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Co3O4 crossed  nanosheet  (CNS)  arrays  were  successfully  synthesized  by  a post-thermal  conversion  of
(Co(NH3)6)CoF6·H2O precursor  after a  fluorine-assisted  hydrothermal  route.  With  the  increment  of  the
reaction  time,  the  morphology  of precursor  changed  continually.  In the  formation  process,  sodium  citrate
plays  a role  of  surfactant,  and  NH4F  serves  as  a source  for the  generation  of  both  the  ammonia  cations
and  fluoride  anion,  as  well  as  urea  acts  as the  precipitant.  The  CNSs  are  interdigitated  and  perpendicular
to  the substrate,  and  the  thickness  of  irregular  nanosheets  are  30–100  nm.  The  mesoporous  structure  can

2 −1

obalt oxide
rossed nanosheet arrays
as  sensor
ow temperature

be  obtained  after  annealing  with  the specific  surface  area  of 83  m g and  the average  pore  diameter  of
∼8.5  nm.  Owing  to  the  direct  growth  on the substrates,  the  Co3O4 CNS  arrays  could  serve  as  a prototype
gas  sensor  straightway.  The  sensor  showed  outstanding  low  temperature  gas-sensing  properties  with  a
gas  response  of ∼36.5 to 1000  ppm  acetone  vapour  at  111 ◦C. The  sensor  also exhibited  good  selectivity
and  excellent  stability.

©  2016  Published  by  Elsevier  B.V.
. Introduction

Until now, acetone as a volatile, flammable and deleterious com-
ound has been widely used in the industrial application, especially

n the fields of pharmaceuticals industry and pesticide preparation
1–3]. Additionally, acetone may  threaten human’s health with the
oncentration over 10,000 ppm, leading to headache, fatigue and
ven narcosis [4]. As the medical research reported, higher ace-
one concentration exists in exhaled breath of diabetic patients
han healthy people [5]. Therefore, detecting acetone concentra-
ion in public or human body is urgent for confirming the safety
nd health. Recently, novel sensing materials have been largely
eveloped to effectively monitor the acetone vapour. Previously,
. A. Murade et al. synthesized Sr-doped LaFeO3 nanocrystalline-
ased gas sensors to detect acetone at 275 ◦C [6]. Gas sensors based
n SmFe1−xMgxO3 were developed by Xing Liu et al. to analyze
cetone vapour at 260 ◦C [4]. The operating temperature of porous
nFeO4 based gas sensors to detect the acetone reduces to 200 ◦C

7]. Nevertheless, low gas response and high operating tempera-
ure of the mentioned sensors directly result in the shorter lifetime

∗ Corresponding author.
E-mail address: zlp1@zju.edu.cn (L. Zhu).

ttp://dx.doi.org/10.1016/j.snb.2016.07.154
925-4005/© 2016 Published by Elsevier B.V.
and higher cost [8,9]. Thus, it is urgent to pursue novel materials to
improve gas response at low operating temperature.

Cobalt oxide (Co3O4) with an intrinsic p-type property has been
deeply studied in many technological fields, such as supercapaci-
tors, heterogeneous catalysis, field-emission materials, lithium-ion
battery electrodes, gas sensors and so on [10–19]. Developing novel
Co3O4 nanostructures with specific sizes, well-defined features,
and structures render a new approach to explore materials’ phys-
ical and chemical properties [20–27]. Remarkable progress has
been made in manufacturing a variety of Co3O4 nanomaterials
with unique structures, such as hollow Co3O4 octahedral showing
a good pseudocapacitance when being evaluated as an electrode
material for supercapacitors [12], three dimensional Co3O4 den-
drites with a low transition temperature of 35 K [28], star-like
Co3O4 micro/nanostructures exhibiting high reversible capacity as
an anode material in lithium ion batteries [29], and needlelike
Co3O4 nanotubes with ultrahigh capacity with improved cycle life
and high rate capability [30]. In recent years, various unique Co3O4
nanostructures for gas sensing with high gas response at low tem-
perature have been synthesized, for example, the gas response of
Co3O4 hollow nanotubes to 50 ppm formaldehyde attains 6.3 at

