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Abstract

Facet-dependent properties of novel metal or metal-oxide nanocrystals have been discovered
recently, and attract intensive interests owing to their great potentials for various practical
applications. Co3O4 as one of important transition metal oxides shows electronic, magnetic,
and redox properties which have found many applications in energy conversion and storage,
magnetic separation, sensor device and catalysis. This review summarizes the most recent
research advances in synthesis and applications of nanosized Co3O4 with predominantly
exposed facets, with emphasises on the enhanced performances in catalysis and
electrochemical properties. The mechanism for improved selectivity and activity was
discussed, and panorama of the correlations among particle shape, crystal plane, surface atom
arrangement, and active sites has been drawn. Insightful findings in this scope may be
achieved by forthcoming research in theoretical calculations, rational synthesis, and emerging
applications. Thus, researchers can manipulate the synthesis at atomic level and novel
applications of the materials in broad areas.
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1. Introduction

Metal oxides have dramatically facilitated the vast success in a broad range of scientific
fundamentals and technological applications.1-4 Tricobalt tetraoxide (Co3O4), a magnetic ptype semiconductor, has been demonstrated prevailing applications in heterogeneous
catalysis,5-8 energy storage and conversion,5,

9-13

sensors and devices,10,

14-16

etc. The

performances of Co3O4 in such applications, corresponding to its intrinsically electronic,
magnetic, optical and catalytic properties, strongly depend on both crystalline structures and
surface features. The crystalline structure of Co3O4 has been indexed as normal spinel, based
on a cubic close packing array of oxide ions. Co(II) ions are located at the tetrahedral 8a sites
and Co(III) ions occupy the octahedral 16d sites.17 On the other hand, the nature of surface,
on which many physical and chemical processes take place,18 is controlled by the size, shape,
and morphology via adjusting the atomic arrangement and coordination.19

Nanosized Co3O4 crystallite is able to provide more promising properties than a conventional
bulk counterpart by the manipulated high surface-to-volume ratio and more defects.20,

21

Employing nanoparticles as building blocks offers a powerful tool to succeed in fabrication
of desired 1-3 D (dimensional) nanoarchitectures of Co3O4.9, 22, 23 Its nanostructures with a
great variety of morphologies, such as nanocubes,24,
nanotubes,10,

29

nanobelts,30,

31

nanospheres,14,

32

25

nanorods,7,

nanosheets,33,

34

26

nanowires,27,

28

nanomeshs,35 nano-

octahedra,36 and nanocapsules,37 etc., have been fabricated. Further investigations discovered
that there is a close correlation between shape/morphology and performances of Co3O4
nanocrystals in practical applications.7,

14, 24, 38-40

Rational synthesis of preferential

morphology and insights to the mechanism of shape-performance correlation would be
definitely desirable for better applications of Co3O4 in environmental remediation and energy
conversion.

The nature of size or shape-related properties lies in the arrangement of surface atoms and
surface energy, leading to genuine facet-dependent properties of nanomaterials.41-45 Some
reports summarized the research advances in the facet-related properties of noble metals (Pt,
Pd, Au and Ag),43, 44, 46 metal oxides (TiO219, 47-50, ZnO18, 51 and SnO218, 46, 52), and metal
sulfides (CdS, Ag2S and PbS).53 However, the enhanced performances via preferential facets
of nanocrystalline Co3O4 have not yet been reported.43, 54
4

This review therefore provides very recent advances in the design and synthesis of
nanocrystalline Co3O4, its performances in CO oxidation, lithium-ion battery, and some other
emerging fields and facet-dependent behaviour. Scheme 1 shows the design, synthesis,
structure and applications relating to the Co3O4 nanocrystals with predominantly exposed
crystal planes. The design is generally orientated by the practical applications, which require
better performances of the material. Synthesis protocols will be then investigated to obtain
the material with desired properties by structural control. The mechanism of the enhanced
performances of the material can be described by the crystal structure and microstructure,
both of which promote the applications of the material and sometimes, bring out breakthrough science and emerging applications.

Scheme 1 Research activities and their correlation to Co3O4 with predominantly exposed
facets

2. Synthesis of Co3O4 with selected facets
The preferentially exposed crystal planes of Co3O4 can be achieved by manipulation of the
morphology, which is feasible as shape-controlled synthesis. Fig. 1 shows SEM and TEM
images of some typical Co3O4 nanostructures such as nanowires, nanospheres, nanorods,
nanosheets, nanobelts and nanocubes. The close relationship between geometric shape and
crystal plane determines a rational design of the crystal facets in a controlled synthesis.
5

Generally, the synthesis can be achieved by hydrothermal and solvothermal methods. The
crystal shapes can be controlled by addition of surfactant, solution temperature, and ratio of
precursors. In which, a surfactant such as cetyl trimethylammonium bromide (CTAB) can be
the most important preparation parameter as a morphology-directing agent, template, or
capping agent in the formation of the desired low dimensional nanostructures.55 Solution
temperature would significantly control the speed of crystal growth and the redissolving and
redepositing process, and the precursors can control both the chemical compositions and
morphologies of the nanocrystals.56

Figure 1 Nanocrystalline Co3O4 with various morphologies, a) nanowires, reproduced from
Ref.

27

with permission from Elsevier, b) nanosphere, reproduced from Ref.

permission from ACS, c) nanorods, reproduced from Ref.

7

14

with

with permission from Nature

Publishing, d) nanosheet, e) nanobelt, and f) nanocube, d)-f) reproduced from Ref.

24

with

permission from ACS.

2.1. Hydrothermal synthesis
Hydrothermal methods have been widely used for preparation of nanomaterials. The
autogenerated pressure from water upon heating can further enhance the solubility and the
6

reactivity of the reactants to improve the crystallinity of the prepared nanocrystals. Moreover,
small coordinating molecules (e.g. NH3, ethylenediaminetetraacetic acid) can be easily
introduced to adjust the growth of the final nanocrystals. The strong polarity of water might
be beneficial to the orientation growth of 1 D nanostructures.53

Li et al.

