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Introduction

Mesoporous structures have been extensively investigated
due to their widespread applications such as support for cat-
alysts, gas sensors, electrode materials for batteries, superca-
pacitors, and fuel cells, sorbants for separation, and media
for gas storage and drug delivery.[1–6] Owing to their high

specific surface area, large pore volume, periodically distrib-
uted pores, and peculiar surface properties, ordered mesopo-
rous functional materials have demonstrated many unique
chemical and physical properties. In general, mesoporous
structures can be synthesized by either the soft template or
hard template methods through a process called nanocast-
ing. In a nanocasting process, the voids of templates are
filled with the material to be cast. After the removal of the
template, a replica of the mesoporous structure can be ob-
tained, which is the negative replica in the case of one time
casting.[7] Soft templates usually yield mesoporous structures
with low order and low crystallinity.[8,9] The hard template
method has many advantages over the soft template method
such as controllability, pore regularity, and crystallinity, that
is, it can produce highly ordered mesoporous materials with
crystalline walls.[10–12] Many types of mesoporous metal
oxides have been developed using mesoporous silica tem-
plates, such as MCM-41, SBA-15, and KIT-16 in the past
decade.[13–17] However, the successful synthesis of mesopo-
rous metal oxide materials still largely depends on the con-
trol and manipulation of the preparation conditions.

Lithium ion batteries and supercapacitors are important
electrochemical energy storage and conversion devices. Cur-
rently, lithium ion batteries are the dominant power sources
for portable electronic devices.[18–20] The combination of lith-
ium ion batteries and supercapacitors represents an ad-
vanced power supply for hybrid and plug-in hybrid electric
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vehicles, and an advanced energy storage sources in solar
and wind electricity generation systems. These power appli-
cations urgently require us to develop new electrode materi-
als with high capacity (in particular, high rate capacity) and
high energy density. Mesoporous structures (with pore sizes
in the range of 2–5 nm) provide a unique 3D framework ar-
chitecture as electrode materials for lithium ion batteries
and supercapacitors.[21–24] Transition-metal oxides have ex-
hibited high capacity for reversible lithium storage based on
the so called “conversion” reaction, which was first reported
by Poizot et al.[25] Among them, cobalt oxide has demon-
strated the best electrochemical performance in terms of
specific capacity and cyclability.[26] On the other hands,
nanosize Co3O4 has also exhibited high capacitance as elec-
trode in supercapacitors.[27]

Herein, we report the facile synthesis of two types of
highly ordered mesoporous Co3O4 materials with cubic Ia3d
structure prepared from KIT-6 silica templates and hexago-
nal P6mm structure prepared from SBA-15 silica templates,
respectively. These two types of mesoporous cobalt oxides
showed ferromagnetic ordering even at room temperature
and excellent electrochemical performance as electrode ma-
terials in lithium ion batteries and supercapacitors.

Results and Discussion

Structure and morphology characterisation : Figure 1a) and
b) presents the small angle X-ray diffraction (SAXRD) pat-
terns of cubic mesoporous Co3O4 (replicas of KIT-6) and
hexagonal mesoporous Co3O4 (replicas of SBA-15), respec-
tively. In Figure 1a), the SAXRD peak at 0.948 corresponds
to the (211) diffraction of the cubic Ia3d mesoporous struc-
ture, while the SAXRD peaks in Figure 1b) can be assigned
to (100), (110) and (200) diffraction lines of the hexagonal
mesoporous structure (P6mm). SAXRD diffraction peaks of
the patterns should be attributed to long range regularity,
namely the highly ordered mesoporous structures of the two
types of cobalt oxides.[28] The wide-angle XRD patterns are
shown as insets in Figure 1a) and b), respectively. All dif-
fraction lines can be readily indexed to the face-centered
cubic phase (Fd3m, JCPDS card No. 76-1802), indicating
that Co3O4 has been crystallized within the mesopores both
in KIT-6 and in SBA-15 templates. This has been further
confirmed by the high-resolution transmission electron mi-
croscope (HRTEM) analysis.

