains transition metal, nitrogen source,
and carbon source. Specifically, we can introduce nitrogen atoms to form nitrogen-containing organic
ligands, and then coordinate the modified ligands with the transition metal ions, to form a new kind
of MOF material that contains nitrogen [30,33,34].

2. Results

Herein, we reported a novel MOF material (denoted as Co-bpdc) and the preparation of
Co-bpdc/MWCNTs composites. The Co-bpdc and Co-bpdc/MWCNTs composites were heated
at a high temperature in a N2 atmosphere to form the catalysts. After calcination, the structure of
the Co-bpdc/MWCNTs composites was destroyed, and the organic ligands from the Co-bpdc were
carbonized to the graphite carbon layer. The central cobalt ions from the Co-bpdc were converted
into Co nanoparticles, which were then distributed in the graphite carbon layers and MWCNTs.
The MWCNTs worked as carriers and helped to disperse the cobalt atoms, and the addition of
MWCNTs also improved the conductivity and electrocatalytic activity of the catalysts. For all the
above reasons, the prepared catalysts have a higher ORR catalytic activity than the commercial Pt/C
catalyst in alkaline media.

Formatting of Mathematical Components. The electron transfer number (n) during the oxygen
reduction reaction was calculated from the Koutecky–Levich equation:

1
J
=

1
JL

+
1
JK

=
1

Bω1/2 +
1
JK

(1)

B = 0.62nFC0(D0)
2/3υ−1/6 (2)

JK = nFkC0 (3)

Here, J is the current density, JL and JK are the diffusion- and kinetic-limiting current densities,
respectively, ω is the angular velocity, F is the Faraday constant (96,485 C mol−1), C0 is the O2 bulk
concentration (C0 = 1.26 × 10−6 mol cm−3), D0 is the diffusion coefficient of the O2 in 0.1 M KOH or
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HClO4 (D0 = 1.9 × 10−5 cm s−1), υ is the kinematic viscosity of the electrolyte (υ = 0.1 m2 s−1 in 0.1 M
KOH or HClO4) [35].

Rotating ring-disk electron (RRDE) measurement can verify the ORR catalytic pathways of
catalysts. We performed the measurement using a glassy carbon disk with a Pt ring at 0.73 V at a
rotating speed of 1600 rpm. The electron transfer number (n) and the peroxide yield (HO2−) during
the ORR process can be calculated according the following equation:

n =
4Id

Id +
Ir
N

(4)

%(H2O2) =
200Ir

N

Id +
Ir
N

(5)

Here, Id and Ir are the disk current and ring current, respectively, and N is the current collection
efficiency of the Pt ring (0.37) [35].

3. Discussion

Our preparation process of the Co-bpdc/MWCNTs composites is based on the Co-bpdc and
MWCNTs. Firstly, phenanthroline was oxidized to 2,2′-bipyridine-3,3′-dicarboxylic acid (H2bpdc) by
potassium permanganate under alkaline conditions. Secondly, the Co-bpdc was synthesized with the
cobalt center and 2,2′-bipyridine-3,3′-dicarboxylic acid under acidic conditions with the hydrothermal
synthesis. Co-bpdc works as MOF precursors, which provided the transition metal and nitrogen
sources. The coordination between cobalt ions and H2bpdc is shown in Figure 1, and Co-bpdc can also
be expressed as [Co(bpdc)(H2O)2]n. Secondly, the MWCNTs were introduced during the coordination
reaction to obtain Co-bpdc/MWCNTs composites. Finally, the Co-bpdc and Co-bpdc/MWCNTs
composites were pyrolyzed by heating at a high temperature in N2 atmosphere, and then the catalysts
were prepared.

Figure 1. The coordination diagram between cobalt ions and H2bpdc.

