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ABSTRACT: A novel meosoporous tubular Co3O4 has been
fabricated by a simple and cost-effective biomorphic synthesis
route, which consists of infiltration of cotton fiber with cobalt
nitrate solution and postcalcination at 673 K for 1 h. Its
electrochemical performance as a supercapacitor electrode
material is investigated by means of cyclic voltammetry and
chronopotentiometry tests. Compared with bulk Co3O4
prepared without using cotton template, biomorphic Co3O4
displays 2.8 fold enhancement of pseudocapacitive performance because of the unique tubular morphology, relative high specific
surface area (3 and 0.8 m2/g for biomorphic Co3O4 and bulk Co3O4, respectively), and mesoporous nature.
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Cobalt oxide (Co3O4) is an important functional material
used in a wide range of applications in lithium-ion batteries,

supercapacitors, gas sensing, catalysis, and electro-chromic
devices because of its structural flexibility and distinctive physical
and chemical properties.1−6 Because eof the influence of
morphology on the performance of materials, numerous studies
have been undertaken to prepare Co3O4 with different
morphologies, such as flowers,7 sheets,8 boxes,9 twin-sphere,10

wires,11,12 rods,13 and tubes.1 Among these microstructures, one-
dimensional tubular materials with diameters ranging from
micro- to nanoscale through template techniques is more
attractive because of their remarkable physicochemical proper-
ties and potential applications. For example, Yagmur et al.14

prepared Co3O4 nanotubes on nickel foam templated from
porous anodic aluminum oxide and demonstrated a superior
pseudocapacitive performance could be achieved. On the other
hand, Li et al.1 reported the fabrication of Co3O4 microtubes by a
porous-alumina-template method and their excellent lithium
storage properties. Cobalt oxide nanotubes were also synthesized
by calcining cobalt nanowires embedded in an anodic alumina
template.15 However, most of the above methods are too
complex and expensive to be used in a versatile or environ-
mentally friendly manner.
In recent years, using natural biomaterials such as paper,16

wood,17 cotton,18−20 egg shell membranes,21 sorghum straw,22

butterfly wing,23,24 pollen grain,25 legume,26 and microalgae27 as
templates to fabricate biomorphic advanced functional materials
has been more attractive. Compared with man-made template
materials, natural biomaterials display a hierarchically built
structures owing to their long-term genetic evolution and
optimization, and are also abundant, diverse, cheap, and
reproducible.16,28 Interestingly, several researchers employed

this novel strategy to prepare 1D tubular materials. For instance,
Fan and co-workers prepared Al2O3 microtubes by replicating
the cotton fibers.29 Biomorphic synthesis of ZnO hollow fibers
and birnessite MnO2 tubes were also studied by Su et al.28 and
Yan et al.,18 respectively. Biomorphic MoO3

30 and LaFeO3
31

microtubules were also fabricated using cotton as biotemplates
by Song group. To the best of our knowledge, however, there
have been no reports on the synthesis of tubelike Co3O4 by a
biotemplate process.
Here, we report the preparation of biomorphic Co3O4

microtubes with mesoporous structure by using cotton as
biotemplates. The pseudocapacitive performances of the as-
obtained samples were investigated. Benefiting from unique
tubular morphology, high specific surface area, and mesoporous
nature, biomorphic Co3O4 exhibits 2.8 times specific capacitance
of a bulk sample.
The morphologies of the as-prepared samples are first

examined by SEM as shown in Figure 1. SEM images display
that the product prepared using cotton as the template has a
tubular morphology (Figure 1b, c), which is very close to that of
cotton (Figure 1a). Obviously, the as-obtained Co3O4 inherits
the morphology of cotton and exhibits a biomorphic structure.
Without cotton, only irregular Co3O4 particles were obtained
(Figure 1d).
Figure 2a displays the XRD patterns of the biomorphic and

bulk Co3O4. The XRD patterns of both products match well with
the standard XRD pattern of face-centered cubic phase of Co3O4
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(JCPDS 42−1467).1,7 The lattice constants were calculated to be
a = b= c = 0.8090 nm and a = b = c = 0.8087 nm for the bulk and
biomorphic Co3O4, respectively, both of them are consistent
with the standard values of Co3O4 (a = b = c = 0.8083 nm). FT-IR
spectrum (Figure 2b) was analyzed to further identify the
structure of the biomorphic Co3O4. The vibration frequencies at

