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Rhombic  Co3O4 nanorod  (NR)  array-based  gas  sensor  was successfully  fabricated  via a  facile  two-step
synthesis  approach,  including  the formation  of rhombic  Co(OH)F  NR  arrays  as  precursor  followed  by
thermal  conversion  to porous  Co3O4 without  altering  the  original  shape.  Good  ohmic  contacts  with  the
electrodes  and intensive  contact  with  the  substrates  avoided  complicated  fabrication  process  of  gas  sen-
sors.  The  NR arrays  annealed  at 450 ◦C  showed  high-performance  of  ethanol  detection.  The  response  to
500  ppm  ethanol  gas  reached  ∼71  and  the optimal  working  temperature  was  as  low  as  160 ◦C.  Meanwhile,
as sensor
acile synthesis
hombic Co3O4

anorod arrays
thanol  sensing

the  sensor  exhibited  good  response/recovery  kinetics  (90  s and  60 s),  outstanding  selectivity  over  several
interferential  gases  and  good  stability  tested  in  3  months.  In  addition,  the sensor  could  detect  ethanol
at  a  low  detection  limit  (<10 ppm),  which  exhibited  good  reproducibility.  The  high  ethanol  gas  sensing
performance  of  the  Co3O4 NRs  can  be explained  by  a typical  p-type  behavior  with  the  one-dimension
structure,  nano-porosity,  large  specific  surface  area,  good  crystallinity  and the  open  space  of  nanorod

arrays.

. Introduction

Cobalt oxide (Co3O4) is considered to be one of the most
epresentative p-type semiconductors and the most promising
unctional materials in many technological areas, such as het-
rogeneous catalysis, supercapacitors, lithium-ion batteries, and
specially gas sensors [1–5]. In view of these profitable uti-
izations, a large number of efforts have been focused on the
ynthetic techniques of growing cobalt oxide nanostructures,
ncluding hydrothermal, electrospinning, chemical vapor deposi-
ion, sputtering and pulsed laser deposition, etc. [6–9]. Various
anostructures on synthesizing Co3O4 for gas detection were
eported, such as meso- and macroporous Co3O4 nanorods for
ffective volatile organic compounds gas sensing [10], concave
o3O4 octahedral mesocrystal for formaldehyde and ethanol detec-
ion [11], and Co3O4 hollow nanospheres toward toluene and
cetone vapors [12]. From the viewpoint of device structure, Co3O4
as sensors have been usually synthesized in the form of thin films,
n which the powders are screen printed on prefabricated elec-

rodes ceramics tubes or insulative plates followed by annealing
t the appropriate temperature. Nevertheless, only a small frac-
ion of the species adsorbed near the grain boundaries in thin-film
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E-mail  address: zlp1@zju.edu.cn (L. Zhu).
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gas sensors is active in modifying the electrical transport proper-
ties, which are apt to lose the characteristic advantage of the larger
length-to-diameter and surface-to-volume ratios than bulk mate-
rials and films for nanostructure building blocks resulting from
agglomeration [13]. There is thus still an evident need for detailed
investigations regarding the device structures.

On the other hand, the gas sensing performance of Co3O4
for ethanol detection which is closely related to the issues of
public health and safety has been arousing great interest. Pre-
viously, Choi et al. have discussed that the gas responses of
various Co3O4 nanostructures such as nanorods, nanosheets, and
nanocubes to 100 ppm C2H5OH at 300 ◦C were several times higher
than those of the Co3O4 agglomerated nanopowders, respectively
[14]. Cao et al. have synthesized Co3O4 with different morphologies
which exhibited high performance at an operating temperature
of 300 ◦C as an ethanol sensor [15]. Yoon et al. have fabricated
the Co3O4 nanofibers which exhibited high responses (∼51.2) to
100 ppm C2H5OH at 301 ◦C [16]. All the above sensors have the opti-
mal working temperatures at about 300 ◦C, which is too high for
practical application. A large scale monodisperse porous flowerlike
Co3O4 microspheres consisting of nanoplatelets showed enhanced
ethanol sensitivity and selectivity at a relatively low temperature

