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a  b  s  t  r  a  c  t

Co3O4 nanoflower  clusters  were  fabricated  by a simple  low-temperature  hydrothermal  method.  The
properties  of  Co3O4 nanomaterials  were  comprehensively  determined  by combining  different  analytical
techniques.  The  self-assembled  Co3O4 nanoflower  clusters  had  good  crystallinity  and  porous  structure.
They  were  utilized  as  the  catalyst  for  the  degradation  of  gaseous  toluene.  The  experimental  results  showed
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that  the  catalytic  activity  of the  as-prepared  Co3O4 nanoflower  clusters  was  much  superior  to the  Co3O4

blocks  under  the  same  reaction  conditions.
© 2012 Elsevier B.V. All rights reserved.
atalytic oxidation

.

. Introduction

There are many techniques to remove the volatile organic
ompounds (VOCs), which are common air pollutants to human
ealth. These techniques include adsorption, catalytic combustion,
hotocatalytic degradation and physical separation. For example,
veraert et al. [1] have utilized membrane separation techniques
or the separation of gases and vapors. Among the techniques, cat-
lytic combustion of VOCs is always a hot topic investigated by
any researchers. Among various VOCs, toluene is a typical gaseous

ollutant difficult to remove at moderate temperature due to its
hemical stability. Everaert et al. [2] studied the V2O5/TiO2/WO3
atalyst for removing various VOCs. They suggested chlorinated
romatics are easier to oxidize than the pure aromatics with
2O5/TiO2/WO3 as catalyst.
Noble metal based catalysts are traditionally used in VOCs
atalytic degradation, but they are too expensive for daily use. Tran-
ition metal oxides are an important category of catalysts in many
atalytic reactions and they have served as the substitute for the
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transitional noble catalysts. Transitional metal oxides have been
demonstrated to be active and cost effective in VOCs removal as
alternatives to noble metals. It has been found that such kinds of
catalysts can reduce the activation energy for the catalytic oxi-
dation [2].  Meanwhile, there is a growing potential to promote
their activity with the advance in nanotechnology. It is very attrac-
tive to investigate the nanostructured transitional metal oxides for
enhanced VOCs removal performance.

Co3O4 is a p-type magnetic semiconductor with the normal
spinel structure, where O2− is cubic close packed, Co2+ is in a
tetrahedral coordination and Co3+ is in an octahedral coordina-
tion. The lowest Co O bonds strength and the highest capability
of the activation of molecule oxygen play crucial roles in the cat-
alytic oxidation systems [3]. Due to its special physical and chemical
properties, Co3O4 is widely used in magnetism [4],  photovoltaics
[5,6], chemical sensors [7],  homogeneous catalysis [8].

Because the structure (microstructure), size, and morphology
significantly influence the material properties and application,
controlling the morphology of inorganic nanomaterials through
proper synthetic strategy plays a central role in obtaining nano-
materials with novel properties. The morphology of Co3O4 based
nanomaterials is diverse and experimentally available owing to
the special spinel structure. The researchers have synthesized hol-
low nanospheres [9,10],  octahedrons [11,12],  nanorods [13,14],

nanosheets [15,16] as well as hollow sphere clusters [17] and arrays
[18] by assembling these units. Nevertheless, it is still a hot theme
to fabricate the Co3O4 nanomaterials with different morphologies
in order to promote the performance [19–22].

dx.doi.org/10.1016/j.jhazmat.2012.01.039
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:xyli@dlut.edu.cn
dx.doi.org/10.1016/j.jhazmat.2012.01.039
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Recent reports [22–24] have demonstrated that cobalt oxide
s relatively superior to other similar metal oxides in catalytic
egradation of toluene. Previous researchers usually used cobalt
xide as the active component loaded on molecular sieves and
ther supports with large surface area [25]. The large surface area
f the supports can make cobalt oxide loading uniform and well
ispersed, which not only exposes more cobalt active sites but also

ncreases the contact area between the catalyst and the gaseous
oluene. In addition, some researchers prepared composites by
ombining the cobalt oxide with other metal oxides compound
o form bi-metal or multi-metal oxides [26] in order to improve
he catalytic activity. This method utilized the synergy between
he cobalt oxide and other metal oxides to increase the conversion
ate of toluene. However, it has rarely been reported that the cat-
lytic oxidation of toluene could be enhanced just using Co3O4 as
he single metal oxide catalyst by controlling the particle size and

orphology.
In this paper, nanoflower-shaped Co3O4 was fabricated by

 low-temperature hydrothermal method. The influence of the
reparation conditions such as the composition of the precursor
cobalt hydroxycarbonate) on the microstructure of Co3O4 sample
as been systematically explored. Then, a series of characterization
echniques were employed to study the crystal structure, surface
roperties and the morphologies of the as-prepared Co3O4 sample.
inally, the catalytic activity of the as-prepared Co3O4 nanoflower
lusters for degrading the toxic toluene was further studied by
omparing with Co3O4 blocks.