The formation of Co-bpdc and Co-bpdc/MWCNTs composites after calcination was confirmed by
X-ray diffraction (XRD), as shown in Figure 2. The characteristic diffraction peak at 26◦/2θ belongs to
the (002) plane of the graphitic carbon in the MWCNTs, consistent with the results in the literature [35].
The (100) plane of the graphitic carbon in the prepared catalysts disappeared, and the (002) plane
of graphitic carbon intensity in all the prepared catalysts was lower than that of graphitic carbon
intensity in MWCNTs, indicating that the introduction of Co-bpdc decreased the graphitization of
MWCNTs. In addition, the characteristic diffraction peaks at 44◦, 51◦, and 75◦/2θ belong to the (111),
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(200), and (220) planes of Co nanoparticles (JCPDS no. 15-0806), indicating that the central cobalt
ions from the Co-bpdc and Co-bpdc/MWCNTs have been converted into Co nanoparticles after
calcination. This result proves that the prepared catalysts contain the single crystal face-centered cubic
structure [36]. The diffraction peak for Co (220) is used to evaluate the particle size of Co by Scherrer’s
equation:

D =
0.9λ

Bcosθ
(6)

Here, D is average particle size, the wavelength λ is close to 0.154056 nm, θ is the angle of Co
(220) peak and B is the full width at half-maximum in radians (FWHM) [37]. The calculated average
particle size of Co nanoparticles is 16.54 nm.

To some extent, with the increase of MWCNTs content, more dispersed cobalt particles result
in more active sites being exposed, because of the greater dispersion of cobalt particles. When the
content of MWCNTs is excessive, the excessive MWCNTs will cover part of active sites, resulting in
the reduction of active sites in catalysts.

Figure 2. XRD patterns of Co-bpdc/MWCNTs compositions with different contents of MWCNTs.

Figure 3 shows the Raman spectra of MWCNTs and Co-bpdc/MWCNTs composites after
calcination. The Raman spectra display the characteristic D band (at about 1345 cm−1) and G band
(at about 1590 cm−1) of the carbon in the catalysts [38]. Because the incorporation of heteroatoms
(mainly nitrogen) leads to a certain degree of defects in the carbon material, the ratio of the intensity
of the D band to that of the G band (ID/IG) is used to characterize the defects of the carbon material.
Here, the ratio for MWCNTs, reaching 1.09, is the lowest and the ratio for Co-bpdc/MWCNTs-100,
reaching 1.64, is the highest among the prepared catalysts. These results indicate that the introduction
of Co-bpdc increases the defects of MWCNTs.
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Figure 3. Ramanspectra of Co-bpdc/MWCNTs compositions with different contents of MWCNTs.

Figure 4 exhibits the typical morphology of Co-bpdc and Co-bpdc/MWCNTs composites.
The Co-bpdc crystal has a rectangular structure in Figure 4a. The MWCNTs were successfully
combined with the Co-bpdc as observed in Figure 4b. After the calcination, Figure 4c,d demonstrates
the microstructure of Co-bpdc and Co-bpdc/MWCNT composites. From Figure 4c,d, we found that
the structure of Co-bpdc was destroyed and a degree of agglomeration took place. The structure of
Co-bpdc/MWCNTs composites was destroyed, and the organic ligands from the Co-bpdc carbonized
to the graphite carbon layer. The central cobalt ions from the Co-bpdc were converted into Co
nanoparticles, and then the Co nanoparticles were distributed in the graphite carbon layers and
MWCNTs. The average particle size of the Co nanoparticles was calculated to be 16.93 nm (Figure 4e),
which is close to the XRD result. This result indicates that the addition of MWCNTs can make the
cobalt nanoparticles distribute more uniformly, and this structure can contribute to the transmission
of oxygen and electrolytes to the catalyst surface. A HRTEM (High-resolution transmission electron
microscopy) image of the Co-bpdc/MWCNTs-100 is shown in Figure 4f. As shown in Figure 4f,
the metal particle is coated by carbon layers, and the lattice distance of 0.244 nm corresponds to the
lattice fringe (111) of Co and is consistent with the XRD results [39].

169



Catalysts 2017, 7, 364

Figure 4. (a) TEM image of Co-bpdc; (b) TEM image of Co-bpdc/MWCNTs-100; (c) TEM image of
Co-bpdc after calcination; (d) TEM image of Co-bpdc/MWCNTs-100 after calcination; (e) particle size
distribution of Co-bpdc/MWCNTs-100; and (f) HRTEM image of Co-bpdc/MWCNTs-100.