24

reported a rational synthesis of Co3O4 with different shapes via a hydrothermal

process of cobalt hydroxide precursors. It was found that the predominantly exposed planes
are {112} in the nanosheets, {011} in the nanobelts, and {001} in the nanocubes. The key
parameter in the shape-controlled synthesis was the precursor of β-Co(OH)2 nanosheets and
Co(CO3)0.5(OH)0.11H2O nanobelts.

Crystalline Co3O4 nanospheres with non-orientation, nanocubes with {100} orientation, and
rhombododecahedrons with {110} orientation, were obtained hydrothermally using
differently charged surfactants and solvents.57 N,N-dimethylformamide (DMF) and
acetonitrile were employed for preparation of rhombododecahedrons, hexadecyltrimethylammonium chloride (CTAC) or sodium dodecyl sulfate (SDS) for nanocubes, and Triton X100 for nanospheres. Scheme 2 displays the possible mechanism for Co3O4 polyhedron
formation using different surfactants. Charge density, atom density and dipolar moment were
major factors influencing the specific interactions between changed capping agents and
crystal planes of Co3O4 to the selective formation of cubes with {100} orientation, and
rhombododecahedrons with {110} orientation. The neutral chains of non-ionic surfactant
cause the non-selective adsorption on the crystal surfaces, leading to the formation of spheres
without specific orientation. In the presence of ionic surfactants, CTAC and SDS, the charged
R4N+ and SO42- groups of the surfactants preferentially adsorbed on highly charged {100}
planes rather than relatively less charged {110} planes, resulting in the growth inhibition of
{100} planes and formation of nanocubes. The polar DMF and acetonitrile as weak capping
agents cannot compensate the system energy increase and will then be adsorbed on the stable
{110} planes, producing the rhombododecahedrons.

7

Scheme 2 Possible mechanism for Co3O4 polyhedrons synthesized in the presence of
different charged surfactants and solvents. Reproduced from Ref.

57

with permission from

ACS.
A 2-D functionalized Co3O4 nanomesh with the dominant {112} crystal planes was prepared
by the formation of single crystal (NH4)2Co8(CO3)6(OH)6•4H2O nanosheet as the precursor
and its subsequent conversion upon calcination.

35

Ethylene glycol, concentrated NH3•H2O,

Na2CO3 and Co(NO3)2 were used to prepare the nanosheet precursor via a hydrothermal
process at 160 – 200 oC for 12 – 48 h. The produced nanomesh had a higher surface area as
compared to the other Co3O4 nanostructures, well-crystallized features, thickness of no more
than 10 nm and a void space diameter below 6.0 nm. Fig. 2 shows the HRTEM images and
the difference in the exposed crystal planes of selected samples. The dominant {112} crystal plane

in the nanomesh was of much better performance for electrochemical energy storage than the
conventional {111} and {100} planes. Besides the benefits from unique morphology and

structure, the better performance of {112} plane than conventional planes was attributed to
the higher surface energy.

8

Figure 2 The difference in the exposed crystal planes of the final products of S1, S3 and S5. S1 has a
diameter of 15 nm (a) with the addition of 1 mL Na2CO3 aqueous solution (1 M); S3, 150 nm, 1.5 mL
Na2CO3 aqueous solution; S3, 1000 nm, 10 mL Na2CO3 aqueous solution. S1 and S3, whose precursor
is Co(CO3)0.5(OH)0.11H2O, exhibit the exposed crystal plane of (1 10) on the largest scale (a–d),

whereas S5 with (NH4)2Co8(CO3)6(OH)6·4H2O as precursor, exposes the crystal plane of (112) on the

largest scale (e and f). Reproduced from Ref.

35

with permission from RSC.

Nanocrystalline Co3O4 samples with plate-like shape of {111} predominant plane, rod-like
shape of {110} predominant plane, cubical of {100} predominant plane, and roughly
spherical morphologies of multiple planes were fabricated using CoCl2 with or without
capping reagent via hydrothermal processes.

58

The plate-like Co3O4 prepared by CoCl2,

poly(vinylpyrrolidone) (PVP, Mw = 35 000) and KOH mainly exposed {111} crystal plane,
and showed the highest activity in catalytic CO oxidation.

Three types of Co3O4 with different well-defined crystal plane structures, including a cube
with {001} plane, a truncated octahedron with {001} and {111} planes, and an octahedron
with the {111} plane were successfully prepared by a one-step hydrothermal method.

59

The

shape control was facilely achieved by simply adjusting the ratio of NaOH and cobalt
precursor of Co(NO3)2•6H2O, without any capping reagent. When the starting concentrations
of Co(NO3)2•6H2O and NaOH were 0.04 and 0.01 mol/L, Co3O4 cubes were obtained. On the
other hand, when the concentrations were 0.08 and 0.01 mol/L, truncated octahedron was
prepared, and if at 0.20 and 0.05 mol/L octahedron was obtained.
9

Zhu et al.

60

reported that rhombus-shaped Co3O4 nanorod arrays grown directly on a nickel

substrate were successfully synthesized by a fluorine-mediated hydrothermal approach. The
prepared nanorods were quasi-single-crystalline in nature with an axis perpendicular to the
{202} plane, showing growth along the [101] direction. It was suggested that the nanorods
were enclosed by two equivalent {121} crystal planes and two equivalent {101} crystal

planes. The formation of Co(OH)F in the synthesis was found to play the crucial role in
producing the nanorod arrays.

