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Abstract
The generation of novel mesoporous materials with well-defined structure and accessible pore networks is helpful in both
fundamental and energy-related research. Nanocasting mesoporous earth-abundant materials and their composite materials offer
opportunities to make electrochemically active materials that allow scalable production and cost-effectiveness. Recently, due to
their intrinsic open pore structure as well as high surface areas, various mesoporous cobalt-based ordered materials have been
applied to electrocatalysis, rechargeable batteries, and supercapacitors. In this review, we have critically evaluated the advance-
ments made specifically in three- and two-dimensionally (3D/2D) electrode Co-basedmaterials (oxides, nitrides, phosphides, and
sulfides).We outline foreseeable challenges and issues for the utilization of mesostructured cobalt-based electrode materials. This
review also provides guidelines for further work to those who work on energy-related applications of mesoporous cobalt-based
materials.
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Introduction

Significant effort has been put in to develop highly active,
selective, and low-cost catalytically active electrode materials
for energy systems [1]. Low-cost earth-abundant materials are
rapidly rising as promising alternatives for energy production
and conversion. In particular, mesoporous cobalt-based mate-
rials have attracted more attention due to their low-cost, natu-
ral abundance, and superior catalytic performance [2–4].
These materials play a significant role in determining the cell
efficiency and stability. This is due to their excellent chemical
resistance and good conductivity [5, 6]. The interaction of
electrolyte within the porous structure is governed by a

combination of factors including morphology, porosity, chem-
ical nature, and roughness of the surface. Consequently, meso-
porous metal materials have garnered the attention of re-
searchers in electrochemistry due to their large surface area,
their interconnected pore structure, and their abundant density
of active sites. They hence offer a means to improve the elec-
trochemical performances of batteries [7].

Important advances have been made during the past de-
cades to synthesize several mesoporous cobalt-based oxides
and their derivatives. Mesoporous cobalt-based compounds
have been prepared by different synthesis routes. For instance,
soft-templating routes have been used to synthesize cobalt-
based porous transition metal compounds [8]. However, these
materials are often poorly crystallized and have poor crystal-
line order due to significant charge mismatch between the
hydrophobic surfactant and solubilized inorganic precursor
species. This in fact limits their applications [9]. To maximize
control of pore size and surface structure, hard templating,
also known as nanocasting, is used. This approach can create
mesostructured materials which are harder to obtain by con-
ventional processes using mainly inorganic nanostructures as
the endo- or exotemplate [10, 11]. Primarily driven by con-
finement of mixed metal precursors in the nanopores of a
given template, nanocasting has been widely applied to pre-
pare several mesoporous multi-metal materials such as mixed
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oxides [12–14], perovskites [15, 16], metal carbides [17],
phosphides [18–20], nitrides [21], and intermetallic nano-
structures [22]. Based on the above considerations,
nanocasting cobalt nanostructures (oxides, nitrides, phos-
phides, and sulfides) in different nanoarchitectural forms open
up fresh avenues for obtaining active electrode materials for
future energy application.

The current review will focus on the recent design and
synthesis of a wide range of materials including oxides, ni-
trides, phosphides, and sulfides. The structural features of
resulting materials and a summary of their electrochemical
performances will be discussed. Moreover, we point out the
current prospects and challenges. This work will allow a com-
prehensive evaluation of the effect of mesoporous structures
and nanoarchitectures for improving performance in applica-
tions involving energy storage, energy conversion, and hydro-
gen production.

Nanocasting Synthesis Route

The nanocasting or hard template route initiated by the group
of Ryo is an attractive route for the synthesis of mesoporous
non-silica mesostructured materials [23]. Commonly, this
method is employed to generate various materials that are
difficult to achieve through conventional processes of self-
assembly. The method involves uses of templates structure-
directing agents for the construction of metal materials
[24–26], benchmarking electrocatalysts Ru- and Ir-based ox-
ides [27, 28], non-precious metal materials [29, 30], and noble
metal-doped non-precious metal materials [31]. This process
involves multiple steps: (i) the preparation of ordered meso-
porous silica with extremely high values of specific surface
area as the hard template, (ii) impregnation of the metal pre-
cursor into the pores, and (iii) finally removal of the hard
template by a chemical or thermal treatment [32]. After re-
moval of the original template, what is left behind is an inverse
replica with highly crystalline walls and good thermal stabil-
ity. The template is removed by a chemical etching method,
which involves a strong acid/base (NaOH or HF) [33, 34].
Consequently, repeated hard-templating procedures (say done
twice) help in achieving a very high degree of pore filling and
yield direct copies with similar nanostructure as the mother
template [35]. Especially, uniform mesoporous silica such as
SBA-15 and KIT-6 are commonly used as a hard template due
to their diverse pore architectures and extremely uniform pore
size. The silica matrix serves as a rigid skeleton, allowing for
the metal oxide to crystallize without growing to larger size
[36]. Figure 1 shows a schematic representation for synthesiz-
ing mesoporous materials in which ordered cylindrical SBA-
15 is used as an example of hard templates.

The facile approach outlined above is readily applicable to
most of the earth-abundant materials, having a large specific

surface area. These nanostructured materials are found to be
useful for a multitude of applications such as catalysts, sen-
sors, and batteries [37–39]. Moreover, it is possible to achieve
solid/solid transformations in mesoporous solids through a
nanocasting process, while maintaining the mesostructure.
An example of this would be the conversion of mesoporous
Co3O4 to CoO [40], transformation of mesoporous Co3O4 to
LiCoO2 [41], and synthesis of heterostructured mesoporous
material Co3O4/CoFe2O4 via a simple solid−solid reaction of
an iron precursor with ordered mesoporous Co3O4 [42]. More
interestingly, it is possible to synthesis mesoporous metal ma-
terial derivates via sulfurization, phosphorization, and
nitridation. Shi and coworkers introduced an ammonia
nitridation approach through a gas−solid reaction for the first
reports on the synthesis of ordered mesoporous nitrides CoN
and CrN [43].

Nanocasting Mesoporous Cobalt-Based
Oxides

Cobalt-based metal oxides have been widely used in energy
conversion and storage for water oxidation, supercapacitors,
and batteries. Nanostructuring of the surface and incorpora-
tion into supporting silica scaffolds has led to stable, high rate
catalysts [44]. Here we highlight the applications of cobalt-
based ordered mesoporous metal oxides in energy conversion
and storage.

Oxygen Evolution Electrocatalysis for Water Splitting

Electrochemical water oxidation is a reaction generating mo-
lecular oxygen and production of hydrogen through several
proton-/electron-coupled processes. The overall water oxida-
tion involves active electrocatalysis towards the anodic oxy-
gen evolution reaction (OER) [45]. Nanocast mesoporous co-
balt oxides owing to their low-cost and high intrinsic catalytic
activity have proven to be useful for the production of oxygen
by electrochemical oxidation of water [46].

Many efforts are dedicated to the oxygen evolution reac-
tion associated with nanocast Co-based compounds. In partic-
ular, Co3O4 has a spinel structure, containing Co

3+ in octahe-
dral coordination sites and Co2+ on tetrahedral coordination
sites [47] is regarded as promising for water oxidation
electrocatalysis. In order to increase the conductivity of the
electrocatalysts, both the composition and structure are varied.
This is true across compositions including cobalt oxides [48,
49], cobalt-based spinel-type oxides [50, 51], cobalt-based
perovskite-type oxides [15, 52], cobalt-based mixed oxides
[53], and transition metal-doped cobalt oxides [54] (Table 1).