of 135 ◦C, however, with a low gas response at ∼15 for 500 ppm
ethanol [17]. Thus, fabricating gas sensors to ethanol based on
Co3O4 which have high response at a low temperature is an uphill
task. Nanoarray-based sensors are of particular interest because
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http://www.sciencedirect.com/science/journal/09254005
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f not only low cost and great miniaturization potential, but also
igh reaction rate, which leads to a higher sensing performance.
o far, huge amounts of works were focused on the n-type metal
xide semiconductor nanoarray-based gas sensors (e.g. ZnO, SnO2,
iO2) and most of the experimental and theoretical knowledge was
ocused on the n-type case [18–21]. Few works have dealt with p-
ype semiconducting metal oxide array-based gas sensors. Thus,
xploring the gas sensing performance arising from the nanostruc-
ure arrays of p-type semiconductors is demanding.

Herein, we present the fabrication of the rhombus-shaped
o3O4 NR array-based gas sensor with high-performance for
thanol detection, whose fabrication process does not require
xpensive and complicated fabrication techniques. The characteri-
ation of the NR arrays was investigated by X-ray diffraction (XRD),
ourier transform infrared spectroscopy (FTIR), X-ray photoelec-
ron spectroscopy (XPS), scanning electron microscopies (SEM),
ransmission electron microscopy (TEM) and high-resolution TEM
HRTEM). The NR arrays directly grow on the supporting substrates
nd intensive contact with the substrate supplies a simple method
o prepare a nanoarray-based gas sensor without the conven-
ional film formation process. Subsequently, the high-performance
ensing properties of the porous Co3O4 NR arrays for ethanol gas
nd the gas-sensing mechanism will also be discussed.

. Experimental

.1. Synthesis

The process of preparing cobalt hydroxide was greatly simplified
rom our previous method [22]. All chemicals were of analyt-
cal grade and used as purchased without further purification.
he typical experiments were as follow and the fabricating pro-
ess is illustrated in Fig. 1(a): 4 mmol  (1.16 g) of cobalt nitrate
Co(NO3)2·6H2O), 8 mmol  (0.29 g) of ammonium fluoride (NH4F)
nd 8 mmol  (1.12 g) of hexamethylenetetramine (C6H12N4, HMT)
ere dissolved in 40 ml  high purity water (18.3 M� cm resistivity)
nder stirring at room temperature. After stirring for 10 min, the
omogeneous solution was transferred into a 50 ml  Teflon-lined
tainless steel autoclave. Then, a piece of cleaned polycrystalline

lumina ceramics plate (13 mm × 7 mm,  0.5 mm in thick) which
ave been plated Ag-Pd finger regions (five pairs, both the width
nd distance are 200 �m)  as electrodes were immersed in the reac-
ion solution against the inner wall of the autoclave and fixed

Fig. 1. (a) Schematic diagram of the fabricating process. (b) Top view of sensor subst
rs B 186 (2013) 172– 179 173

by  polyimide tapes. The autoclave was sealed and maintained at
95 ◦C for 24 h inside an electric oven. After cooling down to room
temperature spontaneously, the substrate was removed, rinsed
with distilled water several times in order to remove the free
nanoparticle debris and the residual reactant, and dried at 60 ◦C
under vacuum for 2 h. Finally, the as-prepared pink precursors were
converted to Co3O4 via thermal decomposition after annealing at
450 ◦C in air for 4 h with a heating rate of 10 ◦C per minute. The
obtained samples could be directly used for gas sensing measure-
ments, and a top view of sensor substrate and the samples before
and after annealing are shown in Fig. 1(b).

2.2. Characterization

The crystal phase identification were investigated by X-
ray diffraction (XRD, Bede D1) system with Cu-K�1 radiation
(� = 0.15406 nm)  over the 2� range of 10–80◦. The morphologies
of both the precursor and calcined products were investigated
using field emission scanning electron microscopy (FESEM, Hitachi
S-4800) with an accelerating voltage of 5 kV. Further structural
analysis of individual NR was carried out using high-resolution
transmission electron microscopy (HRTEM, FEI F20) with an accel-
erating voltage of 200 kV. Fourier transform infrared spectroscopy
(FTIR, TENSOR 27) was characterized with DTGS detector by mak-
ing pellets with KBr powder. X-ray photoelectron spectroscopy
(XPS, Thermo ESCALAB 250) measurement was performed with a
monochromatic Al-K� (h� = 1486.6 eV) X-ray source. The electri-
cal characteristics were measured at room temperature in the dark
using a semiconductor parameter analyzer (Agilent E5270B) with
the bias voltage range of −10 to 10 V.

