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The porous Co;04 nanowires have been successfully synthesized via modified template method. A possible growth mechanism
governing the formation of such 1D nanowires is proposed. The as-prepared products have been characterized by X-ray Powder
Diffraction (XRD), Extended X-ray Absorption Fine-structure (EXAFS), High-resolution Transmission Electron Microscopy
(HRTEM) and N, adsorption/desorption analysis. Our systematic studies have revealed that the porous Co;0, nanowires show
excellent gas sensing performances, which demonstrate the potential application of the 1D nanostructured Co;0, in the detection of
the ethanol gas as a sensor material. The improved performances are owing to its large specific surface area and porous morphology.
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Transition-metal oxides with controlled nanostructures, such
as nanotubes or nanowires, have peculiar properties and
potential applications in a way distinct from their bulk
counterparts because such nanostructuring may have a pro-
found influence on the properites of these materials [1-3].
Cobalt oxide (Co3;0,) based nanostructures have attracted
great interest in the past few years. Recently, various mor-
phologies of Co;0, nanostructures have been prepared
[4-7]. In particular, the thermal conversion of cobalt nitrate
hexahydrate in silica templates to nanowires has proven to
be promising. Thus, it is worthwhile to study the gas-sensing
characteristics of one-dimensional (1D) Co;04 nanowires.
The extended X-ray absorption fine-structure (EXAFS)
technique is a powerful tool for probing the local atomic
structures because of its element specificity and independ-
ence of the long-range order of materials [8]. The EXAFS
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spectra have provided many quantitative structural parame-
ters such as interatomic distance, co-ordination number, and
Debye-Waller factor [9]. EXAFS study is an indispensable
method for investigate the local structure in the interior and
at the surface, as well as bonding information of a variety of
solid-state materials [10].

Herein, we report on a template synthesis leading to po-
rous Co;0, nanowires using SBA-15 as hard templates.
Moreover, the local structure in the interior and at the sur-
face of the Co;0, nanowires and the bulk Co;0, were stud-
ied by EXAFS. The gas-sensing application of the as- pre-
pared porous Co;O, nanowires was systematically investi-
gated in detail.

1 Experimental
All the chemical reagents used in the experiment are
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analytical grade. The total synthesis includes two steps. In
the first step, the mesoporous silicas, two-dimensional (2D)
hexagonal SBA-15 were synthesized according to ref. [11].
In the second step, the Co;O4 nanowires were synthesized
by using SBA-15 as hard templates. During the experiment,
0.5 g of SBA-15 and 1 g of cobalt nitrate hexahydrate
(Co(NO3) - 6H,0, 98%, Alfa Aesar) were first dissolved in
20 mL ethanol at room temperature by intensive magnetic
stirring for 2 h to obtain a homogeneous pink solution. The
ethanol was then evaporated off at approximately 60°C.
During the process, the cobalt nitrate was drawn into the
pores by capillary action. The dry sample was then ther-
mally decomposed at 300°C for 1 h and 500°C for 3 h. The
SBA-15 silica template was removed by a 10% solution of
HF. Afterward, the final precipitate was collected by filtra-
tion and washed with ethanol and distilled water for several
times, and then dried at 60°C to obtain the dark powders. To
compare the performance of gas sensing, commercial Co;O4
(99.7%) were purchased from Alfa Aesar Company.

The samples were characterized by X-ray powder dif-
fraction (XRD) using a Rigaku Dmax2200 X-ray diffrac-
tometer with Cu Ka radiation (1=0.15416 nm). Transmis-
sion electron microscopy (TEM) and high-resolution TEM
(HRTEM) investigations were performed using a JEOL
JEM-2100F microscope. Brunauer-Emmett-Teller (BET)
nitrogen-adsorption-desorption was measured by using
NOVA-2200e Surface Area and pore size Analyzer (Quanta-
chrome instruments). The Co K-edge XAFS spectra of po-
rous Cos;0,4 nanowires and bulk CozO, were measured at the
U7C beamline of National Synchrotron Radiation Labora-
tory (NSRL), China. The storage ring of NSRL was run at
0.8 GeV with a maximum current of 250 mA. A double
crystal Si (111) monochromator was used as a monochrom-
ator. The XAFS signals were collected in transmission
mode at room temperature. XAFS data were analyzed by
UWXAFS3.0 [12] and USTCXAFS3.0 [13] software pack-
ages according to the standard data analysis procedures.

Gas-sensing properties were measured using a static sys-
tem controlled by a computer according to the literature
[14].