Two types of mesoporous Co3O4 were analyzed by trans-
mission electron microscope (TEM) and high resolution
TEM (HRTEM) analysis, which confirmed the highly or-
dered mesoporous structure and high crystallization degree.
Figure 2a)–d) shows TEM and HRTEM images of KIT-6
mesoporous Co3O4. Figure 2a) is a low magnification TEM
image, from which the sizes of individual mesoporous parti-
cles can be determined to be around 100 nm. Selected area
electron diffraction (SAED) was performed on the mesopo-
rous particle marked with a circle and is shown as the inset
in Figure 2a). It exhibits a single-crystal-like diffraction pat-

tern, implying that the walls in the mesoporous structure are
highly crystalline with a near single-crystal arrangement of
atoms within the walls over the entire mesoporous parti-
cle.[29] Figure 2b) shows a magnified TEM view of the meso-
porous structure recorded along the [111] direction, from
which highly ordered and regular mesopores are clearly visi-
ble. Figure 2c) and d) further presents HRTEM and lattice-
resolved HRTEM images of KIT-6 mesoporous Co3O4, in
which two d spacings of the (111) and (220) crystal planes of
Co3O4 are indexed, explicitly illustrating the highly crystal-
line nature of the walls of mesoporous Co3O4. SBA-15 mes-
oporous Co3O4 exhibits nanowire structures (as shown in
Figure 3a–d), which are derived from the parallel cylindrical
pores in the SBA-15 template. Figure 3a) illustrates a gener-
al TEM view of mesoporous Co3O4 nanowires. We notice
that individual nanowires are organized into parallel bundles
with sizes in the range of a few hundred nanometers. The
SAED pattern of a nanowire bundle marked with a circle in
Figure 3a) is shown in Figure 3b). The ring diffraction pat-
tern indicates the polycrystalline nature of the mesoporous
nanowires, which can be fully indexed to cubic Fd3m Co3O4

phase. Figure 3c) exhibits a magnified view of a mesoporous
Co3O4 bundle, and its corresponding fast Fourier transform
(FFT) pattern is shown as the inset in Figure 3c). The FFT is

Figure 1. Small angle X-ray diffraction (SAXRD) patterns of a) cubic
mesoporous Co3O4 (replicas of KIT-6) and b) hexagonal mesoporous
Co3O4 nanowires (replicas of SBA-15). The insets are the corresponding
wide angle X-ray diffraction patterns.
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simply an inverse form of the entire nanowire bundle, in
which the spots reflect the highly ordered arrangement of
parallel nanowires. Figure 3d) shows a HRTEM image of
the mesoporous Co3O4 nanowire structure. Nanoparticles

with a size of about 5–6 nm are
regularly aggregated to form in-
dividual nanowires. The (111)
lattice planes with a d spacing
of 0.47 nm are clearly distin-
guishable in Figure 3d). Meso-
pores exist between the individ-
ual nanowires.

The pore sizes, their distribu-
tion and the Brunauer–
Emmett–Teller (BET) surface
areas of the two types of meso-
porous Co3O4 were examined
via nitrogen adsorption-desorp-
tion measurements. Figure 4
shows the typical type IV iso-
therms with type H1 hysteresis
loops defined by IUPAC,[30]

which are characteristic of mes-
ostructures with cylindrical or
Ia3d channels. The pore size
distribution curves are present-
ed as the insets in Figure 4a)
and b). The average pore sizes
for cubic Co3O4 and hexagonal
mesoporous Co3O4 are 3.32 and
4.16 nm, respectively. The BET
surface areas are 126.2 m2 g�1

for cubic mesoporous Co3O4

and 110.4 m2 g�1for hexagonal
mesoporous Co3O4, which were
deduced from the nitrogen ad-
sorption–desorption measure-
ments. Therefore, SAXRD,
TEM, HRTEM, and IV iso-
therm measurements have un-
ambiguously confirmed the
highly ordered nature of the
mesoporous Co3O4 structures
synthesized by the hard tem-
plate method.