2.3. Gas-sensing measurements

The  gas-sensing properties of the Co3O4 sensors were per-
formed on an intelligent gas sensing analysis system (CGS-1TP,
Beijing Elite Tech Co., Ltd, China). The analysis system offered an
external temperature control (from room temperature to 500 ◦C),
which could conductively adjust the sensor temperature with a pre-
cision of 1 ◦C. The sensors were laid on the temperature control and

pre-heated at different operating temperatures for about 30 min.
Two probes were pressed on sensor electrodes by controlling the
position adjustment in the analysis system. When the resistance
of the sensor was  stable, saturated target gas was injected into the

rate and sample sensors. (c) A photograph of the gas sensing analysis system.
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F cursor: (a) XRD pattern of the as-prepared Co(OH)F; (b and c) SEM images of Co(OH)F NR
a corresponding SAED pattern (inset).
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ig. 2. Phase composition, morphological and structural characterization of the pre
rrays  on the supporting substrate; and (d) HRTEM image of a Co(OH)F NR and the 

est chamber (18 L in volume) by a micro-injector through a rubber
lug. The saturated target gas was mixed with air (relative humidity
as ∼46%) by two fans. After the sensor resistance reached a new

onstant value, the test chamber was opened to recover the sensors
n air. The sensor resistance and sensitivity were collected and ana-
yzed by the system in real time. The photograph of the gas sensing
nalysis system is shown in Fig. 1(c). The gas response (S) was desig-
ated as the ratio Rg/Ra, where Rg was a mixture of target gas and air
nd Ra was the sensor resistance in air (base resistance). Response
nd recovery times were defined as the time needed for 90% of total
esistance change on exposure to gas and air, respectively.

.  Results and discussion

.1.  Materials characterization

The  phase composition, morphology and structure of the
recursor obtained by the hydrothermal method were firstly inves-
igated systematically. Fig. 2(a) shows the XRD pattern of the
recursor, which is indexed as Co(OH)F. The pattern shows very
harp peaks, and all of the diffraction peaks are in good agreement
ith the standard Joint Committee on Powder Diffraction Stan-
ards (JCPDS) card No. 50-0827, which indicates that the precursor

s a pure orthorhombic phase of Co(OH)F and has good crystallinity.
rom a typical SEM image of the precursor in Fig. 2(b), we  can see
hat large-scale and high density arrays of Co(OH)F NRs are uni-
ormly grown on the substrate. The inset of Fig. 2(b) shows that the
R arrays have a clear-cut rhombic contour with an average edge

ength of 400 nm and an induced edge angle of around 50◦, and
he surface of the NRs is smooth. The cross-sectional SEM image
hown in Fig. 2(c) indicates that the Co(OH)F NR arrays with a length
f about 15 �m are homogeneously well aligned. The HRTEM and
orresponding SAED pattern in Fig. 2(d) and inset confirm the NRs

o be single-crystalline.

To  better understand the possible phase changes, the precur-
or was annealed at 450 ◦C for 4 h and analyzed by XRD and FTIR,
espectively. The XRD patterns shown in Fig. 3(a) reveal that all

Fig. 3. (a) XRD patterns of the Co3O4 NR arrays. (b) FTIR spectra of the samples
before  and after annealing at 450 ◦C.
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rhombic Co(OH)F NR arrays and the pyrolysis of Co(OH)F precursor
into porous Co3O4, without altering the original shape.