To illustrate the approaches reported thus far to enhance the
electrocatalytic performance of Co-based compounds, we will
undertake detailed discussions on reports available on
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nanoarchitecture optimization, doping, and utilization of bina-
ry cobaltites. Thereafter, we will discuss the utility of these in
OER and battery applications.

Nanoarchitecture Optimization

A significant decrease in overpotential occurs as a conse-
quence of the optimization of the surface nanostructure. This

approach not only increases the number of active sites on the
materials but also changes the intrinsic properties such as
binding energy and electroconductivity to the OER interme-
diate [64]. A good example of this comes from the work of
Deng and colleagues [49], who have reported a systematic
study on the synthesis of ordered mesoporous Co3O4

nanocasting obtained from both of cubically KIT-6 and hex-
agonally SBA-15 (Fig. 2).

Table 1 Electrochemical performance of nanocasting cobalt-based mesoporous metal materials for oxygen evolution reaction

Nanocasting cobalt-based mesoporous oxides SBET
[a]

(m2 g−1)
Electrolyte Loading amounts

(mg cm−2)
Tafel slope
(mV dec−1)

η[b] (mV) at 10 mA cm−2 Refs.

Meso-Co3O4-35 135 0.1 M KOH 0.1 80 411 [55]

Meso-Co3O4-100 114 0.1 M KOH 0.1 66 426 [55]

Fe-doped meso-Co3O4 102 0.1 M KOH 0.12 - 486 [56]

Meso-CuxCoyO4 126 1 M KOH 0.12 - 391 [50]

Au-meso-Co3O4 109 0.1 M NaOH ∼ 0.015 46 440 [57]

Meso-Co3O4-100 113 0.1 M KOH 0.13 - 636 [48]

Meso-Co3O4-35 156 0.1 M KOH 0.13 - 525 [48]

mCo3O4 54 1 M KOH 0.075 71.6 420 [54]

Fe/mCo3O4 135 1 M KOH 0.075 60.0 380 [54]

Ni/mCo3O4 144 1 M KOH 0.075 88 410 [54]

FeNi/mCo3O4 136 1 M KOH 0.075 87.2 410 [54]

Ir–Co3O4 57.8 1 M KOH 0.1 80.5 293 [58]

Pd–Co3O4 (wt 1:1) 81 0.1 M KOH 0.1 60.7 360 [59]

Co2.775Fe0.225O4 22.27 1 M KOH 0.25 58 317 [60]

Co3O4-δ 92 0.1 M KOH 0.074 - 440 [61]

MnCo2O4-δ 135 0.1 M KOH 0.074 - 530 [61]

NiCo2O4-δ 84 0.1 M KOH 0.074 - 390 [61]

MCM-41-CoFe2O4 165.5 1 M KOH 0.142 85.2 383 [51]

KIT-6-100-CoFe2O 151.6 1 M KOH 0.142 58.4 360 [51]

SBA-15-120-CoFe2O4 163.3 1 M KOH 0.142 57.1 342 [51]

Co/Ni (4/1) 94 1 M KOH 0.12 36 336 [62]

Ni0.60Co2.40O4 107 1 M KOH 0.2 48 330 [14]

Ba0.5Sr0.5Co0.8Fe0.2O3-δ 32.1 0.1 M KOH - 62 400 [52]

NiCo2O4 155 1 M KOH 0.14 43 ~350 [63]

[a] Brunauer–Emmett–Teller (BET) surface
[b] Overpotential

Fig. 1 Schematic representation of the hard-templating process for synthesizing mesoporous metal materials

Electrocatalysis (2020) 11:465–484 467



By varying the loading amounts of metals precursors filled
on the mesoporous silica (5%, 10%, 15%, and 20%), they
investigated the outcome on morphologies and the electrocat-
alytic oxygen evolution activities. It is reported that the cubi-
cally ordered Co3O4 replicas, the one with a 5% loading
amount, exhibits the lowest symmetry and the open pore sys-
tem obtained thus has the best catalytic water oxidation per-
formance compared with others loading amounts (Fig. 2c). On
the other hand, for hexagonally ordered Co3O4 replicated
from SBA-15, the highest activity observed is with nanowires
that have a higher degree of the ordering and interconnectivity
(low loading amount 20%) (Fig. 2d). Besides, results showed
that hexagonally ordered Co3O4 possesses a superior oxygen
evolution.

Doping Metal Elements

Further improvements in mass and specific activities have
been achieved through the development of multimetallic
cobalt-based metal materials by incorporation of a second
metal component.

Currently, for example, Grewe and colleagues [56] study
the influence of Fe doping on structure and water oxidation
activity of nanocast Co3O4. As a result, Fe-incorporated

Co3O4 shows prominent electrochemical activity comparable
with noble metal-based materials. In this context, Xiao et al
[54]. investigated the electrochemical oxygen evolution af-
fected by the incorporation of Ni and Fe on mesoporous
Co3O4. As a result, Fe–mCo3O4 composite required an onset
potential around 1.52 V versus a reversible hydrogen elec-
trode (RHE) for oxygen evolution reaction. It is considered
that the synergistic effect between Co3O4 and Fe plays an
important role in the performance. Recently, Gao et al. [60]
via density functional theory (DFT) calculations demonstrated
that the preferential geometrical occupancy of Fe3+ cations is
in octahedral sites due to the lower formation energy (Fig. 3a).
Consequently, mesoporous Co2.775Fe0.225O4 with its maxi-
mum Fe3+ octahedral sites exhibits the best OER activity (η
= 317 mVat a current density of 10 mA cm−2) compared with
others Co–Fe composition.

For enhancing kinetics and reducing the overpotential,
composition tuning by the addition of noble metals to
nanocasting Co3O4 is done. Examples include mesoporous
Au–mCo3O4 composites [57], and Pt, Pd, and Au embedded
within mesoporous cobalt oxide [65] and mesoporous Ir–
Co3O4 [60] (Fig. 3 d and e). For example, to achieve the
current density of 10 mA cm−2, the optimized mesoporous
Ir–Co3O4-1 exhibited highly efficient OER catalytic

Fig. 2 a Schematic illustration of replication of ordered mesoporous
cobalt oxides with loading amounts of metal precursors (5%, 10%, 15%
replicated from 3D cubic KIT-6 2D and b replicated from hexagonal

SBA-15 and 20%). c The oxygen evolution reaction polarization curves
for Co3O4 replicated from KIT-6 and d from SBA-15. Reproduced with
permission from ref. [49]. Copyright 2014, American Chemical Society
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performance with an overpotential of only 293 mV; this re-
sults in better OER performance than most of transition metal
oxides catalysts reported thus far [58].