180 ◦C [31], the response of rhombus-shaped Co3O4 nanorod arrays
toward 100 ppm ethanol vapour reaches 30 at 160 ◦C [32], and flow-
erlike Co3O4 microspheres response to 100 ppm ethanol at 135 ◦C
is 16 [33].

dx.doi.org/10.1016/j.snb.2016.07.154
http://eproxy2.lib.tsinghua.edu.cn:80/rwt/33/http/P75YPLUUMNVXK5UDMWTGT6UFMN4C6Z5QNF/science/journal/09254005
http://www.elsevier.com/locate/snb
http://crossmark.crossref.org/dialog/?doi=10.1016/j.snb.2016.07.154&domain=pdf
mailto:zlp1@zju.edu.cn
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ig. 1. (a) XRD patterns of as-prepared (Co(NH3)6)CoF6·H2O and Co3O4; (b) low m
mage); (c) the TEM image of the individual nanosheet arrays (inset represents the 

 (for interpretation of the references to colour in this figure legend, the reader is re

Herein, we have successfully synthesized Co3O4 CNS arrays
y an approach of fluorine-assisted hydrothermal method fol-

owed by an annealing process. The growth mechanism of the CNS
rrays was analyzed by studying the morphology of precursor with
he increment of the reaction time. The as-obtained structures
ere characterized by several techniques, such as powder X-ray

iffraction, scanning electron microscopies, transmission electron
icroscopy. The Co3O4 CNS arrays directly grow on the support-

ng substrates and intensively contact with the substrates, avoiding
he conventional film formation process. The gas sensor based on
o3O4 crossed nanosheet arrays showed high gas response, great
electivity, excellent stability and large gas sensing response range
t low operating temperature for acetone vapour.

. Experimental

.1. Synthesis

All  chemicals were of analytical grade and used as pur-
hased without further purification. Firstly, 8 mmol  (0.48 g) urea
CO(NH2)2), 8 mmol  (0.29 g) ammonium fluoride (NH4F), 4 mmol
1.16 g) cobalt nitrate (Co(NO3)2·6H2O) and 0.03 mmol (0.01 g)
odium citrate (C6H5Na3O7·2H2O) were dissolved in 80 ml  high
urity water (18.2 M� cm resistivity), under stirring at room tem-
erature until forming a pink homogeneous solution. Then, the
olution was transferred into a 100 ml  Teflon-lined stainless steel
utoclave. A piece of cleaned polycrystalline alumina ceramics
late (13 mm × 7 mm,  0.5 mm in thick) which has been plated Ag-
d interdigital electrodes, was immersed in the reaction solution.
fterwards, the autoclave was sealed and maintained at 95 ◦C for

2 h inside an electric oven. After cooling down to room tempera-
ure, the substrate was removed, rinsed with distilled water several
imes and dried at 70 ◦C for 2 h. Finally, after annealing at 350 ◦C in
ir atmosphere for 2 h, the as-prepared pink precursor converted
ed SEM images of Co3O4 crossed nanosheet arrays (inset is high magnified SEM
pattern); (d) HRTEM image taken from the area indicated by the red square in part

 to the web  version of this article).

to  black Co3O4. The obtained prototype device can be directly used
for gas sensing experiments.

2.2.  Characterization

The crystal phase identification were investigated by XRD (Bede
D1) system with Cu-K�1 radiation (�= 0.15406 nm)  over the 2�
range of 10–70◦. The microstructures and morphologies of Co3O4
CNS arrays were examined by SEM (Hitachi, S-4800) with an accel-
erating voltage of 5 kV. TEM and HRTEM images were taken by an
HRTEM analyser (HRTEM, FEI F20) with an accelerating voltage of
200 kV. Thermogravimetric analysis (TGA) was  carried out using a
TA Q600 instrument in a temperature range from 25 ◦C to 500 ◦C
with a heating rate of 10 ◦C/min in air. Specific surface areas were
computed from the results of N2 adsorption–desorption isotherms
at 77 K (Micromeritics ASAP 3020). The electrical characteristics
were measured at room temperature in the dark using a semicon-
ductor parameter analyzer (Agilent E5270B) with the bias voltage
range of −10–10 V.