The  crystallographic properties were examined and a typical
TEM image in Fig. 6(a) indicates that a single NR has a diameter
Fig. 4. XPS spectra of the Co3O4 NRs: slow scan spectra o

f the peaks correspond well to cubic spinel Co3O4 phase (JCPDS
ard No.43-1003) and no diffraction peaks of Co(OH)F are observed,
hich reveal the complete thermal conversion of the precursor
o(OH)F to Co3O4. Fig. 3(b) depicts the FTIR spectra of the sam-
les before and after annealing, respectively. The strong peaks at
574 cm−1 and 1635 cm−1 are attributed to the molecular water
nd hydrogen-bond O H groups [11]. The shoulder vibration at
417 cm−1 can be assigned to the O H groups interacting with flu-
ride. All the organic groups banding at 995 cm−1 and 734 cm−1

hich belong to Co OH and Co F could be completely removed
fter calcination. Wide band at 3425 cm−1 indicates the presence
f water in the samples. Two new distinct peaks at 574 cm−1 and
65 cm−1 are related with the stretching vibrations of the metal
xygen bonds, which confirm the formation of the Co3O4 spinel
xide [11,23]. Thus, the FTIR spectroscopy results confirm the phase
tructure changes, which correspond with the XRD results.

The  XPS measurement was carried out for further investigation
f the chemical composition and the spectra is shown in Fig. 4.
ig. 4(a) shows the Co 2p spectra, and two peaks of each sample are
imilar, centered at 780.2 and 795.6 eV, corresponding to the Co
p3/2 and Co 2p1/2. The gap between the peaks is about 15 eV (spin
rbit splitting), which also corresponds to the standard Co3O4 spec-
ra [24,25]. The major peak of O 1s observed in Fig. 4(b) is 530.1 eV,
hich can be attributed to the lattice oxygen of Co3O4. Besides,

 small broadening peak centered at 532.0 eV corresponds to the
bsorbed species at the surface [24,26]. No F 1s peak at ∼685 eV is
ound in Fig. 4(c), which can be assigned to the presence of Co(OH)F

4,22,27]. The full survey scan spectrum is shown in Fig. 4(d), and
he result demonstrates that the sample is pure Co3O4.

Fig.  5 shows the SEM image of the as-prepared Co3O4 and a
igh-magnification image inset. The sample also maintained a basic
o 2p, (b) O 1s and (c) F 1s; (d) full survey scan spectrum.

shape of rhombic NRs, however, a coarse surface. Moreover, pores
appeared on the surface, which may  be formed due to the dehydra-
tion and lattice contraction occurring during the thermal treatment
[28,29]. This change leads to the formation of the porous Co3O4 NRs
through the thermal decomposition of the precursor. From these,
it can be revealed that the synthesis includes two steps, the low
temperature fluorine-mediated hydrothermal route of preparing
Fig. 5. SEM image of the rhombus-shaped Co3O4 NR arrays annealed at 450 ◦C (high-
magnification  inset).
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decrease correspondingly. The gas sensor reaches the highest gas
response at 160 ◦C, much lower than those reported for Co3O4 sen-
sors [14–16].
ig. 6. (a) TEM image of a single rhombus-shaped Co3O4 NR annealed at 450 ◦C; (b) H
c)  sketch map  of the growth direction of a quasi-single-crystalline Co3O4 NR.

f ∼400 nm and a porous structure with rough surfaces, which
grees with the SEM observations. The HRTEM image in Fig. 6(b)
nd the SAED pattern (inset in Fig. 6(b)) of the Co3O4 NR reveal
hat the Co3O4 NRs demonstrate highly oriented growth and
uasi–single–crystalline nature. The set of (1–11) planes with a
rossing lattice spacing of 0.467 nm with the included angle of
0.5 ◦ indicate that the directly exposed crystal plane open to us is
1,0,−1}. The SAED analysis further indicates that the NRs are with
n axis perpendicular to the (1 1 1) plane, showing growth along
he [1 0 1] direction. Combined with the results in our previous
ork [22], the structure of the Co3O4 NR is schematically drawn

n Fig. 6(c). The rhombus-shaped Co3O4 NRs are enclosed by two
quivalent {1,2,−1} crystal planes and two equivalent {1,0,−1}
rystal planes.