Binary Cobaltites

Commonly, binary spinel-type oxides CoMO4 (where M is
Ni, Mn, Fe, Cr, etc.) have been widely applied as OER
electrocatalysts. Abidat and coworkers reported the synthesis
of nanocasting hexagonally Co3O4-δ, MnCo2O4-δ, NiCo2O4-δ,
and their OER electroactivity. Herein, benefiting from their
synergistic interactions and abundant active catalytic sites,
the as-prepared NiCo2O4-δ exhibited much better performance
towards the OER than MnCo2O4-δ and Co3O4-δ single metal
oxide [61]. Later, they showed the effects of nickel incorpo-
ration on a series of mesoporous bicontinuous NixCo3-xO4

materials with a high specific surface area (about 100 m2

g−1) replicated from KIT-6 (Fig. 4) [14]. The most active cat-
alyst is a mesoporous Ni0.60Co2.40O4 sample, which also ex-
hibits the most hydroxylated surface. It required only
overpotential of 330 mV to deliver a current density of
10 mA cm−2. Moreover, it was found that these compositions
are hydroxylated under oxygen evolution reaction and the
amount of surface cobalt hydroxide increases along with a
Ni surface enrichment with the Ni content in the catalyst.

Likewise, Deng and coworkers [62] reported the synthesis
of a series of mesoporous nickel cobalt oxides through control
of the introduced nickel amount (Co/Ni = 8, 4, 2, 1). The
catalyst with the optimal composition (Co/Ni:4/1) possesses
the lowest overpotential (336 mV) at a current density of
10 mA cm−2 with a rather small Tafel slope of 36 mV dec−1

compared with other mesoporous Co–Ni compositions.
Moreover, they demonstrate the enhancement of water oxida-
tion activity along with the electrochemical measurements in
the Fe-free KOH electrolyte. The enhancement of catalytic
activity is attributed to the generation of surface Ni(OH)2 spe-
cies that incorporate Fe impurities from the electrolyte.
Furthermore, Broicher et al [63]. have proved via the electro-
chemical surface area and specific current density compari-
sons with non-structured nickel cobalt oxides that structuring
of mesoporous NiCo2O4 via KIT-6 improves the intrinsic cat-
alyst performance; this is accompanied by superior charge
transfer capacity.

Grewe and coworkers fabricated a series of mesoporous
composites based on cobalt by combining Ni, Mo, Cu, Fe,
W, and Mn and ordered mesoporous Co3O4 through solid
−solid reaction transformation/nanocasting approach [50].
This range of composites showed a difference in OER elec-
trocatalytic activity, giving different current densities. A sig-
nificant improvement in OER performance has been achieved

Fig. 3 a Schematic representation of the Co2+ (Td)–O–Fe3+ (Oh) and
Co2+ (Td)–O–Co3+ (Oh) in the spinel structures. b The computed Gibbs
free energy changes for Co2+ (Td)–O–Fe3+ (Oh) for the OER where in
Co3+ (Oh) is treated as the catalytically active centers and c Fe3+ (Oh)
with (H: blue; Co: dark blue; O: red; O: green; Fe: gold). Reproduced
with permission from ref. [60]. Copyright 2019, Royal Society of

Chemistry. d Schematic illustration of Pt, Pd, and Au embedded within
mesoporous cobalt oxide. Reproduced with permission from ref. [65].
Copyright 2018, Elsevier. e Schematic illustration of 3D cubic Ir-
Co3O4-1. Reproduced with permission from ref. [58]. Copyright 2019,
Wiley-VCH
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for optimized ordered mesoporous CuxCoyO4 (y/x = 8). This
offers the lowest onset potential and has relatively higher cur-
rent densities compared with other mesoporous cobalt-based
composites [50]. It is considered that the enhancement of elec-
trocatalytic water oxidation is due to the strong synergistic
interactions between Co and Cu. Recently, mesoporous spinel
CoFeO4 with 2D and 3D mesoporous structure was reported,
as prepared by using a variety of different templates, i.e.,
SBA-15, KIT-6, and MCM-41 [51]. Compared with other

mesoporous spinel Co–Fe nanoarchitectures reported, the re-
sultant hexagonal CoFe2O4 obtained from SBA-15 exhibits
the best OER catalytic activities. In fact, this sample has the
smallest overpotential of 342 mV at a current density of
10 mA cm−2. It also has the lowest Tafel slope of 57.1 mV
dec−1 (Fig. 5) which are also higher than that of the 410 mV
and 611 mV dec−1 for CoFe2O4 nanoplates [66]. This too
suggests higher catalytic activity and favorable kinetics for
mesoporous spinel oxides compared with bulk materials.

Fig. 4 a Schematic diagram of the synthesis of three-dimensional nickel
cobaltites, b low-magnification TEM images of as-prepared nickel co-
baltites, c cyclic voltammograms before (black) and after (red) 50 elec-
trochemical cycles recorded in a N2-saturated KOH 1 mol L−1 at a scan

rate of 50 mV s−1, d low scan rate cyclic voltammograms, e OER polar-
ization curves for mesoporous Co3O4, Ni0.18Co2.82O4, Ni0.33Co2.67O4,
Ni0.60Co2.40O4, and Ni1.00Co2.00O4. Reproduced with permission from
ref. [14]. Copyright 2017, Royal Society of Chemistry
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Oxygen Reduction Electrocatalysis for Fuel Cell

Regenerative fuel cells (RFC) as a promising energy stor-
age device require bifunctional oxygen electrocatalysts
that are active for both oxygen evolution and reduction
reactions. In the fuel cell field, conductive mesoporous
materials, especially mesoporous carbon, have been inten-
sively investigated to prepare electrocatalysts for elec-
trodes, in order to overcome the challenge of cost and
durability of the commercial Pt/C catalyst [67]. Thus, spi-
nel (meso-Co3O4) templated using KIT-6 mesoporous sil-
ica are reported by Sa et al. [55]. These are highly active
and stable bifunctional electrocatalysts. As we can see in
Fig. 6, ordered mesoporous Co3O4 showed high activity
for OER. The observed activity is found to be superior to
Co3O4 NPs and comparable with Ir/C catalyst in an alka-
line medium (0.1 M KOH). In addition to the promising
activity and fast kinetics for ORR, mesoporous Co3O4

possesses superior methanol tolerance with a total
overpotential of 1.03 V for OER (at 10 mA cm−2) and
ORR (at 3 mA cm−2). These values are superior to the
Pt/C benchmark catalyst. This is attributed to the structur-
al stability of the mesoporous Co3O4 catalysts and its high
surface area. Furthermore, in order to investigate the ef-
fect of the incorporation of non-platinum, earth-abundant

metals, recently Behnken et al. reported the synthesis of
mesoporous spinel phase Co3O4, NiCo2O4, and CuCo2O4

[68]. The presence of Ni2+ and Cu2+ materials made using
KIT-6 template has uniform morphology and high specific
surface areas (≈ 100 m2g−1). This led to enhancement in
the ORR activity. It is believed that the enhancement of
the ORR activity is due to the additional active sites as
compared with mesoporous Co3O4 pristine.

Rechargeable Batteries

Rechargeable batteries are widely used in consumer elec-
tronics and electrical vehicles and are the prime candi-
dates for grid energy storage [69]. Nanocasting synthesis
pathway can produce hierarchical porous materials that
have properties particularly useful in batteries. The
mesoporosity in the electrode can boost the transport
properties of electrolytes and improve rate and cycling
performance. Until now, a variety of nanocasting cobalt-
based metal oxide electrodes with diverse structures and
morphologies have been synthesized and used as lithium-
ion batteries (LIBs), sodium-ion batteries (SIBs), Zn-
based batteries (ZBBs), and lithium–oxygen batteries.
Table 2 summarizes different nanocasting cobalt-based
mesoporous materials for batteries.