2.3. Gas-sensing measurements

The  detailed gas-sensing experimental process can be found in
our previous report [34]. The gas sensing properties were measured
by an intelligent gas sensing analysis system (CGS-1TP, Beijing Elite
Tech Co., Ltd, China) as shown in Fig. S1. An external temperature
control could adjust the temperature with a precision of 1 ◦C. Two
probes were pressed onto the electrodes of sensor through adjust-
ing the probe station. Before testing, the sensors were preheated at
different operating temperatures for about 30 min  to get the stable

resistances. The target gas was injected into the test chamber (18 l
in volume) through a rubber plug by a micro-injector. The target
liquid, e.g. acetone, was  injected into the evaporator inside to form
acetone vapour. The saturated target gas was  mixed with air (rela-
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ig. 2. SEM images of precursors with different growth time (a) 6 h, (b) 8 h, (c) 10 h

ive humidity was 45% measured at 35 ◦C) by two fans inside. After
he resistance reaching to a new constant value, the test chamber
as opened to recover the sensor in air. The gas response was des-

gnated as Rg/Ra, where Rg is the sensor resistance measured in the
resence of the target gas and Ra is in air. Response and recovery
ime were defined as the time needed for 90% of total resistance
hange on exposure to gas and air, respectively.

. Results and discussion

The  typical XRD patterns of the precursor and the calcined prod-
ct are shown in Fig. 1a. The precursor pattern (black) is indexed as
Co(NH3)6)CoF6·H2O. All of the diffraction peaks are in good agree-

ent with the standard Joint Committee on Powder Diffraction
tandards (JCPDS) card no. 24-0321. While the diffraction peaks
f the product after calcination (red) are in good agreement with

CPDS card no. 43–1003 that indicate a cubic phase of Co3O4. Sharp
nd strong diffraction peaks confirm that the calcined product
s pure in phase and well crystallized. No other peak of impuri-
ies was detected, revealing a complete thermal-conversion from
Co(NH3)6)CoF6·H2O to Co3O4. And the thermo-decomposition
ehavior  of the precursor was studied by thermal-gravimetric (TG)
nalysis as shown in Fig. S2. Fig. 1b shows a low magnified SEM
mage of Co3O4 CNS arrays. It is obvious that large-scale and high
ensity arrays of Co3O4 CNS are uniformly grown on the substrate.
he inset of Fig. 1b shows a high magnified SEM image of the

o3O4 CNS arrays. We  can see that the nanosheets are interdigitated
nd perpendicular to the substrate, and the thickness of irregular
anosheets are 30–100 nm.  To further investigate crystallographic
roperty, TEM and HRTEM characterizations were measured, and
d) 12 h, respectively. Insets in (a) and (c) are their corresponding TEM images.

the corresponding images are shown in Fig. 1c and d, respectively
The typical TEM image (Fig. 1c) reveals a single nanosheet, with a
porous structure and rough surfaces, composed of many tiny single
crystals with different growth orientations. The ring-like selected-
area electron diffraction (SAED) pattern (inset of Fig. 1c) clearly
verifies the Co3O4 nanosheet is polycrystalline in nature. The cor-
responding HRTEM image (Fig. 1d) taken from the area marked with
a red square in Fig. 1c further proves the polycrystalline structure.