Zero-field cooled (ZFC) and
field cooled (FC) measurement
of the magnetic moments of the
two types of mesoporous Co3O4

samples are shown in Figure 5
(solid line for KIT-6 cubic
sample and dashed line for
SBA-15 nanowire sample). The
main feature of these measure-
ments is a cusp at the character-
istic N�el temperature, TN, cor-
responding to the onset of anti-

ferromagnetic ordering below this temperature.[31] Above
the N�el temperature TN, the ZFC and FC measurements
for each of the samples overlap, whereas, they do not over-
lap below TN. Both samples show the signature of paramag-

Figure 2. a) Low magnification TEM image of KIT-6 mesoporous Co3O4, in which the inset is the correspond-
ing SAED pattern. b) High magnification TEM image of KIT-6 mesoporous Co3O4, showing highly ordered
mesopores. c) and d) HRTEM images show the lattices of the crystalline walls of KIT-6 mesoporous Co3O4.

Figure 3. a) A general TEM image of SBA-15 mesoporous Co3O4 nanowires. b) A SAED pattern of a nano-
wire bundle, showing the polystalline nature of the nanowires. c) A high magnification TEM image of a meso-
porous Co3O4 nanowire bundles. The inset is the corresponding FFT pattern. d) A HRTEM image of the mes-
oporous Co3O4 nanowire structure.
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netic phase above TN, even though the measurements
cannot be fitted to the Curie–Weiss law over the whole tem-
perature range above TN. The fit is acceptable only above
~150 K. The observed cusp does not correspond to freezing
of superparmagnetic particles or spin freezing.[32] Our meso-
porous samples were too large to exhibit superparamagnet-
ism, as was observed for Co3O4 nanoparticles 3 nm in diam-
eter.[33] If either of these two effects were occurring in our
samples above 20 K, the cusp would be observed only in the
ZFC measurements. FC measurements would give a con-
stant magnetic moment below the freezing temperatures as
the spins aligned by the magnetic field were frozen in.

The values of TN for the mesoporous KIT-6 cubic sample
and the SBA-15 nanowire sample were 32.3 and 23.7 K, re-
spectively. Macroscopic Co3O4 crystals give TN of 40 K.[31, 34]

However, geometric confinement of magnetic ordering in
nanoparticles results in lowering of TN, which can be de-
scribed by:[35]

DTN ¼ TN0

�
x0

d

�
l ð1Þ

where DTN, TN0, x0, l and d are TN0�TN, N�el temperature
for infinite crystal, correlation length of the magnetic order-
ing, shift exponent and diameter of the nanoparticle, respec-
tively. The values of l=1.1 and x0 = 2.8 nm were reported
for Co3O4 nanoparticles.[36] Equation (1) gives the value of d

for mesoporous KIT-6 and SBA-15 nanowire samples as
12.5 and 6.3 nm, respectively. This is in good agreement with
the size of individual crystallites observed by TEM. A de-
crease in the magnetic moment with temperature below
10 K can also be observed in Figure 5. This is probably due
to spin freezing at these low temperatures, as reported by
Takada et al.[33]

Another interesting feature of ZFC and FC measure-
ments is that the magnetic moment per unit mass of the
Co3O4 sample with hexagonal mesostructure is 1.2 times
higher than that of the Co3O4 sample with Ia3d mesostruc-
ture in the region of T>50 K. This is probably associated
with the unpaired spins at the surface of the nanoparticles.
Because these spins do not experience antiferromagnetic
coupling to the outside of the nanoparticles, they are easier
to align with magnetic field above TN against thermal excita-
tions than the bulk spins. Even though thermal excitations
overcome the antiferromagnetic coupling above TN, the anti-
ferromagnetic interaction still exists between the spins. Be-
cause of the different size of the nanocrystals in the two
samples, where the KIT-6 mesoporous Co3O4 sample has a
single crystal-like structure with mesopores inside and a size
ranging up to more than 100 nm, which is much larger than
that of the individual nanocrystals in the SBA-15 Co3O4

nanowire sample, the SBA-15 Co3O4 nanowire sample is ex-
pected to have more surface spins per unit weight, which
are easy to align with an external field, resulting in the ob-
served larger magnetic moment in Figure 5.