Fig. 5 a Illustration of the nanocasting approach for the preparation of mesoporous spinel CoFe2O4 catalyst replicated from 2D hexagonally SBA-15-
120. b OER polarization curves and c their corresponding Tafel plots. Reproduced with permission from ref. [51]. Copyright 2019, Elsevier

Electrocatalysis (2020) 11:465–484 471



Lithium-Ion Batteries

In commercial LIBs, carbons and lithium metal oxides are
commonly employed as the negative and positive electrode
materials, respectively [83]. Through the application of nano-
technology, the size and the morphology of the Li-ion battery
electrode architectures of both anode and cathode can be en-
hanced for achieving next-generation electrochemical energy
storage devices [84, 85]. In fact, mesoporous lithium interca-
lation compound materials with regular porosity promote fac-
ile and fast Li-ion diffusion in which it can deliver higher rate
capabilities and high stability compared with bulk electrode
[86–89] The discovery of reversible conversion reactions,
Co3O4 + 8Li+ + 8e− → 4Li2O + 3Co, with highest capacity
at least on the initial discharge of 890 mAhg−1 [90]. Such
results showcase promise for achieving further improvements
in the development of anodes for rechargeable lithium batte-
ries [91].

Jiao et al. report earlier that the 2D nanowire and 3D cubic
mesoporous LiCoO2 replicated from SBA-15 and KIT-6 hard
templates are effective anode materials for rechargeable lithi-
um batteries [41]. The synthesis involves, first, preparation of
mesoporous or nanowire Co3O4. This is followed by template
removal, and the reaction of Co3O4 with LiOH at 400 °C for 1

h. Preliminary electrochemical data demonstrate that the nano-
structured materials obtained thus with highly crystalline
structures exhibit superior capacity retention on cycling com-
pared with bulk LiCoO2. Through the change of the hydro-
thermal treatment temperature, other forms of ordered meso-
porous Co3O4 are also prepared and demonstrated to exhibit
favorable electrochemical performance. The larger pores pro-
vide an efficient transport for Li ions, while the smaller pores
offer large electrochemically active areas [70]. As illustrated
in (Fig. 7 a and b) Park et al. reported nanostructural changes
upon volume expansion of nanocasting Co3O4 during charge–
discharge process using small-angle X-ray scattering charac-
terization. They prove the role of mesopores in the perfor-
mance of the active materials during electrochemical process.
The mesopores in fact help to effectively accommodate the
volume expansion of crystalline frameworks by the reaction
with lithium [86]. Recently, Ette et al. [76] reported the syn-
thesis of ordered mesoporous Co3O4 via unidirectional hex-
agonal MCM-41 and three-dimensional cubic MCM-48 silica
templates. This material is then used as an anode for lithium-
ion battery. Mesoporous Co3O4 show high initial reversible
capacities (75% Coulombic efficiency), excellent electro-
chemical cycling stability, and enhanced rate performance.
In the first cycle, unidirectional hexagonal M1-Co3O4 delivers

Fig. 6 a Darkfield TEM images of mesoporous-Co3O4-100 and b
mesoporous-Co3O4-35. c OER polarization curves and d the
corresponding Tafel plots for meso-Co3O4-100, mesoporous-Co3O4-35,
Co3O4 NPs, commercial Co3O4, Ir/C, and Pt/C catalysts in 0.1 M KOH

solution. e ORR polarization curves and f the corresponding Tafel plots
for mesoporous-Co3O4-100, mesoporous-Co3O4-35, Ir/C, and Pt/C cata-
lysts. Reproduced with permission from ref. [55]. Copyright 2013, Royal
Society of Chemistry
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a discharge capacity of 1190 mAh g−1. On the other hand,
three-dimensional cubic M8-Co3O4 exhibits 790 mAh g−1

after 100 charge–discharge cycles. The excellent electrochem-
ical Li-ion storage of mesoporous Co3O4 is due to the unique
mesoporous architecture this material has that provides shorter
ionic diffusion paths and enhanced electrolyte percolation
[86].

Cobalt spinel oxides with the general AB2X4 formula have
generated intense interest for lithium-ion batteries. Among
them, the ZnCo2O4 structure is consistent with that of the
Co3O4 crystal; here Zn2+ ions replace Co2+. Highly ordered
mesoporous spinel HOM-ZnCo2O4 with controlled morphol-
ogy and narrow pore size distribution is reported by Zhao et al.

(Fig. 7c). When used as an anode material in rechargeable
lithium-ion batteries, the resultant HOM-ZnCo2O4

(replicated from SBA-15) shows a high reversible specific
capacity (up to 1623 mAh g−1) which is greater than 1286
mAh g−1 observed for NPS-ZnCo2O4 (replicated from silicon
spheres) at a current density of 2.0 A g−1. Besides, HOM-
ZnCo2O4 exhibited a higher capacity of 1470 mAh g−1 at a
high current density of 8.0 A g−1 [11].

The effect of mesostructural regularity on lithium-ion bat-
tery has been evaluated by the Sun group [71]. In their work,
mesoporous crystalline CuCo2O4 with coupled and uncoupled
sub-structure was synthesized via a nanocasting strategy using
mesoporous silica KIT-6-130 and KIT-6-40, respectively. It

Table 2 Electrochemical performance of nanocasting cobalt-based mesoporous metal materials for batteries

Samples Electrode Current density
(mA g−1)

1st discharge capacity
(mAh g−1)

Capacity upon cycling
(mAh g−1)

CE[a] CN[b] Refs.

Lithium-ion batteries

Co3O4-KIT-6-40 Anode 50 1489 1141 95 25 [70]

Co3O4-KIT-6-80 Anode 50 1352 1140 67.9–91.1 25 [70]

Co3O4-KIT-6-100 Anode 50 995 943 67.9–91.1 25 [70]

Co3O4-KIT-6-130 Anode 50 989 1029 67.9–91.1 25 [70]

Co3O4-SBA-15-100 Anode 50 852 774 67.9–91.1 25 [70]

m-CuCo2O4-40 Anode 60 1564 1080 69 6 [71]

m-CuCo2O4-130 Anode 60 1401 829 59 6 [71]

HOM-ZnCo2O4 Anode 2.0 1982.7 1623 76.4 200 [72]

NPS-ZnCo2O4 Anode 2.0 1624.6 1286 76.0 200 [72]

Meso-Co0.5Sn0.5 Anode 50 822 - 25 50 [73]

Meso-Co0.3Sn0.7 Anode 50 1321 637 69 50 [73]

Meso-Co0.1Sn0.9 Anode 50 1493 - 40 50 [73]

m-Co3O4-S1 Anode - 1121.8 - > 80 5 [74]

NiCo2O4 Anode 100 1467 430 > 95 50 [75]

M1-Co3O4 Anode 890 1315 1190 75 100 [76]

M8-Co3O4 Anode 890 1530 790 75 100 [76]

LiCoO2 Anode 30 20 20 55 50 [41]