.2.  Gas sensing properties

As  a result of the large surface areas and porous structure
evealed in the rhombus-shaped Co3O4 NR arrays, it is worth-
hile to study its gas-sensing performance. The Co3O4 NR arrays
irectly grown on the Ag–Pd finger regions are randomly oriented,
hich provides electrical paths between the neighboring fingers.
hen these Co3O4 NRs are randomly oriented, the two  electrodes

re no longer electrically open. Furthermore, it is noteworthy that
he as-prepared Co(OH)F NRs can still stick to the substrate firmly
ven after strong ultrasonication over 30 min, suggesting the robust
dhesion between the NRs and the supporting substrate. After
nnealing, such contacts would be much stronger because of the
mproved crystallinity of the Co3O4 NRs. The intensive contact with
he substrate would make it possible to use Co3O4 NRs directly
s gas sensors without the conventional film formation process.
ig. 7 plots the current–voltage (I–V) characteristics between the
wo neighboring electrodes bridged by the Co3O4 NRs in the air. The
urrent increased linearly with applied bias. Such linear behavior
eveals good Ohmic contacts between the NRs and the electrodes,

hich is very important for the electrical properties of NRs because

his ensures that all upcoming sensing behaviors of sensors repre-
ent the properties of the NRs but not the contact between the
anorods and the electrodes [10].
 image of the area indicated by the red rectangle in (a) and its SAED pattern (inset);

The  optimal working temperature for maximum sensitivity was
determined and the gas sensing performance is shown in Fig. 8.
As the ethanol is injected, the resistivity of the sample increases
exponentially, and recovers to their initial state after exposing
them to air, in agreement with that of a typical p-type semicon-
ductor in the entire working temperature range. The response
was found to increase with the operating temperature, and then
decrease with a further rise of the operating temperature. This
behavior can be explained by the gas adsorption and desorption
kinetics on the surface of Co3O4 or similar semiconducting metal
oxides [30–32]. When the operating temperature is too low, the
chemical activation of NRs is consequently small, leading to a
very small response. When the operating temperature increases
too much, some adsorbed gas molecules may  escape before their
reaction due to their enhanced activation, thus the response will
Fig. 7. I–V characteristics of the Co3O4 NR array-based gas sensor.
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ig. 8. Gas response of the Co3O4 sensor as a function of different working temper-
tures  to 500 ppm ethanol.

Fig. 9 shows the sensor response versus ethanol with concen-
rations ranging from 10 to 200 ppm at the optimal operating
emperature of 160 ◦C. The response increases rapidly with increas-
ng the concentration of ethanol. The result illustrates that the
ensor could detect ethanol gas in a wide range of concentra-
ions, starting with the minimum concentration of 10 ppm, which
s below the limit imposed for a breath analyzer [15]. Moreover,
he variation shows the nearly linear tendency, which confirms
hat the sensor is quantitatively for low concentration ethanol gas
etection.

Fig. 10 shows typical response and recovery curves between
00 ppm ethanol and ambient air. The response undergoes a drastic
scent on the injection of ethanol vapor and is mostly recovered to
ts initial value after the test gas is released. Both response and
ecovery were very fast, taking about 90 and 60 s, respectively,
hich is effective in the rapid detection of ethanol. After several

ycles of gas injection, full recovery to the initial response of the
as sensors remains the same, indicating good reproducibility of
he as-synthesized NRs.
Fig.  11 shows the responses to several reducing gases at the
perating temperature of 160 ◦C. The gas response to 500 ppm
thanol vapor is 70.7, which is significantly higher than all the

ig. 9. Responses of the Co3O4 sensor to ethanol with concentrations ranging from
0 to 200 ppm at 160 ◦C.
Fig. 10. The typical response and recovery curve of the Co3O4 sensor between
500  ppm ethanol and ambient air.

other gases under the same concentration. The sensor shows a low
response to methanol, acetone, xylene, benzene and toluene, and
almost totally insensitive to CO, H2, CH4 and NH3. The above results
indicate that the selectivity of the sensor based on porous Co3O4 NR
arrays is very high and the sensor shows high anti-interference abil-
ity. Despite the fact that the Co3O4 NR arrays-based sensor shows
good response to ethanol, further investigation of the long-term
stability of this gas device for real application as a sensor is still
required.