663 and 570 cm−1 confirm the formation of Co3O4 with a spinel
structure.32,33 The vibration frequencies at 3446, 1641, 1382, and
1114 cm−1 are assigned to the O−H stretching, relating to
adsorbed water in the product.29,34

TG-DSC analysis was performed on the infiltrated samples to
trace the formation of biomorphic Co3O4 (Figure 2c). A broad

Figure 1. SEM images of (a) cotton, (b) biomorphic Co3O4 (low magnification), (c) biomorphic Co3O4 (high magnification), (d) bulk Co3O4.

Figure 2. (a) XRD patterns of biomorphic Co3O4 and bulk Co3O4, (b) FT-IR spectrum, (c) TG-DSC curve, and (d) N2 adsorption−desorption and
pore size distribution (inset) curves for biomorphic Co3O4.
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endothermic peak, accompanied by a weight loss of 11% in TG,
was observed at 107.5 °C. This could be ascribed to the
desorption of physically adsorbed water. Around 146.1 °C, an
exothermic peak occurred with 18.1% weight loss between 146
and 234 °C because of the decomposition of cobaltous (II)
nitrate hexahydrate. The two other exothermic peaks were found
at around 337.3 and 463.6 °C accompanied by a weight loss of
53.2% in the temperature range of 237 to 520 °C, which is
ascribed to the burn-out of the cotton fibers.18,29

On the basis of the above results, a possible three-step
formation mechanism of tubular Co3O4 was proposed (Figure
3). When the cotton fiber was immersed into the precursor
solution, the water andCo(NO3)2molecules were absorbed onto
the hydroxyl-group-rich substrate of the cotton fibers through
hydrogen bonds, coordination bonds, or the van der Waals
forces.35 As heat treatment temperature was increased to about
150 °C, thermal decomposition of Co(NO3)2·6H2O occurred32

·

→ + ↑ + ↑ + ↑
Δ

3Co(NO ) 6H O

Co O O 6NO 18H O

3 2 2

3 4 2 2 2 (1)

When the calcinating temperature was further elevated, the
precise replication of cotton texture could be achieved after the
removal of the organic substance.
The nitrogen adsorption−desorption isotherms and corre-

sponding pore size distribution of the biomorphic Co3O4 are
shown in Figure 2d. The isotherms shape exhibits the type IV
isotherm with a type H3 hysteresis loop, suggesting the presence
of mesopores in the product. Biomorphic Co3O4 shows that the
pore size distribution is in the range of 9−13 nm. The average
pore diameter is 5 nm. The specific surface area of biomorphic
Co3O4 is 3.0 m

2/g, much larger than that of bulk Co3O4 (0.8 m
2/

g). The high surface area and the mesopore structure is beneficial
to the contact of the electrolytes with the active materials, which
can further increase the electrochemical properties.2−9,37

Cyclic voltammograms test for biomorphic (red) and bulk
(black) Co3O4 were recorded under the same conditions and
shown in Figure 4a. The enclosed area of a CV curve for
biomorphic Co3O4 is obviously larger than that for bulk Co3O4,
suggesting that biomorphic Co3O4 has a high specific capacitance
than bulk Co3O4. Figure 4b shows the CV of the biomorphic
Co3O4 test in the potential window from 0 to 0.45 V (vs SCE) at
the different scant rates. Two pairs of redox peaks can be found at
a low scan rate (5 mV s−1), which correspond to the conversion
between different cobalt oxidation states according the following
equations2,8−10