Sodium-ion batteries

Dual-meso Co3O4 Anode 90 707 416 - 100 [77]
810 357 -

2430 267 -

Zn-based batteries

M-Co3O4-x Cathode 1.0 384 420 - 50 [78]

M-Co3O4 Cathode 1.0 150 ∼ 150 - 50 [78]

Co3O4-x Cathode 1.0 80 ∼ 80 - 50 [78]

Co3O4 Cathode 1.0 50 ∼ 50 - 50 [78]

Li–O2/air batteries

CuCo2O4 Cathode 100 500 ∼ 500 - 30 [79]

NiCo2O4 Cathode - 4357 - 65.4 5 [80]

NiCoMnO4 Cathode 30 137 100 72 400 [81]

ZnCo2O4 Cathode 100 6024 - - 40 [82]

[a] CE, Coulombic efficiency

[b]Cycle number
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was found that uncoupled mesoporous CuCo2O4 shows better
Li-storage performance than the coupled mesoporous
CuCo2O4, delivering an initial discharge capacity of 1564
mAh g−1 and a reversible capacity of 900 mAh g−1 after the
6th cycle. More recently, Wu and coworkers [75] reported
highly mesoporous microsphere spinel NiCo2O4 with large
surface area (∼ 97.77 m2g −1) and uniform pore size distribu-
tion. Compared with their bulk counterparts, NiCo2O4 excel-
lent Li-storage electrode with an initial discharge capacity of ∼
1.467 mAh g−1 at a current density of 100 mAg−1. It has been
claimed that a highly ordered mesoporous structure could in-
crease active sites and improve ion transport in the electrolyte/
electrode interface.

Sodium-Ion Batteries

Sodium-ion batteries (SIBs) have been explored as one of the
reasonable alternatives to LIBs due to limited lithium sources.
This is in contrast with the abundant and wide distribution of
sodium resources [92]. NiCo2O4 spinel oxide with an initial

discharge capacity of ∼ 618 mAh g−1 was the first reported
metal oxide as an anode electrode for SIBs in 2002 [93].
However, during sodiation and desodiation, the large available
surface area can improve the electronic contact between active
materials, avoid aggregation, and facilitate the mass transport
of electrolyte. In this context, Yang and coworkers [77] report-
ed the synthesis of ordered mesoporous Co3O4 (m-Co3O4)
through nanocasting. These materials have been investigated
as an electroactive anode material in a sodium-ion battery.
Ordered mesoporous Co3O4 replicated from KIT-6 exhibited
an appreciable initial capacity of 707 mAh g−1 at a current
density of 90 mA g−1. Moreover, 3D mesoporous Co3O4 re-
tains a capacity of 416 mAh g−1 after 100 cycles providing
much better transport than the bulk Co3O4 material. It is con-
sidered that the nanostructure provides a large electrode–
electrolyte interface for electrolyte adsorption. This facilitates
the mass transport of electrolyte in larger pores and sodium-
ion diffusion in smaller pores [77]. To explain the sodiation/
desodiation mechanism, they revealed that during the first
discharge, sodium ions were inserted into m-Co3O4 by surface

Fig. 7 a Net volume change and intensity ratio with contained lithium in
the mesoporous Co3O4 electrode material for the initial lithiation–
delithiation. b Schematic illustration of pore dynamics with respect to
lithium-storage reaction reproduced with permission from ref. [86].
Copyright 2015, American Chemical Society. c Schematic illustration

of the lithium insertion–extraction mechanism for the hexagonally or-
dered mesoporous ZnCo2O4 (HOM-ZnCo2O4) samples. d FESEM im-
ages of HOM-ZnCo2O4 and c NPS-ZnCo2O4. Reproduced with permis-
sion from ref. [72]. Copyright 2016, Elsevier
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reconstruction reactions to form NaxCoyOz, which is then par-
tially transformed into CoxO and Na2O accompanied by sur-
face amorphization through further sodiation. The ex situ
XRD analysis confirmed the occurrence of reversible conver-
sion reaction during the uptake/extraction of sodium ions.

Li–O2/Air Batteries

Li–O2 batteries are composed of porous oxygen diffusion cath-
ode, a Li-ion conducting nonaqueous electrolyte, and Li metal
as the negative electrode. The oxygen is reduced in pores of the
positive electrode and then combined with the Li ions to form
Li2O2 (O2 + 2Li++2e−↔ Li2O2). It has been proved that
cobalt-based oxides exhibit a high affinity with Li2O2 and pro-
mote its electrochemical oxidation. This plays an important
role in enhancing the cycling performance [94]. However, the
mesostructures are an important characteristic feature of this
class of electrodes in batteries due to their influence on mass
transfer and adsorption properties. Based on the above consid-
erations, Li et al [80]. reported 3D ordered mesoporous
NiCo2O4 as a bifunctional electrocatalyst for Li–O2 batteries.
Mesoporous catalyst is prepared employing the nanocasting
method using KIT-6 as a template and Co and Ni nitrates as
precursors. The resulting material has a relatively high BET
surface area of ~ 95.5 m2 g−1, which is then tested as a bifunc-
tional catalyst towards both ORR and OER. When compared
with the classical carbon electrode, higher current densities,
lower OER, and higher ORR onset potentials are obtained
for most mesoporous NiCo2O4 carbon electrodes. Moreover,
employing 3D mesoporous NiCo2O4 as cathode for Li–O2

batteries exhibited a high specific capacity of 4120 mAh g−1

and a promising capacity retention rate after 5 cycles of 65.4%.
The Li group reported similar research on 3D ordered meso-
porous ZnCo2O4 [82]. Compared with pure carbon, the Li–O2

batteries employing mesoporous ZnCo2O4 as cathode possess
a higher specific capacity of 6024, 3710, 3119, and 1674 mAh
g−1 at current rates of 100, 200, 500, and 1000 mA g−1, respec-
tively. In this direction, 3D mesoporous CuCo2O4 with a spe-
cific surface area of 97.1 m2 g−1 has been also reported by the
same group [79]. In comparison with pure carbon electrode,
3D mesoporous CuCo2O4 shows a lower anodic onset poten-
tial a higher cathodic peak voltage and higher current densities.
The Li–O2 batteries employing mesoporous CuCo2O4 as cath-
ode possess a high specific capacity of ~ 7456 mAh g−1 and
enhanced cyclability at 100 mA g−1 current rate.

Zinc-Based Batteries

Aqueous zinc-based batteries (ZBBs) have been considered
attractive as energy storage system due to the substantial abun-
dance of Zn on earth compared with lithium.

Owing to high theoretical capacity (446 mAh g−1), low-
cost, earth abundance, and high thermodynamic stability,

cobalt oxide (Co3O4) has received interest as a promising
ZBB cathode material [95]. Recently, Teng et al [78]. reported
the synthesis of 3D ordered mesoporous cobaltosic oxide (M-
Co3O4) with rich oxygen vacancies (M-Co3O4-x) as the dura-
ble cathode for Zn-based batteries. As shown in Fig. 8, M-
Co3O4-x is prepared through a simple nanocasting method;
subsequently, thermal-reduction is carried out to create oxy-
gen vacancies within the metal oxide. The resultingM-Co3O4-

x exhibits a remarkable capacity of 384 mAh g−1 at 1.0 A g−1

which is greater than that of the pristine Co3O4//Zn battery (50
mAh g−1). The enhancement of energy storage capacity is
attributed to unique mesoporous architectures, an abundance
of active sites, and more importantly the synergistic effect of
mesopores and oxygen vacancies. This is confirmed further
by DFT calculations [78]. Moreover, M-Co3O4-x//Zn battery
exhibits extraordinary cycling stability, capacity after 60,000
cycles [78].