2.2. Precipitation synthesis
Precipitation method is very simple, but the precise control of the orientation usually needs
the assistance of surfactant or coordinating molecules. Nanorod-shaped Co3O4 nanocrystals
with exposed {110} planes were prepared by the calcination of a cobalt hydroxide carbonate
precursor, which was synthesized by the precipitation of cobalt acetate with sodium
carbonate in ethylene glycol.7 In the design, a solid cobalt hydroxide carbonate, incorporating
ethylene glycol and having a nanorod-shape structure with a diameter of 10 - 20 nm and a
length of 200 - 300 nm, was prepared and then used as the precursor for further calcination.
Sharma et al. reported a formation process of Co3O4 nanorods by a controlling assembly of
oxide nanoparticles, shown in Scheme 3.61 The formation process followed an oriented
aggregation of Co3O4 nanoparticles of varying shapes and sizes. The cationic surfactant of
CTAB played an important role in the formation of rod-like morphology by decreasing the
surface charge density of ionic micelles and thereby promoting the formation of micellar
geometries like nanorods.

10

Scheme 3. Schematic formation process of Co3O4 nanorods. Reproduced from Ref.

61

with

permission from RSC.
Lin et al.62 reported a simple method to prepare highly dispersed Co3O4 nanocubes by
aqueous precipitation method at low temperature (70 – 90 oC). It was found that ammonia as
the precipitator was essential to achieve cubic-like Co3O4 nanoparticles. The precipitator
might play the role in determining the orientation growth of the nanocrystals, and would
strongly influence the morphology of the objective materials.

2.3. Other synthesis and short summary
Ultrathin Co3O4 nanowires with exposed {111} planes was fabricated by oriented attachment.
39

The heating temperature controls the diameter of nanowires and the thickness of nanowalls.

Meanwhile, the heating duration determines the size of nanowires (< 300 oC) and nanowalls (>
300 oC). The thinnest Co3O4 nanowires grew by oriented attachment of atomic Co3O4
building blocks one by one along the [110] direction. The smallest building block along the
wire has four Co3+ cations, two Co2+ cations, and eight O2- anions. To keep the Co/O ratio as
3/4, the Co3+ in the middle of the smallest building blocks were removed during the
formation of the wires. Therefore, the distance of about 0.57 nm between the Co3+ cations
along the axis of the thinnest wire is the twice that in bulk Co3O4 in the [110] direction. Then
the smallest building blocks of Co3O4 could adopt correct positions along the [110] direction
to develop the long-range-ordered crystalline lattice of nanowire.63 At a higher temperature,
the accumulation of the Co3O4 is much quick to form thicker edges and the sharp corners at
the surface were passivated to produce nanowalls. The nanowalls constructed by the smallest
building blocks are preferentially exposing the {111} planes, which mainly composed of
Co3+ cations.39, 63 The study indicated that the Co3O4 nanowires and nanowalls were grown
by one-dimensional (1-D) and two-dimensional (2-D) oriented attachment of atomic Co3O4
building blocks, respectively.

It was reported that self-stacked Co3O4 nanosheets with mainly exposed of {111} planes were
prepared by a solvothermal method in the presence of poly(vinylpyrrolidone) (PVP) and
water followed by a calcination treatment.64 Both PVP and water would significantly affect
the formation of self-stacked nanosheet ensembles. The presence of water can partially
decrease the coverage of PVP on the produced nanoplate surface, then results in the
11

preferential adsorption of PVP on the top and bottom surfaces of the nanoplates, within
which the growth of nanocrystals occurs.

Table 1 lists a variety of nanocrystalline Co3O4 particles with their synthesis methods and
predominantly exposed planes. The table shows that there are available approaches to obtain
selected facets by shape-controlled synthesis.

Table 1 Shape, preparation, and facet of various Co3O4 nanocrystals
Morphology Precursor
Synthesis
Sphere
Co(NO3)2•6H2O, methanol, sodium Surfactant-assisted
dodecylbenzenesulfonate (SDBS)
solvothermal
decomposition
Sphere
Co(CH3COO)2•4H2O,
Polyol process
(poly(vinylpyrrolidone) PVP, ethylene
glycol
Sphere
Co(NO3)2•6H2O, ethylene glycol
Hydrothermal
Cube
Co(CH3COO)2•4H2O,
ammonia Hydrothermal
solution, ethanol
Cube
Co(CH3COO)2•4H2O,
ammonia Aqueous
solution, sodium oleate (SOA), precipitation
hydrogen peroxide
Cube
Co(NO3)2•6H2O, hydrogen peroxide, Hydrothermal
water, ammonia solution
Sheet
Co(NO3)2•6H2O, hydrogen peroxide, Precipitation
hexamethylenetetramine (HMT)
Sheet
Co(NO3)2•6H2O, methanol, water
Alcoholysis
Sheet
Co(CH3COO)2•4H2O,
Solvothermal
(poly(vinylpyrrolidone) PVP, ethylene
glycol
Belt
CoCl2•6H2O,
hexadecyltrimethyl- Hydrothermal
ammonium chloride (CTAC), N,Ndimethylformamide (DMF), hydrogen
peroxide
Belt
Co(NO3)2•6H2O, glycerol alcohol, Hydrothermal
water
Belt
Co(CH3COO)2•4H2O, Co(OH)2, 1,2- Hydrothermal
propanediol, ammonia
Rod
CoCl2•6H2O,
1,10-phenanthroline, Precipitation
water, NaCl, KCl
Rod
Co(NO3)2•6H2O, ammonium fluoride, Fluorine-mediated
hexamethylenetetramine (HMT), water hydrothermal
Rod
Plate

Co(CH3COO)2•4H2O, ethylene glycol, Precipitate
Na2CO3
CoCl2•6H2O, KOH
Microwave
hydrothermal

facet
N/A

Ref.