2 Results and discussion

2.1 Synthesis and characterization of the porous Co;0,
nanowires

A simple modified template method was employed to syn-
thesize the porous Co;0,4 nanowires. The powder XRD pat-
terns of the obtained products are showed in Figure 1. From
the Figure 1, all the diffraction peaks of the two samples can
correspond to a pure cubic phase of Co;0, with lattice pa-
rameters of a=b=c=0.8084 nm according to JCPDS card No.
43-1003. We can see that the peak intensity and broadening
of two samples are different. The peak intensity of the bulk
(Figure 1(a)) is stronger, indicative of highly crystallinity.
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Figure 1 XRD patterns of (a) bulk Co;O0, and (b) porous Co;O4

nanowires.

The obvious peak broadening of the nanowires (Figure 1(b))
can be attributed to the small size effect and mesoporous
morphology produced in the decomposition.

Figure 2 shows the XAFS signal in R space of the bulk
Co50,4 and Co304 nanowires. We all know that Co;0, con-
sists of one third Co* ions and two thirds Co®" ions. In Fig-
ure 2, the first peak at about 1.5 A is due to the Co(ILIIN)-O
coordination in the first shell, the second peak at about
28 A corresponds to the Co(III)-Co(III), Co(II)-Co(II) and
Co(II)-O coordination in the second shell. From Figure 2,
we note that the peak intensity of Co;O, nanowires is
weaker than that of the bulk Co;0,4, which demostrates dis-
order degree increases. These changes are essentially at-
tributed to the influences of a surface layer with different
composition and electronic structure from the bulk material
[15]. It further indicates that electronic structures in materi-
als with a smaller free surface and within a nanometer scale
probably differs from that in the corresponding bulk material
[15].

Table 1 summarizes the curve-fitting results of the EXAFS
spectra. Compared with bulk Co;04, the DW factor of
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Figure 2 The radial structure functions of the Co;O4 nanowires and bulk
Co0304. XAFS signal in R space for the Co;04 nanowires and bulk Co;0,.
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Table 1 Fitting results of the coordination numbers and bond lengths for
the first and the second shells in the Co30,4 nanowires and bulk Co3;0,

Samples Bond R(A) N AE®  oX(1073A%Y
Co0504 Co(II)-0 1.85+0.01 4 8130  1.8+1.2
Nanowires Co(Il)-Co(Il) ~ 3.33£0.02 12 -8.1+3.0  4.3x1.0
Co(II)-0 3.36£0.02 12 8130  4.3x1.0
Co(IIN)-O 1.92+0.01 6 9426  1.8+12
Co(IIH-Co(IlT)  2.84+0.02 6 9426  4.3x1.0
Bulk Co(II)-0 1.85+0.01 4 59+x14  3.3%13
Co304 Co(Il)-Co(Il) ~ 3.34x0.01 12 -59+25  3.4x1.0
Co(II)-0 337x0.02 12 5925  3.4x1.0
Co(IIN)-O 1.93+0.01 6 —62+14  33xl3
Co(III)-Co(IlT)  2.85+0.02 6 —62+25  3.4+1.0

a) R is the bond length; b) N is the coordination number; ¢) AE is the
shift of energy threshold; d) o is the Debye-Waller factor.

Co304 nanowires is smaller in the first coordination shells.
However, the DW factor of Co;0,4 nanowires is much larger
than that of bulk Co3;0, in the second coordination shells. It
illustrates thermal energy and structural disorder in the se-
cond coordination shells increase when Co;04 become the
1D nanostructure. The shift of energy threshold (AE) of
nanowires is much larger than the bulk Co;0,, which de-
mostrates Co;0, nanowires have more active sites than the
bulk Co3;0,. The Debye-Waller (DW) factor o” from EXAFS
represents the fluctuation of relative positions between the
absorbing and scattering atoms [16]. From the Table 1, we
also note that the Co—O bond length of the nanowires is
slightly shorter than that of the bulk Co;0,, indicative of a
structural contraction for the nanowires, which demon-
strates that the interaction between oxygen (or cobalt) and
cobalt is stronger in these 1D Co3;0, nanowires samples
than in the bulk Co3;0,. These results agree well with the
results observed in gas sensing applications.

The crystalline structure of the Co;0, nanowires were
analysed by TEM and HRTEM in Figure 3. From Figure
3(a), it can be seen that this morphology dominates through-
out the material. The symmetry of the mesostructures are
the same as the symmetry of the porous silicon dioxide,
space groups Pomm for the nanowires. From Figure 3(b), it
is obvious that the samples are composed of nanowires with
an average diameter of 7-11 nm and the length reach to
about 200 nm. As shown in Figure 3(c), the more-ordered
pores of Co3;04 nanowires show a narrow distribution
around 4 nm. The nanowires are single crystals showing the
planes of (311) with the spacing of 0.24 nm (Figure 3(d)).