+ + ⇔ +− −Co O OH H O 3CoOOH e3 4 2 (2)

+ ⇔ + +− −CoOOH OH CoO H O e2 2 (3)

When increasing the scan rate, peak currents were also increased,
indicating good reversibility of the fast charge−discharge
response of the materials.8−10

Galvanostatic charge−discharge performance of biomorphic
and bulk Co3O4 in the potential range of 0 to 0.45 V are exhibited
in Figure 4c, d. Figure 4c clearly shows that the discharging time
of biomorphic Co3O4 (red) became much longer than that of
bulk Co3O4 (black). The specific capacitances of biomorphic
Co3O4 and bulk Co3O4 at 0.5 A g−1 are 130.5 F g−1 and 46.0 F
g−1, respectively, suggesting a 2.8 fold improvement over the bulk
Co3O4. On the basis of the results of Figure 4d, the specific
capacitance of biomorphic Co3O4 is 128.3, 124.6, and 119.0 F g

−1

at the current densities of 1, 1.5, and 2 A g−1 respectively. The
current density dependence of the specific capacitance of the
electrode is exhibited in Figure 4e.
The superior electrochemical properties of the biomorphic

Co3O4 can be further demonstrated by the electrochemical
impedance spectroscopy (EIS). Figure 4f compares the Nyquist
plots of the biomorphic Co3O4 with that of bulk Co3O4. All EIS
curves are composed of a semicircle in high frequency regions
and a straight slopping line in low frequency regions. Such a
pattern of the EIS can be fitted by an equivalent circuit displayed
in the inset of Figure 4f, where Rs, Cdl, ZW, Rct, and CF represent
the solution resistance (internal resistances), a double layer
capacitor, a finite-length Warbury diffusion element, Co3O4-
electrolyte interfacial charge transfer resistance and a faradic
pseudocapacitor, respectively.38 It is noted that biomorphic
Co3O4 exhibits a smaller semicircle at the high frequency region,
indicating that biomorphic Co3O4 has a smaller charge transfer
resistance.2−9,38,39 At the low frequency region, a more vertical
straight line of biomorphic Co3O4 was observed compared to the
bulk Co3O4, which is further evidence for the fast ion diffusion
behavior of the biomorphic Co3O4 electrode.40 These results
confirm that the biomorphic Co3O4 can provide a convenient
pathway for the ion and electron transport, which are consistent
with the capacitive results above.
The long-term cycling test of biomorphic Co3O4 was

performed by charge−discharge technique at a current density
of 1 A g−1, as shown in Figure 4g. After 3000 cycles, only 8.3%
capacitance fade was found, suggesting the excellent cyclic
stability of the electrode. We attributed the improved electro-
chemical performance of biomorphic Co3O4 to their unique
tubular morphology, relative high specific surface area and
mesoporous nature.
In summary, a simple and cost-effective biomorphic synthesis

route has been developed to prepare Co3O4 microtubules using
cotton as biotemplates. The as-prepared sample inherits the
morphology and microstructure of cotton. The biomorphic
Co3O4 displays improved electrochemical performance bene-

Figure 3. Illustration of the mechanism of formation of Co3O4 sample.
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fited from its unique tubular morphology, relative high specific
surface area, and mesoporous nature.
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Figure 4. (a) Comparison of cyclic voltammograms curves at 10 mV s−1 for biomorphic (red) and bulk (black) Co3O4. (b) Cyclic voltammograms
curves at different scan rates for biomorphic Co3O4. (c) Comparison of galvanostatic charge−discharge curves at 0.5 A g−1 for biomorphic (red) and
bulk (black) Co3O4. (d) Galvanostatic charge−discharge curves at different current density for biomorphic Co3O4. (e) Specific capacitance as a function
of current density. (f) Comparison of Nyquist plots for biomorphic (red) and bulk (black) Co3O4 (the inset is the equivalent circuit). (g) Cycling
performance for biomorphic Co3O4 during 3000 cycles.
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