In  order to understand the evolution process of the Co3O4 CNS
arrays, a series of time-dependent experiments was  carried out.
The products obtained at different reaction time were character-
ized by SEM. No product was  obtained when the reaction time
was less than 6 h, which is due to the coordination of sodium cit-
rate [35,36]. The representative SEM images of the products shown
in Fig. 2 were acquired stepwise after 6, 8, 10 and 12 h of reac-
tion. After 6 h of reaction, orderly nanoneedle arrays vertical to the
substrate formed (Fig. 2a). When the reaction time increased to
8 h (Fig. 2b), another layer of nanoneedles with different orienta-
tion appeared on the top of as-prepared nanoneedles arrays. After
another 2 h (Fig. 2c and inset), it can be inferred that the product
was the combination of nanoneedles and nanosheets. In addition,
these nanosheets are interdigitated, in other words, the nanosheets
derive from the mutually perpendicular cross nanoneedles in one
plane. Furthermore, when the reaction time extended to 12 h, the
stable CNS arrays were successfully synthesized (Fig. 2d).

A  schematic representation of the morphological evolution pro-
cess of the CNS arrays is presented in Fig. 3. Firstly, the orderly

nanoneedle arrays vertical to the substrate were formed. Then,
a new layer of mussy nanoneedles appeared on the top of as-
prepared nanoneedles arrays. Afterwards, the as-prepared arrays
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Fig. 3. Schematic diagram of the fabricating process.
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tact between the crossed Co3O4 arrays and the electrodes, ensuring
ig. 4. Nitrogen adsorption-desorption isotherms and pore size distribution curves
or the Co3O4 crossed nanosheet arrays.

radually became the combination of nanoneedles and nanosheets.
ltimately, stable and high density CNS arrays are uniformly grown
n the substrate. The formation of the CNS arrays is attributed to
he minimization of surface energy and subsequent Ostwald ripen-
ng, in which the initial nanoneedles dissolve and regrow into the
pecial crossed nanosheet arrays [29,37,38]. In this experiment,
odium citrate is surfactant [39,40], NH4F in these reactions served
ainly as a source for the generation of both the ammonia cations

nd fluoride anion [41], and urea played the role of precipitant. In
ddition, when the solution contains sufficient amount of urea, it’s
ighly possible to form a two-layer structure [42–44].

N2 sorption measurements were evaluated for characterizing
he porous properties of Co3O4 CNS arrays and gathering informa-
ion about the specific surface area and pore size distribution. Fig. 4
isplays the nitrogen adsorption-desorption isotherms and pore
ize distribution curves for the Co3O4 CNS arrays, both of which

eveal a typical type IV adsorption isotherm with a H3-type hystere-
is loop at different relative pressure ranges. The Co3O4 CNS arrays
as a BET surface area of 83 m2 g−1 with an average BJH pore diam-
Fig. 5. I–V characteristics between the two neighboring electrodes, bridged by the
Co3O4 crossed nanosheet arrays.

eter of 8.5 nm,  indicating the presence of mesoporous (2–50 nm)
[43]. In fact, the mesoporosity could be reasonably deduced from
the pyrolysis and release of HF, NH3 and H2O during the thermal
conversion [45].

Due  to the large surface area and mesoporous structure revealed
in the Co3O4 CNS arrays, it is worthwhile to study their gas-
sensing performance. The Co3O4 CNS arrays vertically grew on
the ceramic substrate, which could serve as a prototype sensor.
Fig. 5 plots a typical current–voltage (I–V) characteristics of an as-
fabricated gas sensor. The Co3O4 nanosheets vertically grew on
the substrate and intersected with each other, forming ordered
crossed nanosheet arrays with a highly open and porous structure.
The resultant structure provides the high-speed electrical chan-
nels between the neighboring electrodes [46]. Linearly increased
current with applied bias of I–V curves reveals good ohmic con-
that all upcoming behaviors of electrical devices represent the gas-
sensing properties but not the contact between the material and
the electrodes [32,47].
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Fig. 6. Responses of Co3O4 nanosheet arrays to 100 ppm acetone at different oper-
ating  temperatures.
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Fig. 8. Comparison of the gas response of Co3O4 crossed nanosheet arrays to various
gases  with 100 ppm concentration at 111 ◦C.
ig. 7. The representative response and recovery curve of the Co3O4 crossed
anonsheets  arrays gas sensor to acetone with concentrations ranging from 20 to
000 ppm at 111 ◦C.