. Experimental

.1. Preparation of catalysts

Co3O4 was prepared by low-temperature hydrothermal
ethod. All chemicals were of analytical grade. In a typical

rocedure, 2.91 g Co(NO3)2·6H2O, 0.6 g CO(NH2)2 and 0.25 g
olyvinylpyrrolidone (PVP; MW = 30,000) were added to 100 mL
istilled water under stirring for 30 min  to form homogeneous
olution. The obtained mixture was transferred into the stainless
teel autoclaves with a Teflon liner of 120 mL  in capacity, which
as then heated in an oven at 95 ◦C for 12 h. After the autoclave
as air-cooled to room temperature, the black products were

ollected and washed with distilled water and absolute ethanol for
everal times by a centrifugation–redispersion process, followed
y drying under vacuum at 60 ◦C. The as-prepared powder was
onverted into Co3O4 via thermal decomposition at 300 ◦C for 5 h
n air with a ramping rate of 10 ◦C/min.

.2. Characterization

The X-ray powder diffraction (XRD) pattern was recorded
n a Rigaku D/max X-ray diffractometer (Cu K� radiation,

 = 0.15418 nm), and the scanning range was 10–70◦. The JEOL JSM-
360LV scanning electron microscope (SEM) was used to study
he size and morphology of nanomaterials. A small amount of
ample was placed in a carbon-coated grid and subjected to the
easurements on JEM 2100 transmission electron microscopy

TEM). Hydrogen temperature programmed reduction (H2-TPR)
as carried out in a Quantachrome Chem-BET Pulsar TPR (p/n

2139-1). The band gap of the Co3O4 was determined by
V–vis spectroscopy, using a UV-1100 spectrometer. The N2
dsorption–desorption isotherm was recorded at 77 K using a

uantachrome NOVA instrument. Before the measurement, the

ample was degassed at 300 ◦C for 4 h. The specific surface area was
alculated by multipoint Braunauer–Emmett–Teller (BET) anal-
sis of the nitrogen desorption isotherm. The Raman spectrum
Fig. 1. XRD pattern of the as-prepared Co3O4 sample.

was taken using a micro-Raman/Photo-luminescence system with
632 nm wavelength laser. Electronic paramagnetic resonance (EPR)
experiments were performed with a klystron operating in the X
band (v = 9.5 GHz) as microwaves generator. The data of Fourier
transform infrared spectroscopy (FTIR) were recorded on a BRUKER
VERTEX 70 spectrometer from 400 to 4000 cm−1 at room temper-
ature on KBr mulls. X-ray photoelectron spectra (XPS) data was
recorded by a Multilab 2000 electron spectrometer using acrochro-
matic Al K� radiation (1486.6 eV).

2.3. Catalytic oxidation performance

Complete oxidation of toluene was  performed in a fixed bed
continuous flow quartz micro-reactor under atmospheric pressure
using Agilent 7890 A gas chromatograph (GC). 0.2 g (60–80 mesh)
catalysts were subjected to tableting, crushing and screening and
then put in the reaction tube. Before reaction, the catalysts were
pretreated with O2/Ar (33 mL/min) at 300 ◦C for 1 h. The reactor
space velocity was  37,500 h−1. Ar was employed as the carrier gas at
the rate of 50 mL/min to the pure toluene in liquid phase, which was
cooled by the ice water bath. The initial concentration of gaseous
toluene was about 1000 ppm by detection. The inlet flow was a
mixture of Ar with toluene (50 mL/min) and O2/Ar (33 mL/min). The
effluents from the reactor were analyzed with a flame ionization
detector (FID) and TCD detector. The temperature range was set at
125–300 ◦C.

3. Results and discussion

3.1. Catalyst characterization

Fig. 1 shows the XRD pattern of the sample prepared by calcining
the cobalt precursor at 300 ◦C for 5 h. All the diffraction peaks can
be indexed as cubic Co3O4 with the lattice constant (a = 0.8084 nm),
which are consistent with the values in the standard card (JCPDS
Card No. 43-1003). Sharp peaks suggest the sample has a good
crystallinity of pure Co3O4 phase. No peaks from other phases are
observed in this pattern.