The elemental compositions and valence states of these catalysts were studied by X-ray
photoelectron spectroscopy (XPS). Figure 5a reveals the presence of C, N, O, and Co in
Co-bpdc/MWCNTs-100. For example, the high-resolution C 1s spectrum is deconvoluted in Figure 5b.
The peaks at 284.6 and 285.6 eV are attributed to sp2-hybridized graphite-like carbon (C–C sp2)
and sp3-hybridized diamond-like carbon (C–C sp3), respectively. The peaks at 286.5 and 287.7 eV
correspond to C–O/C–N and C=O/C=N, respectively, on the surface of the catalyst, indicating
successful N-doping [35,40]. The peak at 290.4 eV belongs to the p-p* shake up satellites of sp2

graphite-like carbon, indicating the occurrence of aromatization during the carbonization of the
catalyst. The N element in the catalysts comes from the organic ligands in the Co-bpdc. The N element
in Co-bpdc/MWCNTs-0 is the highest among the prepared catalysts, reaching 3.54 wt %, followed
by that in Co-bpdc/MWCNTs-100 (Table 1). The fitted N 1s spectrum of Co-bpdc/MWCNTs-100
in Figure 5c can be deconvoluted to four N species: pyridinic N at 398.2 eV, pyrrolic N at 399.8 eV,
graphitic N at 401.2 eV, and oxidized N at 402.5 eV [35]. Figure 5d shows the deconvoluted Co 2p
spectrum. The two peaks at 780.5 eV and 795.6 eV correspond to Co 2p3/2 and Co 2p1/2, in accordance
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with the report on Co3O4 [35,39]. These results indicate that the element of cobalt appears in the
catalysts mainly as cobalt metal and in a small amount as cobalt oxide.

Figure 5. XPS spectra of Co-bpdc/MWCNTs-100: (a) Survey scan spectrum; (b) deconvoluted C 1s
spectrum; (c) deconvoluted N 1s spectrum; and (d) deconvoluted Co 2p.

Table 1. The proportion of different atoms in Co-bpdc/MWCNTs composites with different contents
of MWCNTs.

Elements 0 20 40 60 80 100 120

C 66.65 88.01 89.75 91.05 92.51 91.94 92.67
O 23.79 7.24 6.06 5.65 4.39 4.9 4.79
Co 6.01 3.12 2.35 1.44 1.24 1.14 1.3
N 3.54 1.63 1.84 1.86 1.87 2.02 1.24

From Table 1, we found that the relative content of O, Co and N in the catalysts containing
MWCNTs decreases, compared with Co-bpdc. The main reasons are as follows. During the
formation of Co-bpdc/MWCNTs composites, MWCNTs are incorporated into Co-bpdc, resulting in
Co-bpdc/MWCNTs composites becoming a porous material. After calcination, Co-bpdc/MWCNTs
composites were carbonized and the structure of Co-bpdc/MWCNTs composites was destroyed,
resulting in a substantial loss of elements in the catalysts. The relative contents of O, Co and N in
Co-bpdc were higher than the other catalysts, due to the large amount of agglomeration occurring
during calcination. The presence of MWCNTs make Co particles distribute on the MWCNTs more
uniformly. Excluding Co-bpdc, with increasing content of MWCNTs, the content of nitrogen in
the catalysts first increases, reaching a maximum of 2.02% at 100 mg of MWCNTs, and then drops.
However, the trend of Co elements is opposite to the trend of nitrogen elements.
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Figure 6 depicts the nitrogen adsorption–desorption isotherm and the corresponding pore-size
distribution curve of Co-bpdc/MWCNTs-100. The Brunauer–Emmett–Teller (BET) surface area and the
cumulative pore volume of Co-bpdc/MWCNTs-100 are 221.02 m2 g−1and 0.47 cm3 g−1, respectively.
The isotherm is a type IV BET isotherm with a H3-type hysteresis loop (P/P0 > 0.4), and the pore-size
distribution curve shows a wide pore size distribution, ranging from micropores to mesopores,
indicating the mesoporous characteristic of the Co-bpdc/MWCNTs-100. This characteristic contributes
to the diffusion of oxygen onto the catalyst surface [35]. As a comparison, the BET surface area of
Co-bpdc is 92.92 m2 g−1, which is lower than Co-bpdc/MWCNTs-100. The higher specific surface
area means that the catalysts contain more active sites in unit volume, leading to the higher catalytic
activity of the corresponding catalyst.

Figure 6. Nitrogen adsorption–desorption isotherm of Co-bpdc/MWCNTs-100.