The gas sensing properties of the Co3O4 CNS arrays were stud-
ed with acetone as probe gas. It is well known that the operating
emperature has great influence on sensing properties, especially
he gas response [48–51]. There is usually a temperature region
here the sensor shows the highest gas response. A Co3O4 CNS

rrays based gas sensor was exposed to 100 ppm of acetone at
ifferent operating temperatures. The sensor response as a func-
ion of operating temperature from 60 ◦C to 160 ◦C is plotted in
ig. 6. The gas responses increased until reaching the maximum at
11 ◦C, and then decreased rapidly with further increasing of oper-
ting temperature. The gas adsorption and desorption kinetics on
he surface of sensing materials can be used to explain this behav-
or [9,40,52]. When the operating temperature is relatively low,
he chemical activation of Co3O4 nanosheets are consequently low,
eading to a low response. But if the operating temperature is too
igh, some adsorbed gas molecules may  escape from the surface
f sensing materials before reaction, thus gas response decreases
orrespondingly.

Fig. 7 displays the dynamic response–recovery curves of the
o3O4 CNS arrays based sensor toward different acetone concen-
rations ranging from 20 to 1000 ppm. The gas response increases
apidly with increasing concentration of acetone in this range, that
oward 20, 50, 100, 200, 500 and 1000 ppm of acetone are 6.8,

3.6, 16.5, 23.4, 29 and 36.5, respectively. The result indicates that
he sensor could detect acetone gas in a wide range of concentra-
ions, which is the indispensable requirement of sensors to meet
he needs of various environment. The special structure of Co3O4
Fig. 9. Responses to 100 ppm acetone (RH = 45% measured at 35 ◦C) repeated with
20 times test during two  months at 111 ◦C.

CNS arrays may  be the major factor leading to the increase of gas
response. Generally, compared with the unordered structure, the
long-range structure can lower the internal resistance, facilitating
the electron transfer rate [53]. In addition, the nanoarray archi-
tecture not only prevents agglomeration but also provides large
surface area and more active sites to absorb O2, and the open space
among the neighboring nanosheets allows fast absorption and des-
orption reactions [54].

Another  important parameter of sensor property is selectiv-
ity. Fig. 8 presents the acetone-selective characteristics of Co3O4
CNS arrays with respect to other typical interfering gases such
as ethanol, formaldehyde, ammonium, methanol and pentane at
111 ◦C. The gas response to 100 ppm acetone is 16.5, which is signif-
icantly higher than all the other gases on the same concentration.
The response to ethanol, formaldehyde, methanol, ammonia and
pentane is as low as 8.7, 6.4, 6.1, 5.6 and 4.8, respectively. It is obvi-
ously that the gas sensors based on Co3O4 CNS arrays exhibit good
selectivity toward acetone.

To confirm the repeatability of sensors, the response of the
Co3O4 CNS arrays-based sensors to 100 ppm acetone repeated with
20 times test during two months. The result shown in Fig. 9 illus-
trates that there is almost no apparent signal attenuation during
the long-term test. Therefore, it is concluded that the stability of
the sensors is good enough to detect acetone vapour in a long time.
The gas sensing mechanism for Co3O4 CNS arrays consists of the
change in electrical conductivity on account of the chemical inter-
action of gas molecules with the surface involving gas adsorption,
surface reaction, and desorption processes as we discussed in the
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Fig. 10. Schematic diagram of the gas sensing mechanism.

revious articles [15,34]. Fig. 10 illustrates the schematic diagram
f the acetone gas sensing mechanism. Co3O4 is a p-type semicon-
uctor thus holes are the main charge carrier. When exposed to air,
2 adsorption on the Co3O4 surface traps electrons from the con-
uction band of the semiconductor to form oxygen species (O2