In the FTIR spectrum of the precursor (Fig. 2), the two peaks at

1500 and 1350 cm−1 correspond to the symmetric and asymmetric
stretching vibrations of � (NO3), respectively. The bands centered
at about 829 and 687 cm−1 are assigned to the stretching vibra-
tions of ı (CO3) and � (OCO) in the carbonate anion, respectively.
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3.2. The catalytic activity of Co O nanostructure
ig. 2. The FTIR spectra of the precursor before calcination and the as-obtained
o3O4 sample.

he peak at about 950 cm−1 can be ascribed to the ı (Co OH) bend-
ng vibration, and the unobvious band between 510 and 540 cm−1

epresents the ω (Co OH). Therefore, the precursor is definitely
itrate-containing cobalt hydroxycarbonate [27]. In the FTIR spec-
rum of the sample after calcination, the peaks at 670 and 575 cm−1

re the characteristic absorption peaks of Co3O4 spinel oxide. For
oth FTIR curves of the precursor and the calcined sample, the broad
and between 3440 and 3500 cm−1, and the peak at 1636 cm−1

ould be assigned to the O H stretching and bending modes of
ater and surface hydroxyl groups. The absorption peaks at 2925,

927 and 1083 cm−1 are assigned to C H stretching vibrations from
VP [4].

Fig. 3 shows the morphological and structural properties of
he as-prepared Co3O4 sample. Fig. 3a and d shows the Co3O4
anoflower clusters are assembled by the many nanowires with
he diameter of about 20 nm and the length of 3–6 �m.  The TEM
mage in Fig. 3d reveals that there is a large amount of nanoparti-
les with an average size of several nanometers along the original
ongitudinal directions of the wires, which may  greatly increase
heir surface area [28] and improve the chemical properties or serve
s transport paths for small molecules. The mesoporous Co3O4
anowires are presented in Fig. 4, which shows that the nanowires
re closely packed. Closely packed nanowires can constitute the
anosheets with the width of about 1.5 �m and thickness of 20 nm.
he introduction of polymer (PVP) molecules and urea mainly con-
ributes to the self-assembling process [29]. The porous Co3O4
anoflower clusters could be yielded from the precursor (cobalt
ydroxycarbonate) decomposition during the calcination process.
nergy dispersive X-ray (EDX) spectrum (Fig. 3b) analysis clearly
hows the existence of elemental Co and O, with an atomic ratio of
o to O in excess of 3:1. Based on the above analysis, it is clear that
he Co3O4 nanoflower clusters structure could be formed when the
recursors were calcined at 300 ◦C. The selected area diffraction
attern (SAED) pattern of the Co3O4 nanoflower clusters (Fig. 3c,

nset) indicates that the material is of polycrystals nature, hence
xposing various crystal planes at its surface [16].

The H2-TPR profile of the catalyst in Fig. 4a shows two  main
eduction peaks at about 356 ◦C and 425 ◦C, which can be attributed
o the reduction of Co3O4 into CoO and from CoO to metallic Co [30],
espectively. The narrow peaks indicate the reduction process was

ast. The curve also demonstrates Co3+ is reduced at first, and then
he produced Co2+ and Co2+ in the catalyst itself are further reduced
nto metallic Co. The UV–vis spectrum of Co3O4 nanocrystals in
terials 209– 210 (2012) 385– 391 387

Fig. 4b exhibits two absorption bands centered at 410 and 690 nm,
which are assigned to the ligand-to-metal charge transfers of OII to
CoII and OII to CoIII, respectively [31]. Its optical band gap can be
obtained by the following equation:

˛h� = A(h� − Eg)n

 ̨ is the absorption coefficient, h� is the photon energy, A is a con-
stant relative to the material, Eg is the band gap, and n is either 2 for
an indirect transition or 1/2 for a direct transition. The semiconduc-
tor of pure Co3O4 compound possesses direct transitions within the
visible spectral region [31]. The (ahv)2 − hv curve for the products
is shown in Fig. 4b inset, exhibiting two plots of linear relationship
at 1.72 eV and 0.85 eV. The band gap of 1.72 eV should be associated
with the O2− → Co2+charge transfer process, while the band gap of
0.85 eV can be assigned to O2− → Co3+ charge transfer. The multi-
ple band gap energies (�Eg = 0.87 eV) for the Co3O4 nanostructure
may  also suggest the possibility of degeneracy of the valence band
[32].