The electrocatalytic activities of the as-prepared catalysts toward oxygen reduction reaction
(ORR) were measured by cyclic voltammetry (CV) and linear sweep voltammetry (LSV) with a
rotating disk electrode (RDE) in 0.1 M KOH solution. In Figure 7a, between 0.1 V and 1.6 V, all the
prepared catalysts show a featureless voltammogram current curve in N2-saturated solution, but a
voltammogram with well-defined cathodic peaks in an O2-saturated solution indicates that the
catalysts have good oxygen reduction electrocatalytic activity [19]. The polarization curves of the
prepared catalysts and the commercial Pt/C catalyst are shown in Figure 7b. Of all the prepared
catalysts, Co-bpdc/MWCNTs-100 exhibits the best electrocatalytic activity toward ORR, and its initial
reduction potential and half-wave potential reach 0.99 V and 0.92 V, respectively. The electrocatalytic
activity of Co-bpdc/MWCNTs-100 toward ORR is much higher than that of the commercial Pt/C
catalyst. Moreover, Co-bpdc/MWCNTs-100 also shows a larger current density than the other catalysts.
On the other hand, Co-bpdc/MWCNTs-0 exhibits the worst electrocatalytic activity, and its initial
reduction potential and half-wave potential reaches 0.90 V and 0.87 V, respectively, indicating that the
introduction of MWCNTs can enhance the electrocatalytic activity. This result confirms that the higher
specific areas of catalysts mean higher catalytic activity.
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Figure 7. (a) Cyclic voltammetries (CVs) of Co-bpdc/MWCNTs-100; and (b) Oxygen reduction reaction
(ORR) polarization curves of 20% Pt/C and Co-bpdc/MWCNTs catalysts with different contents of
MWCNTs in 0.1 M KOH (Scan rate: 10 mV s−1; rotation rate: 1600 rpm).

To better understand the role of cobalt atoms in these catalysts, we acidified the
Co-bpdc/MWCNTs-100 catalyst to retain the cobalt atoms in the catalyst. Figure 8a shows that the
catalytic activity of the acidified catalyst is not as good as that of Co-bpdc/MWCNTs-100, an indication
that the cobalt atoms in the catalyst affect the oxygen reduction reaction. In addition, based on the
ORR polarization curves of Co-bpdc/MWCNTs-100 and commercial Pt/C catalyst, the corresponding
Tafel plots are shown in Figure 8b. The Tafel plot of Co-bpdc/MWCNTs-100 was determined to
be 99.6 mV dec−1, which is close to commercial Pt/C catalyst (96.6 mV dec−1), indicating a similar
reaction mechanism to the commercial Pt/C catalyst [41].

Figure 8. (a) ORR polarization curves of Co-bpdc/MWCNTs-100 and acidified Co-bpdc/MWCNTs-100
in 0.1 M KOH (Scan rate: 10 mV s−1; rotation rate: 1600 rpm); (b) Tafel plots of 20% Pt/C and
Co-bpdc/MWCNTs-100 in 0.1 M KOH.

It can be deduced that the nitrogen content is not the only factor that can affect the electrocatalytic
activity of the prepared catalysts. The addition of MWCNTs allows the cobalt nanoparticles to distribute
more uniformly, thus allowing the transmission of oxygen and electrolytes to the catalyst surface,
thereby increasing the electrocatalytic activity towards the oxygen reduction reaction.

To further understand the reaction mechanism toward ORR in alkaline solution, the polarization
curves of Co-bpdc/MWCNTs-100 at different rotating speeds are plotted in Figure 9a, and the
corresponding Koutecky–Levich (K–L) plots are shown in Figure 9b. The polarization curves of
Co-bpdc/MWCNTs-100 at different rotating speeds have the same initial reduction potential, but the
current density increases with the increase of rotating speed. The K–L plots show excellent linearity
and near coincidence in alkaline solution, indicating that the reactions on Co-bpdc/MWCNTs-100
follow first-order reaction kinetics and the electron transfer numbers (n) at different potentials are
similar. The electron transfer numbers of the standard commercial Pt/C catalyst should be 4 [37].
The electron transfer numbers of Co-bpdc/MWCNTs-100 at different potentials were calculated to be
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in the range of 3.92–4.00 in an alkaline solution, with an average value of 3.97, which is very close to 4.
These results indicate that the catalysts we prepared favor the 4-electron ORR process.