Magnetic hysteresis loops measured between 5 and 300 K
reveal a linear dependence of magnetic moment on the field
(Figure 6). The magnetic moment per unit mass of the SBA-
15 Co3O4 nanowires is again 1.2 times higher than that for
the KIT-6 mesoporous Co3O4 sample. This is in agreement
with the ZFC and FC measurements at constant field. Only
a slight deviation from linearity of the hysteresis loops is ob-
served around H= 0, where hysteresis loops are visible after
zooming-in at all temperatures. This is more obvious at low
temperatures. Magnetic hysteresis loops of the KIT-6 meso-
porous Co3O4 sample in full range of the fields are shown in
Figure S1 in the Supporting Information.

Figure 4. N2 sorption isotherms of mesoporous Co3O4 a) KIT-6 type, b)
SBA-15 type. The insets are pore size distribution curves.

Figure 5. Temperature dependence of ZFC and FC magnetic moment for
KIT-6 mesoporous Co3O4 (c : TN = 32.2 K) and SBA-15 mesoporous
Co3O4 (a : TN = 23.7 K) nanowire samples.
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The hysteresis loops of the SBA-15 nanowire sample
showed the same trend. All of the hysteresis loops have a
non-zero coercive field Hc (Figure 7), indicating a ferromag-
netic ordering of the unpaired surface spins. This is in addi-
tion to the antiferromagnetic ordering of bulk spins. The
SBA-15 Co3O4 nanowire sample has a larger coercive field
than the KIT-6 mesoporous Co3O4 samples. This is to be ex-
pected because the smaller crystallites in the nanowires
have more defects that impede changes in magnetization
arising from the external field and therefore give a larger
Hc. Both samples show a decrease in Hc with cooling at and
below TN. This is associated with the exchange interaction
between the ferromagnetic surface spins and the bulk anti-
ferromagnetic spins.[37] Further increase of Hc with cooling
below 10 K is due to spin-freezing mechanisms.

A clear evidence for the exchange bias of ferromagneti-
cally coupled surface spins is provided by the shift of the
hysteresis loops to negative field.[36] The center of the hyste-
resis loop is shifted by field Hs, as shown in Figure 8. The
shift vanishes above TN for both samples, clearly showing
the decisive role of antiferromagnetic bulk spins in the shift
of hysteresis loops.

The electrochemical performance of the two types of as-
prepared Co3O4 mesoporous samples in lithium ion cells
were evaluated by cyclic voltammetry (CV) and galvanostat-
ic charge/discharge tests. The CV curves of the mesoporous
KIT-6 Co3O4 electrode are shown in Figure 9a). In the first
scanning cycle, there is a reduction peak at 0.8 V, which is
associated with the formation of a solid electrolyte inter-
phase (SEI) layer on the surface of the electrode, but disap-
pears from the second cycle. Two stable reduction peaks
appear during cathodic polarization, which is related to mul-
tistep reduction of Co3O4 to CoO and metallic Co. An
anodic peak at 2.2 V corresponds to the oxidation of the re-
duced Co to Con+ . Figure 9b) shows the discharge and
charge curves of mesoporous KIT-6 Co3O4 electrode at a
current rate of 50 mAg�1. In the first cycle, the electrode de-
livered a lithium storage capacity of 1760 mA hg�1, which is
similar to what has been previously reported for porous
Co3O4 nanotubes and nanoneedles.[38–40] From the second
cycle, the mesoporous Co3O4 electrode maintained a high
reversible capacity above 1200 mAh g�1 with high coulombic
efficiency. Mesoporous Co3O4 electrode exhibited a capacity
higher than the theoretical capacity of Co3O4 (890 mAh g�1).
This could be attributed to high surface area and intercon-
nected porous structures, which provide extra active sites for
Li+ storage.[41]

We also performed charge/discharge cycling test at differ-
ent current rates; the results are shown in Figure 10. The
KIT-6 mesoporous Co3O4 electrodes demonstrated superior
electrochemical performance. Even at high current density
of 300 mAg�1, the mesoporous electrode exhibited almost
the same specific capacity as at low current density. Recent-
ly, mesoporous Co3O4 nanobelts was reported to deliver
1400 mAh g�1 capacity at a low current rate of
40 mAh g�1.[41] However, long-term cyclability and high-cur-
rent performance are not clear. The extraordinary perfor-
mance of our mesoporous Co3O4 material should be attrib-
uted to the highly ordered mesoporous structure, in which
the electrolyte can easily diffuse into the mesopores. On the

Figure 6. Magnetic hysteresis loops measured between 5 and 300 K. For
each pair, the upper-left line is the KIT-6 mesoporous Co3O4 sample and
the down-right line is the SBA-15 mesoporous nanowire Co3O4 sample.

