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a b s t r a c t

A novel technique for synthesis of biomorphic Co3O4 hollow microspheres, using yeasts as bio-templates,
has been successfully developed. Yeast cells were first coated with cobalt hydroxide chloride and then
calcined to remove the templates for obtaining Co3O4 hollow microspheres. The prepared products were
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examined by SEM, XRD and FT-IR for detailed structures. The SEM analysis showed that the products fully
retained the morphology of the yeast cells and the size of the hollow microspheres was about 3.7 �m
in length and 2 �m in width; XRD indicated that Co3O4 hollow microspheres were of cubic phase; FT-IR
revealed that some inherent functional groups on the surface of yeast cells, such as carbonyls, amines and
hydroxyls etc., played major roles in the formation of Co3O4 hollow microspheres. A possible formation

ow m
o3O4

icrosphere

mechanism of Co3O4 holl

. Introduction

Hollow micro-/nanostructures possess outstanding character-
stics such as low density, high surface-to-volume ratio and low
oefficients of thermal expansion that make them attractive for
pplication in catalyst support, antireflection, surface coating, etc.
1]. In recent years, fabrication of hollow micro-/nanostructures
sing microbes as templates has become an active research area
2,3]. Microbes can easily be obtained in large amount in a
hort time without environmental pollution. Employing micro-
ial cells as templates may significantly simplify the processing
outes because both the synthesis of templates and modifica-
ion of the template surface can be omitted [3,4]. These obvious
dvantages make microbes economical, environment-friendly, safe
nd time-saving candidates in directing the fabrication of various
ophisticated architectures [5]. Till now, bio-templates including
ypes of yeasts [3,4,6], bacteria [7–9], virus [10,11] and bacte-
ial superstructures [12,13], have been successfully utilized to
ynthesize and pattern nanoparticles. Liu et al. [11] employed cap-
id shells derived from T7 bacteriophages to produce magnetic
anoparticles. And Mogul et al. [9] synthesized several microstruc-

ures with different morphology using several bacteria including
. radioduran, E. coli and R. rubrum as biotemplates. Recently Cui
t al. [4] reported the formation of hierarchical mesoporous TiO2
sing yeasts via biomimetic mineralization. Our group has success-
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925-8388/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2010.05.072
icrospheres was proposed.
© 2010 Elsevier B.V. All rights reserved.

fully prepared Cr2O3 hollow microspheres by utilizing yeasts as
biotemplates [3].

Tricobalt tetraoxide (Co3O4), with its spinel structure, has been
the target of chemists because of its promising application in
gas-sensing, solar energy reflecting, catalysis and anode material
in Li-ion rechargeable batteries [14–16]. Owing to the influence
of particle size and morphology on the properties of materials,
research has focused on synthesizing various Co3O4 nanomateri-
als with special microstructures [17–19]. Up to now, a variety of
synthetic pathways have been proposed for the formation of Co3O4
hollow spheres [20–22]. The studies on the template-assisted for-
mation of Co3O4 hollow spheres mainly utilized conventional
templates, such as SBA-15 silica [22], carbonaceous [21], PVP [23]
and PS [24,25]. However, these approaches are usually multistep
processes involving at least core formation and core surface modi-
fication. Hence, the development of simple preparation procedures
of Co3O4 hollow spheres should be of great significance.

In this paper, we describe a new template-directed method to
fabricate Co3O4 hollow microspheres using yeasts as templates. The
objective of this study is to enlarge the variety of the biomorphic
fabrication of metal oxide hollow structures.

2. Experimental

Yeast powder was purchased from Hebei Angel Company. Cobalt dichloride,

ammonia and ethanol were provided by Shanghai Chemical Company. All the ana-
lytic chemicals were used as received without further purification. Double distilled
water was used in all experiments.

In a typical procedure, 0.5 g of yeast powder (containing about 1.4 × 1010 yeasts),
which was washed in physiological saline and ethanol each for three times, was
dissolved in 30 ml of double distilled water. Then 1.2 g of CoCl2·6H2O was added

dx.doi.org/10.1016/j.jallcom.2010.05.072
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:yyangli@chd.edu.cn
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ig. 1. XRD patterns of (a) hybrid precursors and (b) as-produced Co3O4 particles.

nto the solution. The system was then continuously magnetic stirred at 60 ◦C for
h. Subsequently, the pH of the system was adjusted from 5.5 to 9 by ammonia.
fter aging, the mixture was centrifuged and washed with double distilled water
nd ethanol several times. After the products were dried at 60 ◦C, they were calcined
t 400 ◦C for 3 h and allowed to cool at room temperature naturally in air.