N/A

14, 66

{111}
N/A

67

N/A

62

{100}

69

{111}

70

{111}
{111}

71

{112}

30

{011}

24, 72

{111}

73

{-1,1,15}
{121},
{101}
{110}

74

{111}

75

65

6, 68

64

60

7
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Tube
Tube
Wire
Wire
Octahedron
Mesh

Co(NO3)2•6H2O, ammonia solution, Precipitation
water
CoC2O4•2H2O, NaOH
Interfacial reaction
Cobalt fossil, water, air
Heating
cobalt
fossil
Co(NO3)2•6H2O,
NH4F,
water, Hydrothermal
CO(NH2)2,
CoCl2•6H2O, thiourea, ethylene glycol Microwave
synthesis
Co(NO3)2•6H2O,
ammonium Hydrothermal
hydroxide, sodium carbonate

{111}

76

{112}
{111}

77

{110}

79

{111}

80

{112}

35

39, 78

3. Co3O4 preferential-facet promoted applications
3.1. Catalysis in environmental and energy application
3.1.1. Low temperature CO oxidation
The catalytic oxidation of CO has been intensively studied,81 owing to its significance in
environmental82 and fundamental applications.72 Gold catalysts,83-85 ruthenium catalysts,86, 87
and Co3O4-based catalysts

39, 82, 88-91

have been demonstrated effective for low temperature

CO oxidation. In which Co3O4 has been extensively investigated due to its high catalytic
activity and low cost compared to noble metals. However, the low temperature activity of
Co3O4 would be inhibited by the presence of water, hydrocarbons and NO.7,

82, 89

Morphological chemistry of Co3O4 was applied to prepare its nanocrystallites with different
shapes, by which the effects of preferential facets on the performance at low temperature CO
oxidation were investigated.

Nanorod-shaped Co3O4 with predominantly exposed {110} planes was showing not only
surprisingly high catalytic activity in CO oxidation at temperature as low as -77 oC but
sufficient stability in feed gases containing large amounts of H2O and CO2 at 200-400 oC.7
Fig. 3 shows the nature of the enhanced performance of Co3O4 nanorods in CO oxidation. Fig.
3(a) shows that in the spinel Co3O4, the Co3+ in an octahedral coordination was found to be
the active site for CO oxidation, while Co2+ in a tetrahedral is inactive. Fig. 3(b-d) shows
{001} and {111} planes only have Co2+ cations, but {110} planes is mainly made of Co3+
cations. Fig. 3(e) therefore shows the reaction pathways, indicating CO molecules interact
preferably with the surface Co3+ cations, which were enriched by rod-shape with preferable
{110} facets.
13

Figure 3 a, Spinel structure of Co3O4 crystal. b–d, The surface atomic configurations in the
{001} (b), {111} (c), and {110} (d) planes. e, A ball-and-stick model for CO adsorption and
oxidation on the active Co3+ site. Reproduced from Ref.

7

with permission from Nature

Publishing.
In another report, CO oxidation was performed on Co3O4 nanobelts and nanocubes.72 It was
found that the Co3O4 nanobelts with exposed {011} planes were more active than nanocubes
with {001} planes. Fig. 4 shows the catalytic properties of differently shaped Co3O4
nanocrystals. The specific rate of conversion over nanobelts at 56 oC is 1.37 times higher than
that over nanocubes. The turnover frequency (TOF) of Co3+ sites of {011} planes on Co3O4
nanobelts was far higher than that of {001} planes on nanocubes. At 56 oC, the turn-overfreqency (TOF) of Co3+ sites on the naobelts is 7.4 × 10-3 s-1, while only 2.7 × 10-3 s-1 for the
nanocubes, indicating that TOF of Co3+ sites on {011} plane is 2.7 times higher than {001}
14

planes. The difference in catalytic activity was attributed to the different locations of Co3+
sites.

Figure 4 CO conversion as a function of reaction temperature over Co3O4 nanobelts and
nanocubes. Reproduced from Ref. 72 with permission from Springer.
Fig. 5 (a) and (b) show the active Co3+ sites on the surface layer of the {011} planes of
nanobelts. Fig. 5(c) and (d) reveal those on the first sub-layer of {001} planes of nanocubes.
The adsorption of CO on the first sub-layer of Co3+ sites would be more difficult than on the
topmost surface layer of Co3+ sites, leading to the fact that {011} planes of nanobelts are
more active than {001} planes of nanocubes.72

Figure 5 (a) Surface atoms of the Co3O4 {011} plane. (b) Horizontal view of the Co3O4 {011}
plane. (c) Surface atoms of the Co3O4 {001} plane, (d) Horizontal view of the Co3O4 {001}
plane. Atoms highlighted with yellow arrows are located on the surface layer of the plane,
15

and those with white arrows on the first sub-layer of plane. Reproduced from Ref.

72

with

permission from Springer.

Teng et al.

58

investigated the catalytic activities of Co3O4 nanocrystals with different shapes

(plates, rods, cubes and spheres) in CO oxidation. Fig. 6 shows light-off curves of CO
oxidation obtained from the four samples. CO oxidation occurred at temperature below 273 K,
and the T50 (reaction temperature at 50% conversion) values for nanoplates, nanorods,
nanocubes and nanospheres of Co3O4 were 190, 218, 225, and 230 K, respectively. The
results indicated that plate-like Co3O4 with predominantly exposed {111} planes showed the
highest catalytic activity for CO oxidation. In the study, the activities were evaluated under
dry stream, which is close to ideal condition assumed in computational calculation. By which,
it was found that {111} planes expose a stable outmost surface after relaxation, meanwhile
surface relaxation of the {110} planes is not significant.92, 93

Figure 6 Conversion as a function of temperature for CO oxidation over differently shaped
Co3O4 nanocrystals: () plate, (–) rod, () cube, and () sphere. Reproduced from Ref.