Figure 7. Temperature dependence of the coercive field for the two types
of mesoporous Co3O4 samples (KIT-6: &, SBA-15: *).

Figure 8. Temperature dependence of the field of the centre of magnetic
hysteresis loops, showing the shift of the hysteresis loop along the field-
axis, which occurs because of the exchange bias of ferromagnetically or-
dered surface spins through their coupling to the antiferromagnetically
ordered bulk spins (KIT-6: &, SBA-15: *).
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other hand, the thin walls in the mesoporous structure (a
few nm) provide a short path for lithium ion diffusion and
migration, therefore inducing excellent electrochemical per-
formance. The performances of the SBA-15 mesoporous
Co3O4 nanowire electrodes were also systematically investi-
gated and the corresponding results are shown in Figures S2
and S3. They exhibited similar electrochemical behavior to
that of the KIT-6 mesoporous Co3O4 electrodes.

Since mesoporous Co3O4 materials have large specific sur-
face area, they are ideal electrode materials for supercapaci-

tors. The capacitances of the two types of mesoporous
Co3O4 electrodes were evaluated by cyclic voltammetry
measurements. Figure 11a) and b) show the CV curves ob-
tained at different scanning rates for the KIT-6 mesoporous
Co3O4 electrode and the SBA-15 mesoporous Co3O4 nano-
wire electrode, respectively. All CV curves exhibited a
broad oxidation peak and a sharp reduction peak rather
than the ideally rectangular shape. This characteristic indi-
cates that the supercapacitance was not double layer capaci-
tance, but originated from faradaic pseudocapacitance. The
maximum specific capacitances were deduced from the CV
curves to be 282 and 370 F g�1 for the KIT-6 mesoporous
Co3O4 and the SBA-15 mesoporous Co3O4 nanowires, re-
spectively. Therefore, the SBA-15 mesoporous Co3O4 nano-
wires exhibited much higher capacitance than for previously
reported nanoporous Co3O4 nanorods.[27]

Conclusion

In conclusion, we have synthesized two types of mesoporous
Co3O4, one with a KIT-6 cubic structure and the other with
an SBA-15 hexagonal structure. Small angle X-ray diffrac-
tion, TEM, HRTEM, and IV N2 sorption analysis revealed
the highly ordered mesoporous structures of the as-prepared
products. Both the KIT-6 mesoporous and the SBA-15

Figure 9. a) Cyclic voltammograms of the KIT-6 mesoporous Co3O4 elec-
trode. b) Discharge and charge profiles of the KIT-6 mesoporous Co3O4

electrode in lithium-ion cells.

Figure 10. Reversible lithium storage capacity vs cycle number for the
KIT-6 mesoporous Co3O4 electrode at different current rates.

Figure 11. Cyclic voltammetry of mesoporous Co3O4 as electrodes in su-
percapacitors at different scanning rates: a) the KIT-6 mesoporous Co3O4

sample and b) the SBA-15 mesoporous Co3O4 nanowire sample.
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Co3O4 nanowire samples exhibit bulk antiferromagnetic cou-
pling below TN =32.3 and 23.7 K, respectively. Lowering of
TN from its value of 40 K was observed due to geometric
confinement of antiferromagnetic order within nanoparti-
cles. The unpaired surface spins contribute to a second type
of magnetic ordering. These spins couple ferromagnetically,
giving a small magnetic hysteresis loop. The ferromagneti-
cally ordered surface spins are also coupled to the antiferro-
magnetically ordered bulk spins, resulting in exchange bias
and shift of the ferromagnetic hysteresis loop. When used as
anodes for lithium storage in lithium ion cells, mesoporous
Co3O4 electrodes demonstrated excellent electrochemical
performance. Mesoporous Co3O4 electrodes also exhibited a
high supercapacitance of 370 F g�1 as electrode materials in
supercapacitors.