Supercapacitors

Unlike common batteries, electrochemical capacitors are
promising energy storage systems due to their larger power
density, rapid charging–discharging, and longer cycle life
[96–98]. A range of nanocast mesoporous cobalt oxides has
been used as supercapacitors devices.

Zheng and coworkers [99] demonstrate that nanocasting
strategy is one of the diverse routes to generate mesoporous
supercapacitor electrodes by the synthesis of mesoporous
Co3O4 replicated from different parent structures and at dif-
ferent calcination temperatures. Electrochemical tests show
that specific capacitance of the samples decreases slightly with
the increase of their calcination temperature. However, the
nature of mesostructure (2D hexagonal or 3D Ia3d cubic
structure) does not obviously affect the specific capacitance
value of the samples. An and coworkers [100] reports the
synthesis of highly ordered mesoporous spinel NiCo2O4 by
a hard template and subsequently examine its electrochemical
performance. On the basis of their report, Ia3d cubic mesopo-
rous NiCo2O4 replicated from KIT-6 as a parent template
shows an exceptionally high specific capacitance (1699 F
g−1 at a current density of 1 A g−1) and an excellent cycling
ability (~ 104.1% retention after 10,000 cycles). More recent-
ly, mesoporous CuCo2O4 nanowire arrays are prepared
through nanocasting from a silica SBA-15 template (Fig. 9)
[101]. In addition to their highly ordered mesostructures,
nanocasted mesoporous CuCo2O4 exhibits superior
pseudocapacitance of 1210 F g−1 in the initial cycles at a
current density of 2 A g−1. After electroactivation of the elec-
trode in the subsequent 250 cycles, the capacitance increases
to 3080 F g−1. Hence, the asymmetric supercapacitor device
designed by the mesoporous CuCo2O4 nanowires as a positive
electrode and activated carbon as a negative electrode demon-
strates a high energy density of 42.8 Wh kg−1 much higher
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than mos t of the repor ted asymmet r ic aqueous
supercapacitors.

Other Related Energy Applications

Hydrogen generated from water in the presence of sunlight is
another promising source of clean and renewable energy

[102]. The Rosen group reported nanocasting mesoporous
Mg-Co3O4 with an ultrahigh surface area (≈ 250 m2g−1)
which exhibits high oxygen evolution activities in both the
visible light-driven [Ru(bpy)3]

2+ persulfate system and the
Ce4+/Ce3+ chemical water oxidation system [103]. The same
group further proved the importance of the octahedral sites in
the cobalt spinel structure for photocatalytic oxygen

Fig. 8 Schematic representation of the procedure used in the preparation
of mesoporous M-Co3O4 and M-Co3O4-x samples. b HAADF-STEM of
M-Co3O4-x and its corresponding elemental color mapping for Co, O, and
P. c Charge/discharge curves at 10 mV s−1 and 1 A g−1 and d the rate
capability curves at various current densities of the M-Co3O4-x//Zn, M-

Co3O4//Zn, Co3O4-x//Zn, and Co3O4//Zn batteries. e Density of states of
mesoporous M-Co3O4 pristine and M-Co3O4-x (with oxygen vacancies).
f The differential charge density ofM-Co3O4 andMCo3O4-x. Reproduced
with permission from ref. [78]. Copyright 2019, Royal Society of
Chemistry
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evolution. Ordered mesoporous cobalt oxides are doped with
Ni, Mn, and Mg to realize relevant catalysts. The photocata-
lytic results show a difference in the oxygen evolution activ-
ities of metal in a Me4O4 cubane following this order: Co

3+ >
Mn3.7+>> > Ni3.3+ = Mg2+ [104]. In this context, Deng et al.
[105] reported the synthesis of a series of Co3O4 templated
using mesoporous SiO2 nanospheres by changing the calcina-
tion temperature (from 150 to 750 °C) as photochemical water
oxidation in a [Ru(bpy)3]

2+ [S2O8]
2− system. It is found that

the O2 production decreased with increasing calcination tem-
perature. The nanostructured Co3O4 calcinated at low

temperature (150 °C) exhibits the high photochemical water
oxidation activity. Besides, mesoporous CoO with a similar
nanoarchitecture synthesized using ethanol reduction shows a
high turnover-frequency number for photochemical water ox-
idation of 4.1 × 10−4. This is greater to 2.9 × 10−4 observed for
mesoporous Co3O4-150 [105].

CO hydrogenation to valuable and clean synthetic liquid
fuels through Fischer–Tropsch synthesis (FTS) is one of the
promising chemical processes for green energy [ [106, 107].
The cobalt-based FTS catalysts have been generally known to
favorably produce higher molecular weight hydrocarbons

Fig. 9 a Schematic preparation steps of two-dimensionally mesoporous
CuCo2O4 nanowires via nanocasting from a KIT-6 template. b Schematic
illustration of pore accessibility in the highly ordered CuCo2O4 (HO–
CuCo2O4). c TEM images of CuCo2O4 nanowires. d CVs for the HO–

CuCo2O4//AC asymmetric supercapacitor. e Photographs showing two
supercapacitors in series which can light up blue, green, and red LED
indicators, respectively, during 60min. Reproduced with permission from
ref. [101]. Copyright 2015, American Chemical Society
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[108]. In the work of Ahn et al., three-dimensionally ordered
mesoporous Co3O4 modified with Al2O3 demonstrated a sta-
ble and superior catalytic activity for CO hydrogenation into
linear hydrocarbons. The enhanced catalytic stability is attrib-
uted to mesoporous channel architecture which enhances the
transport rate of hydrocarbons formed during FTS reaction.
Recently, 3% of phosphorous-modified m-CoAl (Co3O4–
Al2O3) was prepared employing the nanocasting method
using a hard template of KIT-6. The material obtained thus
has enhanced catalytic activity for CO hydrogenation to hy-
drocarbons. It also has improved structural stability. The ob-
served performance is explained using possible phase trans-
formations of cobalt and aluminum species [109].
Additionally, nanocasting cobalt oxide has been used in CO2

hydrogenation for conversion to valuable compounds (e.g.,
methane from CO2 through CO2 + 4H2 = CH4 + 2H2O)
[110]. Ordered meso-ZnCo2O4 nanospheres synthesized
using a nanocasting method serves as non-enzymatic elec-
trodes in H2O2 sensors and glucose biofuel cells (GBFCs).
In the H2O2 sensor, meso-ZnCo2O4 achieves higher sensitiv-
ity (658.92 μA mM–1 cm–2) with quick response time (5.2 s)
compared with bulk ZnCo2O4. Moreover, as cathode material
in GBFCs, mesoporous ZnCo2O4 possesses excellent open-
circuit voltage of 0.83 V, the maximum power density of 0.32
mW cm–2, and limiting current density of 1.32 mA cm–2

[111].