58

with permission from RSC.
He et al. 39 also discovered that ultrathin Co3O4 nanowires with exposed {111} planes have a
high activity for CO oxidation. The high activity was ascribed to the larger surface area and
the abundance of active Co3+ on the surface.

Theoretical studies were carried out to find out the origin of extraordinary catalytic activity of
Co3O4 and the related morphological chemistry in low temperature CO oxidation. The
elementary reactions of CO oxidation on the commonly exposed surfaces of Co3O4, {110}-A,
16

{110}-B, {111} and {100} were investigated. It was found that Co3+ is the active site rather
than Co2+. Moreover, the three-coordinated O bonded with three Co3+ may be slightly more
reactive than the other two kinds of lattice oxygen, that is, the two-coordinated O bonded
with one Co2+ and one Co3+ and the three-coordinated O bonded with one Co2+ and two Co3+.
The study further showed that CO adsorption strength, the barrier of CO reacting with lattice
O and the redox capacity would be identical to be the determining factors that would
significantly affect the activity of oxides.91

3.1.2 Methane combustion
Selected shape or facet of Co3O4 was also found to have promotive performances in methane
combustion. Li et al.

24

investigated the effects of shape and crystal planes, including

nanosheets with predominantly exposed {112} planes, nanobelts with {011} and nanocubes
with {001} on the catalytic behaviour of methane combustion. Fig. 7 shows the catalytic
properties of different shape Co3O4 nanocrystals. The CH4 conversion was 50% over Co3O4
{112}, 42% over Co3O4 {011}, and 23% over {001} planes of Co3O4 at 313 °C, with the
specific rates of 2.72, 2.28, and 1.25 μmol g−1 s−1, respectively. The specific rate of CH4
conversion over Co3O4 nanosheets at 313 °C was found to be two times higher than that over
nanocubes and 19% higher than that over nanobelts. The activities showed that the Co3O4
nanosheets were more active than Co3O4 nanobelts and nanocubes. It was found that catalytic
activity order for methane combustion on the crystal planes were {112} > {011} >> {001}.
The surface atom arrangement of the Co3O4 with different planes was suggested to be
responsible for the different catalytic activities.
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Figure 7 Methane conversion as a function of temperature over Co3O4 nanosheets, nanobelts,
and nanocubes. Reproduced from Ref. 24 with permission from ACS.
Hao et al.94 studied the catalytic activity of octahedra with predominantly exposed {111}
facets of Co3O4 in methane combustion. The Co3O4 octahedra had no catalytic activity, while
the irregular shaped Co3O4 nanoparticles prepared by a conventional precipitation method
were highly active at the same reaction conditions, indicating Co3O4 with low surface energy
results in low catalytic activity in methane combustion. Above two studies suggested that the
catalytic activity can be feasibly controlled by preparation of shape-controlled Co3O4 with
selected facets.

3.1.3. Ethylene oxidation
Mesoporous Co3O4 with selected facets also showed very high activity for low temperature
oxidation of trace ethylene. It was found that {110} facets were the exposed active surfaces
of mesoporous Co3O4 replicated from 3-D cubic KIT-6 silicas, while the Co3O4 nanosheets
had predominantly exposed {112} facets.95 In the oxidation of trace ethylene, mesoporous
Co3O4 with {110} planes was more active than Co3O4 nanosheets with {112} planes. Table 2
compares the ethylene oxidation activities and physical properties of various catalysts. It was
found that Co3O4 with {110} planes showed a high ethylene oxidation at 0 oC, while no
activity was observed over Co3O4 nanosheets with {112} planes. The {110} planes are
composed mainly of Co3+ cations, which were regarded as the active sites for ethylene
oxidation, and then the abundant Co3+ cations on the {110} planes would provide sufficient
sites for ethylene. It was concluded that the {110} planes are the mainly active planes for
ethylene oxidation.95 In the further study, three different shaped Co3O4 (nanorods,
nanopolyhedra and nanocubes) were used to prepare supported Au catalysts. Compared with
{011} and {001} planes, {110} planes showed the maximum amount of oxygen vacancies,
which play a major role in ethylene oxidation.96

Table 2. Ethylene oxidation activities and physical properties of Co3O4 and Au/Co3O4
catalysts. Reproduced from Ref. 95 with permission from ACS.
Catalysts
Co3O4 ({110} facets)

C2H4 conversion (%) SBET (m2/g) Vp(cm3/g) Dp (nm)
30 (0 °C)

84

0.14

3.6/11.7
18

Catalysts

C2H4 conversion (%) SBET (m2/g) Vp(cm3/g) Dp (nm)

1.0% Au/Co3O4 ({110} facets) 50 (0 °C)

94

0.17

3.4/11.4

2.5% Au/Co3O4 ({110} facets) 76 (0 °C)

100

0.18

3.4/11.5

Co3O4 ({112} facets)

0 (20 °C)

2% Au/Co3O4 ({112} facets) 7.4 (20 °C)

−

−

−

−

−

−

3.1.4. Hydrodesulfurization (HDS)
The hydrogenation of carbonyl sulphide (COS) was carried out over catalysts derived from
nanocrystalline Co3O4 nanorods and nanopolydedra. Nanorods showed a high activity in
presulfurization process and resultant sulfide was superior to nanopolyhedra in HDS of
carbonyl sulphide. It was known that nanrods are enclosed by four {110} and two {001}
planes, and nanopolyhedra are enclosed by eight {111} and six {100} planes. The exposure
of {110} surface might lead to the stronger reactive property of nanorods than nanopolyhedra,
and facilitated the formation of more sulphur species on the rods during presulfurization stage,
then increase hydrodesulfurization activity for COS.97