Figure 9. (a) ORR polarization curves of Co-bpdc/MWCNTs-100 at various rotating rates in 0.1 M KOH
(scan rate: 10 mV s−1); and (b) Koutecky–Levich plots of Co-bpdc/MWCNTs-100 at various potentials.

The RRDE measurements are shown in Figure 10. The measured H2O2 yields of
Co-bpdc/MWCNTs-100 are below ~5% over the potential range of 0.15 V–1.0 V, and the electron
transfer numbers are close to 4.0, consistent with the results calculated from the Koutecky–Levich
equation based on the RDE measurements. The above results indicate that the prepared catalysts
mainly favor the 4-electron ORR process.

Figure 10. (a) Rotating ring-disk electron (RRDE) curve of Co-bpdc/MWCNTs-100 at 1600 rpm;
and (b) electron transfer number and peroxide yield obtained at various potentials from RRDE curves.

The specific surface activity (SSA) values of Co-bpdc/MWCNTs-100 in the alkaline solution are
obtained by the following equation:

SSA =
jk

mEC − ABET
(7)

Here, jk is the ORR kinetic current obtained on K–L plots at 0.90 V vs. RHE. mEC is
the Co-bpdc/MWCNTs-100 mass deposited on the RRDE tip and the ABET is the BET area
of Co-bpdc/MWCNTs-100 [42]. It was calculated that jk is 0.511 mA cm−2 and mEC of
Co-bpdc/MWCNTs-100 is 0.408 mg cm−2. The SSA of Co-bpdc/MWCNTs-100 is 0.57 μg cm−2.
The SSA of Co-bpdc/MWCNTs-100 is almost three orders of magnitude lower than the Pt/C
Refs. [42,43].
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The probable intrinsic performance of the active sites is as follows: the ORR process
in the alkaline solution can be rationalized considering that (a) O2 is absorbed on the Co
nanoparticles; (b) O2 is absorbed on the surface of Co-bpdc/MWCNTs-100. At the low ORR
overpotentials, (b) the process is inhibited and (a) the process takes place on the Co nanoparticles
of Co-bpdc/MWCNTs-100, which favor the 4-electron ORR process. When the ORR overpotentials
exceed 9.0 V, Co-bpdc/MWCNTs-100 favor the 4-electron ORR process and 2-electron ORR process
simultaneously, which could produce the H2O2. Finally, H2O2 is reduced to water on the surface of
Co-bpdc/MWCNTs-100.

The electrocatalytic stability of Co-bpdc/MWCNTs-100 was assessed by the repetitive cycles in the
range 0.5–1.5 V (at a scan rate of 100 mV s−1). The polarization curve of Co-bpdc/MWCNTs-100 after
5000 cycles and the initial polarization curve of Co-bpdc/MWCNTs-100 are shown in Figure 11.
The initial reduction potential does not decrease significantly and the half-wave potential of
Co-bpdc/MWCNTs-100 shows only a negative shift of 5 mV. In addition, in the potential range
of 0.4–0.7 V, the polarization curve after 5000 cycles shows an even higher current density than the
initial polarization curve. These results indicate that Co-bpdc/MWCNTs-100 has a good ORR stability.
The outstanding catalytic activity and stability of Co-bpdc/MWCNT composites make it a promising
ORR electrocatalyst.

Figure 11. ORR polarization curves at 0 and 5000 cycles for Co-bpdc/MWCNTs-100.

4. Materials and Methods

4.1. Catalyst Preparation

Preparation of H2bpdc. Phenanthroline (8 g), potassium permanganate (19 g) and sodium
hydroxide (3.2 g) were added into 300 mL of deionized water in a flask. The mixture was heated
at 98 ◦C for 3 h to obtain a purple black turbid liquid and a dark brown precipitate. A dark yellow
transparent liquid was obtained by filtration. The filtrate was concentrated by evaporation to 150 mL
and hydrochloric acid was added to adjust the pH to 2.0–2.5, resulting in a large amount of white
precipitate after 24 h. Finally, the precipitate was collected by filtration and washed with deionized
water to give the organic ligand (H2bpdc).

Preparation of Co-bpdc. Co(NO3)2.6H2O (0.291 g) and H2bpdc (0.244 g) were ultrasonically
dissolved in 40 mL of a solution of ethanol (V water:V ethanol = 2:1), NaOH was added to adjust the pH
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to 6, and the mixture was heated and stirred for 5 h. The resulting orange crystals were collected by
filtration, washed with deionized water, and dried in a dryer.