The X-ray diffraction (XRD) patterns were recorded for phase identification
n a Philips X’pert diffractometer with Cu-K� radiation (� = 1.5418 Å) which was
perated at a voltage of 40 kV and a current of 40 mA. Scanning electron micro-
cope (SEM) images were collected using scanning electron microscopy (VEGA
I LMH, TESCAN). Fourier-transform infrared (FT-IR) spectroscopy measurements

ere recorded on a Nicolet NEXUS-670 instrument.

. Results and discussion

.1. XRD

The XRD patterns of hybrid precursors and as-produced Co3O4
ollow microspheres are shown in Fig. 1. The diffraction line of the

ybrid precursors (Fig. 1a) can be assigned to the cobalt hydroxide
hloride (Co2(OH)3Cl) phase (JCPD 73-2134). All the reflections in
ig. 1b can be readily indexed to a cubic phase of Co3O4, which are
n agreement with the JCPDS No. 76-1802. No characteristic peaks
f impurity phases are present, indicating the high purity of the

ig. 2. SEM images of (a) original yeast templates, (b) yeast templates treated with cob
bserved under different magnifications and (f) an individual broken Co3O4 hollow micro
mpounds 504 (2010) L10–L13 L11

products. The crystallite size of the Co3O4 particles can be estimated
according to the line width analysis of the diffraction peaks based
on the Scherer equation:

D = k · �

ˇ · cos �
(1)

where D is the crystallite size, � is the wavelength of X-ray radiation
(Cu K� radiation � = 1.5418 Å), k is a constant and usually taken as
0.89, ˇ is the full width at half maximum (FWHM) after subtraction
of equipment broadening, and � is the Bragg angle of peak. From
the XRD results, the average size of the Co3O4 building blocks is
estimated to be around 24 nm.

3.2. SEM

The SEM analysis was performed in order to have an insight into
the morphology of the original yeasts, templates treated with cobalt
ions, hybrid precursors and as-formed Co3O4 particles, respec-
tively. As shown in Fig. 2a, the original yeasts are oval and have
smooth surfaces, and the length and width of the cells are about
5 �m and 4 �m, respectively. From Fig. 2b–d, we can see that
the templates treated with cobalt ions, hybrid precursors and as-
synthesized Co3O4 particles retain the morphology of the yeast
cells fairly well, but the dimension of particles and the roughness
of the surface change considerably. Fig. 2b shows that the yeast
templates treated with cobalt ions with relatively narrow size dis-
tribution are about 3.3 �m in length and 2.3 �m in width. And there
are low ridges on the smooth surface of the particles. The reason for
their reduction in dimension is that before being treated with cobalt
ions, original yeasts were pretreated with ethanol to improve the
biosorption of cobalt ions on cells. The pretreatment might result
in the dehydration of cells and explain the decrease of particle size
[26]. While the dimension of hybrid precursors after pH adjustment
(Fig. 2c) increases to 4.1 �m in length and 2.8 �m in width. The
slight increase in the size of hybrid precursors in comparison with
yeast templates treated with cobalt ions provides assertive evi-
dence that the cobalt hydroxide chloride nanoparticles have been

attached to the surface of the yeast cores. These particles appear
to have rough surface because they are core/shell structures and
the biotemplates are covered with a rough Co2(OH)3Cl shell. After
calcinations the size of as-formed products (Fig. 2d) with good dis-
persion decreases to about 3.7 �m in length and 2 �m in width.

alt ions, (c) hybrid precursors after pH adjustment, (d and e) Co3O4 microspheres
sphere.
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clusters formed on the cell walls are inclined to grow by collid-
ig. 3. Comparison of FT-IR spectra of (a) original yeasts, (b) yeasts treated with
obalt ions and (c) hybrid precursors.

urther enlargement of observation of the particle surface (Fig. 2e)
eveals that the spheres have lamellar structures which are con-
tructed by nanoparticles with diameter ranging from 20 nm to
0 nm. Fig. 2f shows an SEM image of a broken Co3O4 microsphere,

ndicating that the as-prepared Co3O4 particles are hollow and the
all thickness is about 0.32 �m.

.3. FT-IR

To understand the interactions between the cobalt ions and
ngredients of yeast cell wall, FT-IR analysis was carried out on origi-
al yeasts, yeasts treated with cobalt ions and the hybrid precursors
fter pH adjustment, respectively.