3.2. Electrochemical performance in energy storage
3.2.1. Lithium-ion battery
Rechargeable lithium-ion batteries are key components of a large range of modern portable
equipments for entertainment, computing and telecommunication. As an energy storage unit,
Li-ion battery offers high energy density, flexible and lightweight design and longer lifespan
than comparable battery technologies. 98 A battery is a device that converts chemical potential
to electric energy through Faradic reactions and consists of three basic components: an anode,
a cathode, and an electrolyte. Electrode materials must fulfil three fundamental requirements:
(i) a high specific charge and charge density, (ii) a high cell voltage, resulting from a high
(cathode) and low (anode) standard redox potential of the respective electrode redox reaction,
and (iii) a high reversibility of electrochemical reactions at both cathodes and anodes.99, 100 In
the most popular Li-ion battery, a graphite anode (mesocarbon, microbeads, or MCMB
(MesoCarbon MicroBeads)), a cathode made by lithium metal oxide (LiMO2, e.g. LiCoO2)
and an electrolyte having a solution of lithium salt (e.g. LiPF6) in a mixed organic solvent
(e.g. ethylene carbonate-dimethyl carbonate, EC-DMC) imbedded in a separator felt. In 2000,
it was reported that electrodes made of nanoparticles of transition-metal oxides (MO, where
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M is Co, Ni, Cu or Fe, and Co3O4 in particular) demonstrated electrochemical capacities of
700 mA h g-1, two to three times larger than those that use graphite as the anode electrode,
with 100% capacity retention for up to 100 cycles and high recharging rates.101 However,
they usually suffer from poor capacity retention upon cycling and /or poor rate capability.
Traditional electrode materials have large volume changes during repeated lithium uptake
and removal reactions, and then produce local stress and eventually lead to electrode failure.
A promising strategy to resolve the problems was to prepare nanosized materials with
designed structures and morphologies. Nanosized materials can offer unusual mechanical,
electrical, and optical properties from their low dimensions in geometry, and behave the
integrated functions of bulk and surface properties. In lithium-ion battery, nanostructures
would provide huge surface area, short mass and charge diffusion distance, and freedom for
volume change during charge-discharge cycles, and eventually improve the Li-ion
intercalation properties. 76, 102

Li et al.

103

investigated the lithium storage properties of complex structures, such as cobalt

oxide-coated cobalt hydroxide carbonate nanowires, cobalt oxide nanotubes and porous
cobalt oxide nanowires. At a high charge/discharge current density of 100 mA g-1, the
nanotubes, nanowires, and hollow spheres were capable of retaining a specific capacity of
893, 847, and 686 mAh g-1 with average fading rates of 0.54, 0.32 and 0.61% per cycle over
40 cycles, respectively. The improved electrochemical properties were ascribed to smaller
size, porous structure, and favourability for electron transportation and insertion and
extraction of lithium ions of 1-D nanostructures of Co3O4. 103
Both theoretical

104

and experimental

105, 106

studies indicated that the crystal plane structure

would significantly influence the Li+ transport and the electrochemical performance. A
comprehensive study was conducted to investigate the effect of crystal plane on the
electrochemical performance of Co3O4.

59

Three nanocrystalline Co3O4 with different shapes

and preferential facets, including a cube with the {001} plane, a truncated octahedron with
{001} and {111} planes, and an octahedron with the (111) plane, are prepared and shown in
Fig. 8.
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Figure 8 SEM images of the three types of calcined Co3O4 and their structure models: a,b)
Co3O4 cubes, c,d) Co3O4 truncated octahedra, and e,f) Co3O4 octahedra. Reproduced from
Ref. 59 with permission from Wiley-VCH.
Fig. 9 displays the charge/discharge curves of the differently shaped Co3O4 nanocrystals. The
results showed that the first discharge and charge capacities were 969 and 795 mAh g−1 for
Co3O4 cubes, 1023 and 990 mAh g−1 for Co3O4 truncated octahedra, and 1098 and 991 mAh
g−1 for Co3O4 octahedra. All the first discharge capacities were higher than the theoretical
capacity of Co3O4, which might be attributed to the formation of a solid electrolyte interphase
(SEI) layer and possibly interfacial lithium storage. The Co3O4 octahedron with the {111}
plane has the highest reversible capacity and the best rate capacity. It was further discovered
that the electrochemical performance of Co3O4 can be ranked as octahedron > truncated
octahedron > cube, and the {111} plane may be more beneficial to Li+ transport than the
{001} plane.59 The high voltage plateau of Co3O4 nanocrystals was about 1.2 V, compared to
0.2 V of carbon/graphite anode, making them possible to overcome the shortcomings of
graphite as anode materials. For a good battery voltage, high voltage cathode materials, such
as LiMn1.5Ni0.5O4 or LiNi0.5-xAl2xMn1.5-xO4 at 5 V, can be used.107, 108
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Figure 9 The charge/discharge curves of a) Co3O4 cubes, b) Co3O4 truncated octahedra, and c)
Co3O4 octahedra for the 1st, 25th, and 50th cycles between 0.01 and 3.0 V at a rate of 1000
mA g−1. d) Comparison of cycling performance of the three kinds of Co3O4. Reproduced
from Ref. 59 with permission from Wiley-VCH.
Huang et al.109 prepared porous Co3O4 with the hexagonal sheet-like morphology (H-Co3O4)
of main (111) planes. The H-Co3O4 electrode showed excellent cycleability and rate capacity,
and the superior electrochemical performance was attributed to the porous 2D structures with
a finite lateral size and enhanced open-edges. Moreover, the exposed (111) planes are very
active and can improve the capacity retention and rate performance. Based on the studies on
Co3O4 nano-octahedra enclosed by {111}, Sun et al.36 suggested that the relationship between
the {111} facets and the good electrochemical performance could be attributed to the surface
atomic arrangement of the facet. The (111) plane has a more open surface structure than (100)
and (110) planes, which could offer more active sites for the diffusion of lithium ions.
Moreover, there are fewer interlayer spacing and tunnels through the direction of [100] and
[110], so the diffusion of Li ions through them would be more difficult than that through
[111].