Nanocasting Mesoporous Cobalt-Based
Derivates

Perovskites

Perovskite oxides possess a general formula of ABO3, where
A is a rare-earth or alkaline-earth metal and B is a transition
metal [112]. One of the advantages of perovskite structures is
the possibility to adopt a wide range of different compositions,
changing either the A or the B cation or partially substituting
cation(s) of the same or different valence. This results in the
general formula A1−xA′xB1−yByO3 ± δ [113]. Mesoporous Co-
based perovskite has been synthesized through the
nanocasting pathway and is used for electrocatalysis reactions,
carbon/nitrogen oxidation, and methane combustion
(Table 3).

Recently, hierarchically ordered mesoporous LaCoO3 was
reported using the nanocasting method using SBA-15 as a
hard template [117]. The resultant material has been applied
as a bifunctional catalyst for both oxygen reduction and evo-
lution reactions in 4 M KOH and 0.1 M CH3COOK. The cell
performance of a bifunctional electrode containing the highly
porous LaCoO3 catalyst is 14–44% higher than that of a con-
ventional LaCoO3 catalyst prepared using the sol–gel method.
Besides, mesoporous LaCoO3 showed stable cycle

performance for charge and discharge at 20 mA cm−2 until
300 h [117].

Phosphides

Transition metal phosphide (TMPs) materials have recently
been widely researched as electrocatalysts due to their desir-
able electronic, redox, and magnetic properties [118].
Meanwhile, the morphologies of TMPs demonstrate an attrac-
tive strategy for enhancing the electrocatalytic activity [19].
Among them, nanostructured Co-based phosphides could pro-
vide a much higher specific surface area and expose more
active sites as compared with their bulk counterparts. Hard
templating is one of the most suitable approaches for transition
metal phosphide (TMPs) synthesis which offers accessible
active sites, leading to easy mass/charge transfer [119]. Fu
and co-authors, in 2016, reported the first synthesis of a family
of three-dimensionally Co–Ni phosphides through
nanocasting approach with large mesopores (8 nm) and con-
trollable composition (Fig. 10a). After impregnation of nitrate
precursors into the KIT-6 hard template and annealing, the
obtained product is mixed with NaH2PO2 for phosphorization
under the N2 atmosphere. This is followed by the removal of
silica templates. The resulting CoNiP nanocatalysts show su-
perior catalytic activity and long-term stability towards the
OER in alkaline solution. The optimized composition meso-
porous Co3Ni1P possesses a low potential of 1.511 V at a
current density of 10 mA cm−2 which is much lower than that
of the 1.56 Vand 1.56 for NiCoP/C nanoboxes and NiCoP/C
nanoboxes, respectively [121]. This material in fact outper-
forms mesoporous CoP, NiP, and benchmark RuO2 (Fig.
10b). The enhanced electrocatalytic performance has been at-
tributed to the mesostructure associated with the material
which provides a combination of abundant active sites, syner-
gy between metals, and in situ formation of oxidized phos-
phates as active species [18].

The sensitivity of the metal phosphide composition to-
wards HF and/or NaOH which are necessary for template
removal paved the way for the removal of the template
before the phosphorization process. In 2017, Yamauchi
and coworkers synthesized ordered mesoporous cobalt
phosphide (meso-CoP and meso Co2P) through the gas–
solid reaction of hexagonally mesoporous cobalt oxide
replicated from SBA-15 with NaH2PO2 as the phosphorus
source [122]. The electrocatalytic performances towards
the oxygen evolution reaction of mesoporous are evaluat-
ed recently by the same group [120]. Due to its well-
developed mesoporous architecture, meso-CoP exhibits a
low overpotential of 0.30 V at a current density of 10 mA
cm−2 with a smaller Tafel slope of 81 mV dec−1 (Fig. 10 e
and f) and good long-term stability. The sample performs
better than its bulk counterpart (0.336 mV) and most of
the other reports on cobalt phosphides.
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In addition to their good electrocatalytic proprieties to-
wards oxygen evolution, it has been widely accepted that P
atoms in cobalt phosphide play a pivotal role in the hydrogen

evolution reaction [123]. Through a simple nanocasting using
KIT-6 as a hard template, more recently, Huang and co-
workers [124] reported 3D mesoporous cobalt ferrite

Fig. 10 a TEM images of
mesoporous CoP, NiP, and
Co3Ni1P. b LSV polarization
curves of mesoporous CoP,
Co3Ni1P, NiP, and RuO2 at
1600 rpm in O2-saturated 1 M
KOH. Reproduced with
permission from ref. [18].
Copyright 2016, American
Chemical Society. c XRD
patterns with crystal structure
models of mesoporous cobalt
phosphide (meso-CoP). d SEM
images of meso-CoP. e
Polarization curves and f the
corresponding Tafel plots of
meso-CoP and bulk-CoP in 1 M
KOH solution with a scan rate of
5 mV s−1. e Durability test and f
time-dependent current density
curve of meso-CoP under a static
overpotential of 390 mV in 1 M
KOH solution. Reproduced with
permission from ref. [120].
Copyright 2019, Elsevier

Table 3 Summary of cobalt-based porous perovskites prepared from hard-templating methods

Material Template BET surface area (m2 g−1) Catalytic application Refs.

LaCoO3 Mesoporous silica (KIT-6) 270 Oxygen reduction reaction [15]

LaFexCo1-xO3 Mesoporous silica (KIT-6) 118–163 Oxygen reduction reaction [15]

Ba0.5Sr0.5Co0.8Fe0.2O3-δ Tetraethoxysilane (TEOS) 32.1 Oxygen evolution reaction [52]

LaCoO3 Mesoporous silica (KIT-6) 270 CO and NO oxidations [114]

LaFe0.6Co 0.4O3 Carbon 30 Oxidation of CO to CO2 [115]

LaCoO3 Mesoporous silica KIT-6 96.7 Methane combustion [116]

LaCoO3 Mesoporous silica SBA-15 15.6–62.6 Oxygen reduction/evolution [117]
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phosphides Co1−xFexP as a bifunctional catalyst for overall
water splitting for both OER and HER. The optimized
Co0.75Fe0.25P with large surface area and accessible pore vol-
ume show superior performance with a very low overpotential
of 270 and 209 mV at 10 mA cm−2. The electrocatalyst in
alkaline media offers good durability and long-time stability
for both OER and HER. Additionally, the bifunctionality of
mesoporous Co0.75Fe0.25P allows it to be directly employed as
both anode and cathode in an alkaline electrolyzer with a low
cell voltage 1.63 V, yielding a current density of 10 mA cm−2

with outstanding stability for 18 h.