Because the Raman scattering is very sensitive to the
microstructure of nanocrystalline materials, it is also used here to
clarify the structure of the Co3O4 nanoflower clusters. As shown
in Fig. 4c, the Raman spectrum of the Co3O4 nanoflower clus-
ters shows four Raman peaks located at around 194, 475, 519 and
680 cm−1, respectively corresponding to F2g, Eg, F2g, and F2g phonon
mode. All the shifts are consistent with those of pure crystalline
Co3O4. In this test, the lattice vibration peaks of Co2+ and Co3+

cations are weak, broad and not fully displayed (the peak around
617 cm−1 corresponding to F2g failed to appear).

The EPR spectrum of the sample Co3O4 is displayed in Fig. 4d.
A highly symmetrical broad signal between maximum and min-
imum (�Hpp = 1150 G) is observed in the field region, which
is stable only at low temperatures. The EPR parameters are
gxx = gyy = gzz = g = 2.256 by calculation, which may  be assigned to
unsaturated coordinated Co3+ – adsorbed O2

− [33] in solid sample.
This result proves that the unsaturated coordinated Co3+ – adsorbed
O2

− is more active at the surface of the as-prepared Co3O4 nano-
materials, and adsorbed O2

− contributed to the catalytic oxidation
reaction.

XPS is a reliable method for investigating the oxidation state
of atoms in the top few layers of material surfaces with partially
filled valence bonds. Fig. 5 presents the Co 2p XPS spectrum of the
composite, which exhibits two peaks at 796.1 and 780.9 eV, corre-
sponding to the Co 2p1/2 and Co 2p3/2 spin-orbit peaks of Co3O4,
respectively. The shake-up satellites with a low intensity at ca.
8.7 eV from the main Co 2p3/2 spin orbit components are also char-
acteristic of those of pure Co3O4 [34]. The presence of Co3O4 can
be further confirmed by the O 1s XPS peak at 530.4 eV, which cor-
responds to the lattice oxygen in the Co3O4 phase. The small O 1s
peak at 531.7 eV in the spectrum indicates the presence of surface-
adsorbed oxygen such as O2

2− or O−, belonging to defect-oxide
or hydroxyl-like group [35,36]. The presence of surface hydroxyl-
like groups may  result from oxygen vacancy on the surface of the
Co3O4 sample originating from the dissociative adsorption of H2O
molecules. The oxide defects can adsorb and activate gaseous O2 to
form active oxygen species, which is beneficial to promote the oxi-
dation reaction. The surface chemisorbed oxygen was reported to
be highly active in oxidation reaction due to its higher mobility than
lattice oxygen [36], and the high relative concentration ratio (2.25)
of Oadsorbed/Olattice on catalyst surface could be correlated with high
catalytic oxidation activity [37].
3 4

In order to investigate the catalytic activity of as-prepared Co3O4
nanoflower clusters towards toluene, we  also fabricated Co3O4
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Table 1
Physico-chemical properties of the studied samples at different calcination
temperatures.

Catalyst SBET (m2/g) Pore volume a

(cm3/g)
Average pore
diameter a (nm)

Co3O4-T1 62.08 0.1872 7.827
Co3O4-T2 20.98 0.1994 2.192
Co3O4-T3 17.45 0.1107 17.33
88 Q. Yan et al. / Journal of Hazardo

locks calcined at 400 ◦C and 500 ◦C (named Co-T1, Co-T2, Co-
3, respectively) for comparison. The SEM images in the inset of
ig. 6a suggest these Co3O4 materials are no longer nanoflowers
ut in larger blocks with increasing the calcination temperature.
he curves in Fig. 6a show the conversion of toluene as a func-
ion of the reaction temperature over the as-prepared catalysts.

ith increasing the calcination temperature, the catalytic activity
f the catalysts is found to decline. The sections between 125 ◦C and
20 ◦C for all the three curves confirm that the conversion rates
f toluene over the three samples are all low and less than 40%.
omparing the catalytic activity at 100% conversion, the following
rder of activities is established: Co-T1 > Co-T2 > Co-T3. Although
he crystallinity of the catalyst improved with increasing the calci-
ation temperature, the specific surface areas of the catalysts are
educed at the same time (see Table 1), which causes the decline in
he number of active sites on the surface of the catalysts. More-

ver, low calcination temperature may  benefit the reduction of
urface oxygen, and then improve the reducibility of the catalyst
38]. However, surface area is not the only factor for determin-
ng the activity of the catalyst. Shen et al. [8] has proved that Co3+

Fig. 3. (a) SEM image, (b) EDX spectrum, (c and d) TEM a
a Pore diameter and pore volume calculated by BJH method (desorption branch).

cation was  the active site in oxidation of CO from angle of crys-
tal planes. The CO molecule interacted preferably with the surface
Co3+ cation, which was  the only favorable site for CO adsorption.
In our work, the results of the EPR suggest the active site Co3+ is
more dominant on the surface of the Co3O4 nanoflower clusters.
We guess Co3+ cation may  play an important role in the adsorption

of toluene.