3.2.2. Supercapacitors
Electrochemical capacitors are promising sources for many portable systems and automotive
applications. A number of transition metal oxides have been suggested as alternative
22

electrodes such as Co3O4, MnO2, and NiO etc., to hydrated ruthenium oxide due to its high
cost. However, such electrode materials lead to low capacitance, poor rate capability, and
deterioration in performance associated with faradic redox reaction.110 It was suggested that
electrodes with designed nanostructures would be possible to enhance not only power density
but also cycling stability. 111, 112

Qian et al.

23

reported that the specific capacitance of Co3O4 nanosheets was higher than that

of the Co3O4 microsphere in a KOH electrolyte solution. The Co3O4 nanosheet electrodes
also exhibited good rate capabilities, and maintained 93% of initial capacity at a current
density of 5 mA cm-2 in a KOH electrolyte solution. The improved electrochemical
performance was attributed to the mesoporous structure, which might provide a large surface
area that favours good contact with electrolytes.

Three Co3O4 samples with distinct morphologies, 1-D needle like nanorods, 2-D leaf-like
nanosheets, and 3-D oval-shaped microparticles, were tested for their potential application as
supercapacitors.9 The results indicated that these porous Co3O4 structures exhibited
promising capacitive properties with high capacitance and good retention. Co3O4 nanorods
also showed the highest capacitance of 111 F g-1, and 88.2% of which can still be maintained
after 1000 charge-discharge cycles. However, the rate capability and capacitance retention
were still unsatisfactory. In order to improve the electrochemical performance of electrode
materials for supercapacitors, the issues, such as double layer capacitance, faradaic
capacitance from surface redox process and faradaic contribution from the diffusiondominated interaction between electrolyte ions and electrode materials, should be
considered.113

Wang et al.

35

discovered a novel 2-D functional Co3O4 nanomesh, which had a very high

surface area (382 m2 g-1), well-crystallized features, thickness of no more than 10 nm and a
void space diameter below 6 nm. They reported that the dominant {112} crystal plane in the

nanomesh has much higher surface energy than conventional {111} and {100} crystal planes,
leading to a better performance in supercapacitors.

In another comprehensive study

114

, single crystalline and mesoporous nanorods, nanobelts

and nanosheets Co3O4 samples with predominantly exposed high-energy {110 } crystal
23

planes demonstrated excellent electrochemical properties in supercapacitors, providing higher
capacitance and better rate capability than conventional cubic/octahedral Co3O4 nanoparticles
with low-energy {100} and {111} planes. Fig. 10 shows the cyclic voltammetry (CV) curves
of three different electrochemical performances of Co3O4 samples. Co3O4 nanosheets
demonstrated the highest capacitance and highest rate capability. The facet-promoted
electrochemical performance was not fully discovered, and was tentatively attributed to
ultrathin thickness and mesoporosity for better diffusion of the electrolyte without an internal
pressure and delayed effect. 114

(a)

(b)

(c)

Figure 10 Cyclic voltammetry (CV) curves of Co3O4 nanorods (a), nanobelts (b) and
nanosheets (c). Reproduced from Ref. 114 with permission from Springer.

4. Mechanism of facets-related enhancement

The effect of structure/shape/morphology on the properties of a material has long been
recognized;115, 116 however, scientific understandings at molecular level to the mechanism
have not yet been fully discovered.

Shape-controlled synthesis has been achieved in the scope of novel metal nanocrystals, such
as platinum,117 gold,118 silver,119 etc., due to their significant applications in catalysis and the
simplicity being elementary crystals. El-Sayed et al.

120

compared the activation energy and

other kinetic parameters of the electron-transfer reaction between hexacyanoferrate (III) ions
and thiosulfate ions in colloidal solution containing dominantly tetrahedral, cubic or spherical
Pt nanoparticles as catalysts. The catalytic activities of these three nanoparticles were found
to correlate with the fraction of surface atoms located on corners and edges. It was further
reported that the edge and corner atoms exhibited open coordination sites that may result in
24

significantly different bond enthalpies, desorption energies, and adsorption geometries
compared to adsorption on terrace sites.121 Sun et al.

41

proposed that facets are closely

related to the density of atomic steps and dangling bonds, which would be the origin of the
enhanced catalytic activity. Xu et al.122 reviewed the synthesis and application of noble metal
nanocrystals with high-energy facets, and concluded that the high density of atomic steps,
edges, and kinks would make those nanocrystals with high-energy facets more active in
breaking chemical bonds than common nanocrystals.

For metal oxides, the intrinsic nature to enhanced performance of the nanocrystals with
predominantly exposed facets is more complicated. As a promising photocatalyst, TiO2 with
dominant high-energy facets has been extensively studied. It was found that the presence of
high-energy facets in TiO2 improves significantly its adsorption, electric, and photocatalytic
properties.19 Cheng et al. 47 systematically summarized the unique properties of shape crystals,
including (i) anisotropic corrosion, (ii) interaction dependence of adsorbates, (iii) reaction
selectivity, and (iv) reduction and oxidation sites. Li et al.

43

further indicated that a

cooperative mechanism of surface atomic structure (the density of undercoordinated Ti atoms)
and surface electronic structure (the power of photoexcited charge carriers ) is the
determining factor for photoreactivity.

As for the enhanced properties of Co3O4 with preferential facets, no conclusive mechanism
has been established. Shen et al.

54

summarized the morphology/plane-dependent catalysis of

these cobalt oxides in terms of CH4 combustion and CO oxidation. Recently Li et al.