The response of the sensor to 500 ppm ethanol is repeated for
a period of 3 months with 30 times test as shown in Fig. 12. The
mean response and standard error are calculated to be 71 and 10,
showing a relative error of ∼14%. Therefore, we can conclude that
the stability of this material is good enough in long time detection
of ethanol [21].

3.3.  Gas sensing mechanism

The  gas sensing mechanism for Co3O4 is widely ascribed to
the change of electrical conductivity resulting from the chemical

interaction of gas molecules with the surface which often involves
gas adsorption, surface reaction, and desorption processes [10,16].
Co3O4 shows a highly conductive state in the air due to the holes,
which are the main charge carriers for a p-type semiconductor. The

Fig. 11. The response curves of the Co3O4 sensor to several reducing gases with
concentration of 500 ppm at 160 ◦C.
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[23] X.H. Xia, J.P. Tu, Y.Q. Zhang, Y.J. Mai, X.L. Wang, C.D. Gu, et al., Freestanding
ig. 12. The response of the Co3O4 sensor at 160 ◦C to 500 ppm ethanol (RH ∼ 46%)
epeated  with 30 times test during three months.

urface of Co3O4 is readily covered with the monolayer configura-
ion of negatively charged chemisorbed oxygen, even at low oxygen
artial pressure or at temperatures up to 500 ◦C [33]. Thus, at the
ensing temperature, the adsorption of negatively charged oxygen
an generate the holes for conduction, which leads to the forma-
ion of a charge accumulation layer on the surface. Therefore, when
he ethanol is introduced into the test chamber, the charge carrier
ccumulation layer near the surface is thinned by the electrochem-
cal interaction between O− and gas molecules, which releases free
lectrons and neutralizes the holes in the Co3O4, and increases the
esistances of the Co3O4 NRs until a dynamic equilibrium condition
s obtained [16]. Hereafter, when the ethanol flow stopped, oxygen

olecules in the air are adsorbed on the surface of the Co3O4 NRs,
nd sensor resistance decreased to their initial values.

In  our case, we believe that the high-performance for ethanol
etection can be attributed to the unique structure of Co3O4 NR
rrays with a variety of favorable features. First, the direct growth
f Co3O4 NRs on supporting substrates can facilitate every NR to
articipate in the gas sensing reaction [14,22]. Second, the tunable
ore size allow the gas molecules to easily penetrate and adsorb on
he surface of the nanorods, leading to fast response and recovery
s well as high sensitivity [10,34]. Third, the high crystallinity of
he Co3O4 NRs dramatically increases the long-term stability of the
ensors [10]. Fourth, the high surface-to-volume ratio of NR arrays
an provide more active reaction sites for adsorption and trans-
ortation of gas molecules [35,36]. Fifth, the open space of the NR
rrays between individual NRs allows for easy contact and diffusion
f the gas molecular into the inner region of the NRs [20,37].

.  Conclusions

We  have successfully synthesized rhombus-shaped Co3O4 NR
rrays via a facile fluorine-mediated hydrothermal route involving
he formation of Co(OH)F as precursor and the thermal conver-
ion to porous Co3O4. The NR arrays could be directly served as
as sensors without the conventional film formation process owing
o good Ohmic contacts with the electrodes and intensive contact
ith the substrate. The NR array-based gas sensor showed high-
erformance to ethanol detection. The response to 500 ppm ethanol
eached ∼71 and the optimal working temperature was as low as

◦
60 C. Moreover, the sensor could detect ethanol in a wide range of
oncentrations starting with a low detection limit, which exhibited
ood reproducibility and stability. The high-performance owes to
he one-dimension structure, nano-porosity, large specific surface

[

ors B 186 (2013) 172– 179

area,  unique rhombic morphology, good crystallinity and the open
space of nanorod arrays. The results demonstrate that the rhombus-
shaped Co3O4 NR arrays are very promising for the fabrication of
cost effective and high-performance gas sensors for ethanol.
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