Experimental Section

Synthesis of mesoporous Co3O4 : The KIT-6 and SBA-15 SiO2 templates
were synthesized according to previous reports.[16, 17] The mesoporous
Co3O4 replicas from the 3D cubic KIT-6 and the 2D hexagonal SBA-15
were obtained by a hard template method.[10] Typically, 3–6 mmol Co-ACHTUNGTRENNUNG(NO3)2·6 H2O was dissolved in ethanol (15–30 mL) to form a transparent
solution. Then, dry SBA-15 or KIT-6 (0.45 g) was added to the solution.
After stirring for 12 h, the solvent was removed by evaporation at room
temperature. The dry powder was ground and sintered at 400 8C for 2 h
to decompose the nitrate. The impregnation step was repeated one more
time to obtain cobalt precursor/SiO2 composites. After the final calcina-
tion at 600 8C for 6 h, the silica templates were removed by stirring twice
with 2m hot sodium hydroxide solution and then the final mesoporous
Co3O4 was obtained after washing by de-ionized water and drying at
50 8C.

Materials characterization : SAXRD patterns were collected on a Bruker
D8 Advanced X-ray diffractometer using CuKa radiation. N2 adsorption–
desorption isotherms were obtained using a Quadrasorb SI analyzer at
77 K. Brunauer–Emmett–Teller (BET) surface area was calculated using
experimental points at a relative pressure of P/P0 =0.05–0.25. The pore
size distribution was calculated by the Barret–Joyner–Halenda (BJH)
method. The porous structure and crystal structures of mesoporous
Co3O4 samples were characterized by TEM and HRTEM analysis (JEOL
2011 TEM facility). Measurements of magnetic moment were performed
at different fields and temperatures, using a Vibrating Sample Magneto-
meter of a Quantum Design Physical Property Measurement System.
The frequency and amplitude of the sample vibration were 40 Hz and
2 mm, respectively. Measurements of the temperature dependence of the
magnetic moment in the ZFC regime were performed by first cooling the
sample down to 5 K in Earth�s field. A persistent field of 1 T was applied
at 5 K, and the magnetic moment was measured in this field upon warm-
ing to 300 K. In the FC regime, samples were measured in 1 T field upon
cooling from 300 to 5 K. The sweep rate of the temperature was kept at
1 K per minute. Magnetic hysteresis loops were measured at selected
temperatures with a constant sweep rate of the field of 50 Oe s.�1

Electrochemical testing : Mesoporous Co3O4 powders were mixed with a
binder, poly(vinylidene fluoride) (PVdF), and carbon black at weight
ratios of 60:10:30 in N-methyl-2-pyrrolidone (NMP) solvent to form a
slurry. Then, the resultant slurry was uniformly pasted on Cu foil sub-
strates with a blade. These prepared electrode sheets were dried at
100 8C in a vacuum oven for 12 h and pressed under a pressure of approx-
imately 200 kg cm�2. CR2032-type coin cells were assembled in a glove
box for electrochemical characterization. The electrolyte was 1m LiPF6 in
a 1:1 mixture of ethylene carbonate and dimethyl carbonate. Li metal foil
was used as the counter and reference electrode. The cells were galvanos-
tatically charged and discharged at different current densities within the

range of 0.01 to 3.0 V. Cyclic voltammetry (CV) curves were measured at
0.1 mV s �1within the range of 0.01–3.0 V using an electrochemistry work-
station (CHI660C). For supercapacitance measurements, a beaker-type
three-electrode cell was fabricated utilizing mesoporous Co3O4 as the
electrode material. The electrochemical properties were evaluated in 2m

KOH electrolyte at room temperature by the cyclic voltammetry (CV)
method on an electrochemical workstation (CHI 660C). Platinum foil
and a saturated calomel reference electrode (SCE) were used as the
counter electrode and the reference electrode, respectively. CV measure-
ments were conducted over the voltage range from �0.25 to 0.55 V at
various scan rates (5, 10, 20, 50, and 100 mV s�1).
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