The formation of the pores may be attributed to the im-
pact of gas evolution during the thermal decomposition re-
action. Figure 4 shows the N, adsorption-desorption iso-
therms and BJH pore size distribution plots of the samples
prepared by using SBA-15 as hard template. The Brunau-
er-Emmett-Teller (BET) surface area of the Cos;0O4 nan-
owires was determined to be 81.63 m* g”'. This curve shows
type IV isotherms with an H1 hysteresis loop according to
the classification of adsorption isotherms and adsorption
hysteresis loop [17], confirming the mesoporosity. These
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(a)

Figure 3 (a), (b) and (c) TEM images of the porous Co;O, nanowires in a
direction perpendicular to the wires and (d) corresponding high resolution
image.
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Figure 4 N, adsorption/desorption isotherms and the pore size distribu-
tions of the porous Co;O, nanowires.

mesopores were produced from the removal of pore wall of
Si0, hard template.

Figure 5 shows schematic diagram of the preparation of
porous Cos;04 nanowires. Porous Co;O, nanowires were
synthesized by using the following three steps. (1) Impreg-
nation. The cobalt nitrate was drawn into the pores by ca-
pillary action. (2) Calcination. The poisonous gases were
introduced into a glass container filled with sodium hy-
droxide solution so that the harmful gases can be absorbed
so as not to pollute the air. Through the thermal decomposi-
tion, the product was cooled to room temperature; the color
was changed from pink to black, signifying the formation of
cobalt oxide. (3) Template dissolution. To obtain self-
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Figure 5 Schematic diagram showing the preparation of the porous
Co3;0,4 nanowires.
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sustained nanowires, the product was dissolved in 10% HF.
The possible reactions involved of the three steps can be
described as

porous nanowires preparation:

3Co(NO3), - 6H,0—~C0304+6NO, t +O, t +6H,0 *
NO, absorption:
2NO,+2NaOH—>NaNO;+NaNO,+H,0
template dissolution:

SiO+4HF—SiF, t +2H,0

2.2 Application in gas sensors

The important application of the Co;0y is the functional role
as a gas sensing materials for detection of some gas mole-
cules. Here, the semiconducting nanowires were used as the
sensors material to detect the C;HsOH gas.

The sensitivity of the obtained porous Co;04 nanowires
and the bulk Co;04to C,HsOH gas with a concentration of
300 ppm under various operating temperature are showed in
Figure 6. We can see that the sensor response increases at
an initial stage but decreases afterwards with the continuing
rise of temperature, thereby passing through a zenith at
350°C. This can be explained qualitatively from a dynamic
balance between initial fast adsorption of ethanol molecule
and the further acceleration of desorption, as the tempera-
ture maintains rising [18]. Moreover, this can also be under-
stood by considering the other possibility: the reaction rate
between the ethanol and the sensing material increases as
temperatures increases to the optimal value, and further
decrease of sensor response after the optimum can be as-
cribed to the reduced gas concentration due to the combus-
tion of the tested gas [19]. Compared with the nanowires
sensors, the bulk sensors have less active sites and less sur-
face area, which enable the detecting gases to access less
surfaces. So the change of reaction rate between the ethanol
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Figure 6 Sensitivity response of the gas sensors for the Co;O4 nanowires
and bulk Co;0; vs operating temperature from 150 to 450°C.

and the bulk sensing material is slow with the continuing
rise of temperature. From Figure 6, we also note that the
porous Co3;0, nanowires exhibits superior gas-sensing ca-
pabilities towards C,HsOH than the bulk Co;0,. The high-
est sensitivity of Co3O, nanowires is estimated to be 5.1 and
much higher than that of the bulk Co;0, (less than 4). Evi-
dently, the Co;04 nanowires is a potential material for de-
tecting ethanol. According to the ref. [20], the change of
resistance in Co3;0, sensors is mainly caused by the adsorp-
tion and desorption of gas molecules on the surface of the
sensing structure. Figure 7 shows typical response-recovery
characteristics for the porous Co3;0, nanowires and bulk
Co;04 sensor under C,HsOH gas concentration of 300 ppm.
From the curve of Cos;04 nanowires, we can see that the
voltage increases abruptly when the C,HsOH gas is intro-
duced, however, the voltage returns to original state when
the ethanol gas is released. The curve of bulk Co;0; is dif-
ferent from the nanowires, which indicates the strong de-
pendence of response and recovery time on the 1D nanos-
tructure.
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Figure 7 Response-recovery characteristics for Co;O, nanowires and
bulk Cos;04 sensors to C,HsOH gas operated at 350°C. The C,HsOH gas
concentration is fixed at 300 ppm.
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3 Conclusions

To summarize, the porous Co;0, single crystals nanowires
with diameter about 7-11 nm and length about 200 nm have
been synthesized via template method. Moreover, gas-sensing
testing of the porous Co;O4 nanowires indicates the excel-
lent sensitivity to alcohol. These results show that the po-
rous Co;04 nanowires are attractive for application in gas
sensors, which may open up an avenue for effectively tun-
ing gas sensing character of the 1D nanostructured Co;0y,.
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