Preparation of Co-bpdc/MWCNTs composites. Co(NO3)2·6H2O (0.291 g) and H2bpdc (0.244 g)
were ultrasonically dissolved in 40 mL of a solution of ethanol in water (V water:V ethanol = 2:1), and then
a NaOH solution was added to adjust the pH to 6. Different amounts of acid-treated MWCNTs (20, 40,
60, 80, 100, and 120 mg) were added the mixture solution, heated, and stirred for 5 h. The resulting
crystals were collected by filtration, washed with deionized water, and dried in a dryer.

Preparation of catalysts. The above prepared Co-bpdc and Co-bpdc/MWCNTs composites were
transferred into a tube furnace and exposed to a flow of nitrogen for 30 min. The furnace was heated to
600 ◦C at a rate of 4 ◦C min−1 for 4 h and then cooled down to room temperature. Finally, the catalysts
were ground and sealed.

4.2. Materials Characterization

X-ray diffraction (XRD) was performed on a Bruker D8 Advanced diffractometer
(BrukerAXSGmbH, Karlsruhe, Germany) with Cu Kα radiation (λ = 1.5406 Å) to obtain the crystalline
structures of catalysts. Raman spectra were obtained on a Raman Spectrometer (Thermo Fisher
Scientific, Waltham, MA, USA) equipped with a Leica DMLM microscope and a 514 nm Ar+ ion laser
as an excitation source. The microstructure and morphology of the catalysts were observed under
a JEOL JEM-3010HR and a JEM-2100 microscope (Japan electronics Co., Ltd., Tokyo, Japan). X-ray
photoelectron spectroscopy (XPS) was performed on a Thermo Fisher Scientific ESCALAB 250 imaging
photoelectron spectrometer (Thermo Fisher Scientific, Waltham, MA, USA). The specific surface area
and the pore size distribution are measured by the BET model and Barrette–Joynere–Halenda (BJH)
model, respectively, on an ASAP 2460 instrument (Quantachrome, South San Francisco, CA, USA).

4.3. Electrochemical Test

The electrochemical measurements were obtained at room temperature on an IM6ex
electrochemical workstation manufactured by ZAHNER ENNIUM (Kronach, Germany) with a
standard three-electrode system. The glassy carbon rotating disk electrode (5 mm in diameter) was
used as the working electrode. A platinum electrode and an Hg/HgSO4 electrode with saturated KCl
solution were used as the counter and reference electrodes, respectively. All the potentials measured
were converted to reversible hydrogen electrode (RHE) scale. Cyclic voltammetry (CV) and linear
sweeping voltammetry (LSV) were performed with a rotating disk electrode (RDE) and a rotating
ring disk electrode (RRDE) on samples in 0.1 M KOH solution saturated with N2 or O2 (versus RHE).
The preparation process of catalyst ink is as follows: 4 mg of the catalysts and 10 μL of 0.5 wt %
Nafion solution were dispersed in 1 mL of isopropanol solution (V isopropanol:V H2O = 2:3) ultrasonically.
We took 20 μL of the catalyst ink (containing 80 μg of catalysts) and dropped it on the surface of the
glassy carbon electrode, and then the catalyst ink was naturally dried at room temperature before
the measurement.

5. Conclusions

We have synthesized a novel MOF material (named as Co-bpdc) and applied it to a series
of non-precious metal catalysts for fuel cells. The prepared catalysts show higher ORR catalytic
activity than the commercial Pt/C catalyst in alkaline solution, and Co-bpdc/MWCNTs-100 shows the
highest ORR catalytic activity of the series, with its initial reduction potential and half-wave potential
reaching 0.99 V and 0.92 V, respectively, in 0.1 M KOH solution. Moreover, the catalysts favor the
4-electron ORR process in alkaline solution, and exhibit higher stability in alkaline solution than
the commercial Pt/C catalyst. The addition of MWCNTs can enhance the electrocatalytic activity.
In addition, this work provides a novel idea for the synthesis of MOF materials as precursors to prepare
ORR electrocatalysts. Our results indicate that MOF materials have great potential in non-precious
catalysts for full cell applications.
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