Nitrides

Unlike cobalt oxide/hydroxide compounds, cobalt nitride
shows a similar metallic electrical conductivity and

structural stability which would be beneficial to facili-
tate the redox reaction kinetics when used as an elec-
trode material [125]. Therefore, the combination of or-
dered mesoporous structures with conductive metal ni-
tride can further enhance ion/electron transportation, ac-
celerate kinetics, and exhibit higher performance than
the counterpart of bulk oxides. The first synthesis of
mesoporous cobalt nitride through nanocasting was done
for the first time by Shi and coworkers [43]. This can
generally take one of two synthetic routes: (i) direct
nitridation of mesoporous oxides or (ii) the transforma-
tion of mesostructured metal oxides/silica composites to
nitrides/silica composites then removal of a template
(Fig. 11a) [128]. Following the first route, recently,
Jiang et al. reported three-dimensionally 3D intercon-
nected cubic mesoporous CoN with ordered mesopores

Fig. 11 a Schematic illustration of two nanocasting pathways for the
synthesis of mesoporous nitrides. Reproduced with permission from ref.
[43]. Copyright 2008, Wiley-VCH. b Schematic illustration of the
preparation of mesoporous cobalt nitride (om-CoN). c Schematic
illustration of the full lithium-ion battery with the om-CoN/LiCoO2 cou-
ple; d galvanostatic charge and discharge profiles, e cycling performance

of the full battery at 1 A g−1 for mesoporous cobalt nitride. Reproduced
with permission from ref. [126]. Copyright 2019, Royal Society of
Chemistry. f OERLSV polarization curves, b the corresponding
overpotentials at a current density equal to 10 mA cm–1 and c Tafel plots
for mesoporous Co3O4, NiCo2O4, IrO2, CoN, and NiCo2N. Reproduced
with permission from ref. [127]. Copyright 2019, Wiley-VCH
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(∼ 7.5 nm) replicated from KIT-6 as lithium battery
electrode [126]

Lithium-ion batteries are achieved using 3D CoN ordered
mesoporous structures; this enhanced ion transportation capa-
bility and lithium diffusion. It is considered that mesoporous
channels and conductive networks in mesoporous nitrides en-
able the rapid infiltrability/diffusion and rapid electron migra-
tion in lithium-ion batteries [129]. As a consequence, 3D in-
terconnected cubic CoN delivered a large capacity, a high rate
capability, and stable specific capacity of 710 mAh g−1 after
350 cycles at 1 A g−1 which is greater than previously reported
CoN LIB electrodes. Besides, designing lithium-ion full cells
using the mesoporous CoN as cathode and LiCoO2 (LCO) as
the anode (Fig. 11c) demonstrates a high initial specific charge
and discharge capacity of 175 and 150 mAh g−1.

Cobalt nitrides have been reported as highly active OER
catalysts. Nevertheless, doping of nickel into cobalt nitride
compounds can enhance their overall electrochemical perfor-
mance. Taking this into consideration, recently in our work,
we reported the hard-templating pathway to synthesize 3D
ordered mesoporous ternary nitrides NiCo2N from its corre-
sponding mesoporous spinel NiCo2O4 using the mesoporous
silica KIT-6 hard template [127]. Mesoporous ternary nitride
NiCo2N demonstrates outstanding performance as oxygen
evolution electrocatalyst with very low overpotential (289
mV) at a geometric current density of 10 mA cm−2 and a small
Tafel slope (56 mV dec−1). This is lower than the benchmark

IrO2 and that of mesoporous binary nitrides CoN and Ni3N
electrocatalysts (Fig. 11g). We attributed the superior activity
to the intrinsically rich conductivity and high active
electrocatalyst contact area.

Sulfides

Crystalline porous sulfides have taken on a significant role in
various energy storage applications because they combine the
interconnected porous networks, large quantity of surface
metal site, and good conductivity in a better manner when
compared with its counter oxides. A high-temperature reduc-
tive sulfuration approach reported by Shi et al. can be consid-
ered as the first effort to prepare highly ordered mesoporous
metal sulfide crystallites by hard template [130]. As the first
step, nanocasting generates metal precursor/mesoporous silica
composites. H2S gas is subsequently utilized as a sulfuration
agent to in situ convert metal precursors to sulfides crystallites
in the silica nanochannels. Upon etching, silica mesoporous
sulfides are produced. Later, Yonemoto et al131 [131]. using a
new synthetic approach represents an oxide-to-sulfide
nanocasting method using H2S gas as a sulfur source. This
in fact yielded the first example of highly interconnected or-
dered mesoporous cobalt sulfide with a crystalline wall (Fig.
12a). However, using H2S needs particular caution since it is
poisonous and highly corrosive. In order to overcome this
drawback, Jin and coworkers [133] reported the synthesis of

Fig. 12 a Schematic preparation steps of highly ordered mesoporous
sulfides via oxide-to-sulfide approach. b TEM and c HRTEM images of
mesoporous cubic Co2S. Reproduced with permission from ref. [132].
Copyright 2014, American Chemical Society. d Specific capacitance of

mesoporous ternary sulfides NixCo1-xS2 at different current densities. e
Schematic illustration asymmetric supercapacitor device based on meso-
porous Ni0.32Co0.68S2//AC. Reproduced with permission from ref. [131].
Copyright 2017, American Chemical Society
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a series of highly ordered mesoporous NixCo1−xS2 with 3D
cubic mesostructure using sulfur powder as the sulfur source.
The material was then used in a supercapacitor; the generated
bicontinuous mesoporous Ni0.32Co0.68S2 possesses a specific
capacitance up to 1698 F g−1 at a current density of 2 A g−1.
This value is greater than those of CoS2 and NiS2 single meso-
porous sulfides (Fig. 12b). Moreover, designing a hybrid
asymmetr ic supercapac i to r (ASC) device us ing
Ni0.32Co0.68S2 as the cathode, activated carbon (AC) as the
anode and cellulose paper as the separator in a 2 M KOH
(Fig. 12e). The device fabricated thus has a high energy den-
sity of 37 Wh kg−1 at a power density of 800 W kg−1. This is
comparable with the reported values obtained from metal sul-
fides [131].

Conclusions and Outlook

Over the past 5 years, several reports have appeared that indi-
cate the promise of nanocasting cobalt-based mesoporous
electrodes materials. This review summarizes the work thus
far on nanocasting cobalt-based mesoporous materials includ-
ing oxides and other materials (nitrides, phosphides, and sul-
fides) for energy-related technologies. In particular, the uses of
these materials for electrocatalysis, rechargeable batteries, and
supercapacitors have been explored. We show that high activ-
ity and stable electrochemical performance are achieved
through morphology control and suitable design of electrode
structure. The enhancement of the intrinsic activity of the ac-
tive site can be tuned by electronic modulation of the
electrocatalytically active centers. In addition, the use of a
secondary phase including noble metals and other transition
metals and varying the mixture of metals has been found to be
helpful. The effect of nanostructuring design on chemical dif-
fusion, charging/discharging, and cycling performance for re-
chargeable batteries is elaborated.

Despite recent progress discussed here, there are important
challenges that need to be overcome to achieve the high-
performance necessary for the state of the art electrochemical
applications. The opportunities that exist are as follows: (i) in-
depth investigations such in situ spectroscopy and theoretical
calculations of the surface to better understand the correlations
between the chemical composition, ion storage, and
electrocatalysis; (ii) in supercapacitors and batteries, one
may pursue a combination of high surface area and reactivity
towards the energy storage; (iii) comprehensive and system-
atic studies may be carried out on cobalt-based mesoporous
metal alloys and heterostructures [133]; (iv) it is necessary to
establish the impact of mesostructure on long-term durability
and cyclability; (v) last but not least, one can benefit from
integrating these electrodes with controlled geometry and ar-
chitectures directed towards viable, low-cost manufacturing
method. Hence, there are prospects identified here are

expected to help with furthering activity in electrochemically
active materials that are realized via nanocasting.
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