The cell wall of yeasts is primarily made up of glucan, mannan,
hitin and protein. And the reactive functional groups are essen-
ially carbonyls, amines, hydroxyls and phosphoryl which are able
o bind metal anions through coordination or electrostatic inter-
ctions [27–29]. Comparing Fig. 3a with Fig. 3b, we find several
hanges in the FT-IR spectrum of the yeast treated with cobalt ions.
irstly, the broad strong band at 3378 cm−1 corresponding to the
verlapping of –NH/–OH stretching of protein in yeast cells shifts
o 3412 cm−1 after cobalt uptake, which is due to the interaction

f the cobalt ions with the –NH/–OH of protein on yeast cells [30].
econdly, the dominating bends near 1648 cm−1 and 1539 cm−1 are
ssigned to the stretching band of C O, C–N from the amide I and
mide II. These bends, the characteristic IR absorption of protein

Fig. 4. Schematic illustration of Co3O4
mpounds 504 (2010) L10–L13

in yeasts, shift from 1648 cm−1 and 1539 cm−1 to 1641 cm−1 and
1533 cm−1. The red shifts indicate that the C O and C–N bonds in
peptides on yeast cell wall participate in the chelating bonds forma-
tion with the cobalt ions [31]. Additionally, the band at 1398 cm−1

belonging to the symmetrical stretching bend of carboxyl shifts to
1393 cm−1, implying carboxyl as functional groups on yeast cells
is also involved in the cobalt absorption [32]. Another shift from
1045 cm−1 to 1018 cm−1 corresponds to the interaction of cobalt
ions with the oxygen of the hydroxyl group (C–OH) from polysac-
charides [33]. All of these changes show that at pH5.5, cobalt ions
would undergo surface preferred cooperation and interaction with
some portion of the CONH–/COO– groups of protein, polysaccha-
rides, and other functional residues. The interaction between cobalt
ions and bio-macromolecules could serve as the directors during
the construction of biomorphic hierarchical nanomaterials.

By this method, after the system was adjusted to pH 9 by adding
ammonia and aging, the hybrid precursors was synthesized. The
FT-IR spectrum of as-formed hybrid precursors is showed in Fig. 3c.
This spectral retains the tendency of the FT-IR spectrum of the yeast
treated with cobalt ions at pH 5.5 (Fig. 3b). However, the intensity
of characteristic bends at 1641 cm−1, 1533 cm−1 and 1393 cm−1

increase to a certain extent. A possible explanation for this is that
the hybrid precursors, after the pH adjustment, are structurally
the yeasts coated with Co2(OH)3Cl shell. Thus the absorbance
of inherent functional groups on the yeast cells becomes
weaker.

3.4. Mechanism

The formation mechanism of Co3O4 hollow spheres via a three-
step process is proposed and illustrated briefly in Fig. 4. In the
first-step, cobalt ions existing in the form of [Co(H2O)6]2+ combine
with functional groups of carboxyl, amines and hydroxyls on the
yeast cell walls which is explained in the FTIR analysis in details.
This process produces the first hexaaquacobolt (II) ions encapsula-
tion layer. In the second-step, Co2(OH)3Cl forms both on the yeast
cell walls and in the solution after adding ammonia, which is con-
firmed by the XRD results of hybrid precursors. In addition, this
is supported by findings from experiments that the Co2(OH)3Cl
gives a deep blue coloration while the [Co(H2O)6]2+ complex gives
a light pink coloration [34]. In the process of aging, Co2(OH)3Cl
ing with other Co2(OH)3Cl clusters according to the ripening and
aggregation theory. Additionally, the original templates endow the
hybrid precursor with a high surface-to-volume ratio which means
that the Co2(OH)3Cl cluster formed on the cell walls has a higher

hollow microspheres formation.
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fficiency and probability of colliding with other clusters in an
ppropriate concentration. As a result, Co2(OH)3Cl covers the yeast
ell walls and the hybrid precursors become bigger, which is con-
rmed by the results from XRD and SEM. Finally, the encapsulated
icrospheres were calcinated at 400 ◦C to remove the yeast tem-

lates, and the subsequent dehydration and oxidization processes
esulted in Co3O4 hollow microspheres. The main reactions during
he synthesis of Co3O4 hollow microspheres were as follow:

oCl2 + 6H2O → [Co(H2O)6]2+ + 2Cl− (2)

H3·H2O → NH4
+ + OH− (3)

[Co(H2O)6]2+ + Cl− + 3OH− → Co2(OH)3Cl + 12H2O (4)

o2(OH)3Cl + 7
12 O2 → 2

3 Co3O4 + 1
2 Cl2 + 3

2 H2O (5)

Throughout the whole process, the yeasts not only served as
upport for the deposition of nanoparticles but also acted as hard
emplates to direct the morphology of the products.

. Conclusions

Co3O4 hollow spheres are first fabricated using yeasts as bio-
emplates based on the interaction between the inherent functional
roups on the cell walls and the reactants. After calcinations at
00 ◦C for 3 h, the templates are burned out leaving a central pore
ith a Co3O4 shell remaining. The possible formation mechanism of
o3O4 hollow spheres appears to be achieved through a three-step
rocess. The result confirms a successful, simple and controllable
ethod to fabricate Co3O4 hollow spheres. This suggested route
ight open up an opportunity to fabricate other desired 3D struc-

ures using various microorganisms with different morphology as
io-templates.
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