43

also

mentioned the enhanced catalytic properties of Co3O4 with well defined facets in methane
combustion and CO oxidation. It has been evidenced that the shapes of nanocrystals would
significantly influence their catalytic performances. Here we extended the investigations to
catalysis and electrochemical properties of Co3O4 with predominantly exposed planes. (a) CO
oxidation: Co3+ is the active site rather than Co2+, so the facets with more Co3+ would be
more active than those with Co2+. Moreover, Co3+ sites of {011} planes is of much higher
activity than {001} planes. (b) Li-ion battery and supercapacitor: Smaller size, porous
structure, and favourability for electron transportation and insertion and extraction of lithium
ions of one-dimensional nanostructures. The {111} facets and higher energy facets of {112}

would also promote the electrochemical properties. (c) Methane combustion: The surface
atom arrangement of the Co3O4 with different planes is responsible for the different catalytic

25

activities. (d) Ethylene oxidation: Co3+ cations on the {110} planes would provide sufficient
sites for ethylene oxidation, and oxygen vacancies play a key role as well. Based on above
conclusive findings, it is shown that the insights of enhanced properties of Co3O4 with
predominantly exposed facets are still yet fully understood.

Density functional theory (DFT) calculations were applied to discover the differences in bulk
and surface properties (naturally occurring (110) and (111) surfaces) of spinel Co3O4. The
magnetic structure, band gaps, density of states and possible optical-transition bands of the
bulk, and structure, relaxation and stability of Co3O4 (110) and (111) surface were studied.
Results suggested that significant differences exist between bulk and surface, and between
surfaces of (100) and (111). The differences in properties are originally resulted from their
different chemical compositions and different atoms arrangements.93 Zasada et al.
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presented periodic DFT and atomic thermodynamic studies of Co3O4 nanocrystals in wet
environment by investigating the molecular interpretation of water adsorption equilibria. The
thermal behaviour of the hydrated (110) surface was clearly different from that of (100)
surface. For the (111) termination, the situation was quite similar to that observed in the case
of the (110) plane. They further reported periodic DFT and HR-STEM studies of surface
structure and morphology of Co3O4 nanocrystals.25 The results of slab calculations enabled to
evaluate the surface structure and reconstruction of the low index (100), (110) and (111)
planes. The surface energies of the relaxed facets increased as 1.39 J m-2(100) < 1.48 J m-2
(111) < 1.65 J m-2 (110). Fig. 11 shows selected projections of the reconstructed polyhedral
shapes of the Co3O4 crystallites, STEM images and corresponding Fast Fourier Transform
(FFT) patterns. The results clearly showed that different crystallographic planes refer to
different spacing. The symmetry of the diffraction spots in the FFT patterns also strongly
indicated the orientation of the observed faceted particles, allowing for univocal alignment of
the predicted 3D Wulff shapes with respect to the experimental 2D images.
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Figure 11 Thermodynamical Wulff shape (a
−c) together with reconstructed STEM shapes
(a1−c1) of cobalt nanocrystals viewed along the [100], [110], and [111] directions. HRTEM
images of the exposed Co3O4 planes (a2−c2), together with the corresponding fast F ourier
transform (a3−c3) indexed within the Fm3m space group. Reproduced from Ref.
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with

permission from RSC.

Xu et al.
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studied the adsorption of H2O and its effect on CO oxidation over Co3O4 (110)

surface by DFT studies, theoretically correlating surface structure to adsorption and catalysis.
H2O was found to be adsorbed favourably at Cooct sites on the surface, by O bonding with
Cooct sites and hydrogen bond formation between surface active oxygen atoms (O2f or O3f)
and H. Hydrogen bonding would play a key role for H2O adsorption at the Cooct sites. H2O
adsorption at the Cooct sites by hydrogen bonding to the O2f sites can present an inhibition
effect on CO interaction with the O2f sites, and then further hinders the CO2 formation by
abstracting O2f atoms to a certain extent. The results provide a valuable method for
investigation on the shape-related catalysis; however, the electrochemical performances of
different shape Co3O4 have not been investigated theoretically.
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5. Conclusions and Perspectives

Nanocrystalline Co3O4 has demonstrated a wide range of applications in energy storage and
environmental remediation. Extensive studies from world-wide researchers have evidenced
that with or without capping agents, different shapes of nanosized Co3O4, such as sphere,
cube, sheet, belt, rod, plate, tube, wire, octahedron and mesh can be successfully prepared.
The crystal planes are closely related to the morphology of nanoparticles; therefore, Co3O4
with predominantly exposed facets can be designed and fabricated. Enhanced performances
of the Co3O4 samples with preferential planes have been observed in many applications, such
as CO oxidation, methane combustion, Li-ion battery, supercapacitor, ethylene oxidation, gas
sensor, etc. The mechanism for activity enhancement varies, generally, unique structure, large
surface area, abundance of Co3+, oxygen vacancies, and surface atom arrangement would
contribute to the enhancements of activity and selectivity. All the features mentioned above
can be correlated to the crystal planes. Nevertheless, the research progress in the field of
Co3O4 is still young compared with that of novel metal nanoparticles due to complex
structure.

Therefore, in the pursuit of rational design of Co3O4 nanocrystals with selected facets and a
better understanding of the mechanism of promoted performances in the applications,
following research activities are expected to be paid more attention. (a) Theoretical studies:
Thermodynamic mode of Co3O4 crystal growth with or without capping agents/ions has not
been established. Quantum chemistry, morphological chemistry and molecular simulation are
required to work together for explanation of the surface adsorption/reactions at molecular
level. (b) Synthesis with manipulation at atomic level: Orientation attachment and
modification need to be investigated to fabricate facet or plane with adventitious atoms, by
which the effect of a single plane on the property can be discovered. (c) Emerging
applications: The preferential facets and their oriented modification would not only improve
the performances in conventional applications, but lead to some more novel uses. The
emerging applications will also be an excellent probe reaction for studying the facetdependent properties.
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