−,
2−, or O−), and form the depletion layer with a consequent low

esistance of the sensor. Once the sensor exposed to acetone gas, the
cetone molecules react with the adsorbed oxygen ions, then the
aptured electrons released, thus, the charge carrier accumulation
ayer near the surface is thinned by the electrochemical interac-
ion between O− and gas molecules, as in the following Reaction
1), which releases free electrons and neutralizes the holes in the
o3O4 (2), leading to the increase of the baseline resistivity until a
ynamic equilibrium condition is obtained:

H3COCH3(gas) + 8O− → 3CO2 + 3H2O + 8 e− (1)

− + h+ → Null (2)

What’s  more, the sensors based on orderly vertically arrays can
ffer more active area to absorb oxygen and promote the diffusion
ate of probe gas to enhance sensing properties. When stopping
he acetone flow, oxygen molecules in the air are absorbed on the
urface of the sensors again, thus the resistance decreases to its
nitial value.

The  high performance for acetone detection can be attributed to
he unique structure of Co3O4 CNS arrays. Firstly, the direct growth
f Co3O4 CNS on the substrate promotes each nanosheet to partici-
ate in the gas sensing reaction [55]. Good ohmic contact between
he electrodes and Co3O4 CNS arrays make it possible to use Co3O4
NS arrays directly as gas sensors without the conventional film

ormation process. Secondly, the Co3O4 nanosheets are polycrys-
alline, which consists of many small grains. Gas molecules can
e stored in the interface and boundary of grains, thus enhanc-

ng the gas response [56]. Additionally, the high crystallinity of the
o3O4 nanosheets dramatically increases the long-term stability of
he sensors [57]. Thirdly, The Co3O4 nanosheets vertically grow on
he substrate and intersect with each other, forming ordered CNS
rrays with a highly open structure. The resultant structure not

nly provides prevents agglomeration but also provides the high-
peed electrical channels between the neighboring electrodes [54].
ourthly, the high surface-to-volume ratio of CNS arrays can sup-
ly more active reaction sites for adsorption, transportation and
ors B 238 (2017) 1052–1059 1057

desorption of gas molecules. Moreover, the mesoporous structures
allow the gas molecules to easily penetrate and adsorb on the sur-
face leading to high gas response [58].

4. Conclusions

In summary, a kind of Co3O4 crossed nanosheet arrays were
successfully synthesized via a facile fluorine-assisted hydrother-
mal method. The growth mechanism has been comprehended by
studying the morphology of precursor with the increment of the
reaction time. In the formation process, sodium citrate plays a role
of surfactant, NH4F serves as a source for the generation of both the
ammonia cations and fluoride anion, and urea acts as the precipi-
tant. The CNSs, with the thickness of 30–100 nm,  the specific surface
area of 83 m2 g−1 and a pore diameter of ∼8.5 nm,  are interdigitated
and perpendicular to the substrate. Due to the good Ohmic contact
with the electrodes, and intensive contact with the substrate and
Co3O4 CNS arrays, the Co3O4 CNS arrays could directly serve as
gas sensors without the conventional film formation process. This
highly open and porous structure not only prevents agglomeration
but also leads to more active sites to absorb O2, and the open space
among the neighboring nanosheets allows fast absorption and des-
orption reactions. The gas sensors based Co3O4 CNS arrays show
great performance for detecting acetone, the response to 1000 ppm
acetone reached ∼36.5 with its optimal working temperature as
low as 111 ◦C. What’s more, sensors can detect acetone in a wide
range of concentrations starting with a low detection limit and
exhibit good reproducibility and stability. The high-performance
results from the unique structure of crossed nanosheet arrays with
a variety of excellent features, mesoporous structure and large spe-
cific surface. The fabrication of the high-performance gas sensors
possesses the capability of constructing complex architectures with
the Co3O4 CNS arrays as the building block.
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