We further studied the stability of Co-T1. The curve in Fig. 6
suggests that the toluene conversion rate of the Co3O4 nanoflower

nd SAED images of the as-prepared Co3O4 sample.
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Fig. 4. (a) H2-TPR profile of the as-prepared Co3O4 nanoflower clusters, (b) The UV–vis spectra and optical band gap energy of Co3O4 nanoflower clusters, (c) Raman spectrum
of  the as-prepared Co3O4 nanoflower clusters, (d) EPR pattern of the as-prepared Co3O4 nanoflower clusters.
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lusters as catalyst was still above 90% after the reaction running
or 50 h at complete conversion temperature (250 ◦C). Then the
eactor space velocity was changed to 50,000 h−1 and 80,000 h−1,
espectively. The conversion and the life time experiments were re-
perated under the new operation conditions. The curves D and E in
igs. 6a show the toluene activity of Co3O4 nanoflower clusters cat-
lyst under different GHSV. Obviously, with GHSV from 37,500 h−1

o 50,000 h−1, the toluene conversion curve slightly shifted to high
emperature and 100% toluene conversion could still be achieved
n a wide temperature range from 125 to 300 ◦C. However, the
onversion rate of toluene obviously shifted to high temperature
nder a rather high GHSV of 80,000 h−1, which is due to that the
eactant gases may  have less time to adsorb and react with the
atalyst, thus leading to lower conversion. The curves B and C
n Fig. 6b indicate that the toluene conversion rate of the Co3O4
anoflower clusters as catalyst is also up to 90% after the reaction
unning for over 50 h under different space velocity, which suggests
hat the catalytic activity of the Co3O4 nanoflower clusters is fairly
table.

Therefore, it is indicated that the as-obtained Co3O4 nanoflower

lusters calcined at 300 ◦C have the better activity for toluene oxi-
ation with favorable stability. It is suggested that the calcination
emperature strongly influences the morphology of the catalysts,
nd further affects their surface chemical properties.

Fig. 5. XPS spectrum of the as-prepared Co3O4 nanoflower clusters, and Co 2p, O 1s
Xp  spectra obtained on the as-prepared Co3O4 nanoflower clusters.



390 Q. Yan et al. / Journal of Hazardous Materials 209– 210 (2012) 385– 391

Fig. 6. (a) The conversion curves of toluene over the different as-prepared catalysts under different operation conditions: (A) Co3O4-T1, GHSV = 37,500 h−1; (B) Co3O4-
T , GHSV = 37,500 h−1; (C) Co O -T , GHSV = 37,500 h−1; (D) Co O -T , GHSV = 50,000 h−1; (E) Co O -T , GHSV = 80,000 h−1. (b) Time dependence of toluene conversion:
( V = 50
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A)  Co3O4-T1, GHSV = 37,500 h−1, reaction temperature: 250 ◦C; (B) Co3O4-T1, GHS
emperature: 280 ◦C.

. Conclusions

In this paper, we have obtained Co3O4 precursor by a
ow-temperature hydrothermal method. The products of Co3O4
ower-shaped nanoclusters were assembled by nanosheets com-
osed of nanowires, which consisted of smaller nanoparticles with
niform size. The addition of PVP contributed to the formation of
he unique morphology of Co3O4 nanoclusters with excellent sta-
ility. The synthetic approach of the model catalysts by two-step
elf-assembly reported here may  also be extended to the synthesis
f other functional nanomaterials.

The high relative concentration surface-adsorbed oxygen on the
o3O4 nanoflowers surface is highly active in oxidation of toluene
ue to its higher mobility than lattice oxygen. In addition, the oxide
efects can adsorb and activate gaseous O2 to form active oxy-
en species, which is beneficial to promote the toluene oxidation
eaction. Comparing the catalysts with different morphologies in
he catalytic oxidation of toluene, the Co3O4 nanoflowers exposed
bundant Co3+ cations on the surface have a higher toluene con-
ersion rate and good stability, which is also suggested that Co3+

ation may  play an important role in the adsorption of toluene.
n addition, the catalytic activity of the Co3O4 nanoflower clusters
eriously affects by high GHSV, but is resistant to the long life time.
he obtained Co3O4 nanomaterial is an attractive substitute for the
oble metal catalysts.
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