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with Different Morphologies
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Abstract: CoWO, nanoparticles, nanocubes and nanorods were prepared by a facile hydrothermal process with Co
(NO3),-6H,0, Na,WO,-2H,0 as the main raw materials and distilled water as the solvent.The phase composition, the
morphology and the specific surface area of the products were characterized by XRD, TEM and N, absorption-
desorption. The influence of pH value, reaction temperature and reaction time on the morphology of the products was
discussed in detail. The gas-sensing responses of CoWO, nanomaterials to HCHO, C,HsOH, NH;, C¢Hs and
CH;COCH; were investigated. The results demonstrate that pH value, reaction temperature and reaction time of
hydrothermal process play a key role in the formation of different morphologies. The gas sensors based on the as-
prepared CoWO, nanoparticles, nanocubes and nanorods samples exhibit responses to all the tested gases from
120 °C to 300 “C. A noteworthy result is that the sensitivity of sensor based on the CoWO, nanoparticles is 3.3 at
210 °C to 1 000 pl.- L™ NH;.
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0 Introduction

The CoWO,

monoclinic structure and belongs to the P2/a (13)

crystal has a wolframite-like

space group. Currently, many literatures have reported
CoWO/WO,
develop high quality WC-Co hard alloy, however,

composite oxides as precursors to

reports involving the preparation and properties of the
pure CoWO, material are rare.

Up to now, several methods have been used to
prepare CoWO, such as solid phase method including
conventional solid-state reaction method at high
temperature, Low-temperature molten salt method™,
hydrothermal method ®, solvothermal method ", co-

8-11]

precipitation method ®'" spray pyrolysis method "2,

[13]

polymeric precursor method !, etc. Generally, the as-

prepared CoWO, powders are almost nanoparticles®".

Yet, CoWO, and  hollow

nanostructures successfully prepared by

nanorods flowerlike
can be
hydrothermal method P* and solvothermal method .
Zhen et al. P synthesized CoWO, nanorods with
average diameter of 20 nm and lengths of 100 to 300
nm by a hydrothermal route using only CoCl, and
Na,WO, as reaction reagents and distilled water as
solvents. Song et al." also prepared CoWO, nanorods
(SDS) assisted
hydrothermal process at 453 K. You et al. "

through the Sodium dodecyl sulfate

successfully prepared hollow flowerlike CoWO, by a
simple reaction between CoCl, and freshly prepared
H,WO, in a single alcohol or Methanol or n-Octanol
system  without any surfactants. Obviously,the
morphology of CoWO, can be regulated by adjusting
the reaction conditions of hydrothermal method or
solvothermal method. However, to the best of our
knowledge, systematic investigation about  the
influence of different hydrothermal reaction conditions
including the pH value of the reaction mixture,
reaction time and reaction temperature on the phase
and morphology of the as-prepared CoWO, has never
been reported.

So far, only a few articles have reported microwave
dielectric properties™, luminescence properties #4101

and catalytic properties ®*'" of CoWO,. In addition,

Karkkinen et al. ™' fabricated a series of CoWO,
(thickness ~100 nm) by pulsed laser deposition (PLD)
and investigated the sensitivity of the films to CO.
Diao et al."™ demonstrated that the sensor based on
CoWO, shows the largest response to NHj at elevated
temperature with the 90% response and recovery time
to 100 pL -L ™" NH; being only 3 s and 1 s,
respectively. It seems that CoWO, reveals potential
applications in sensor, therefore, more effort is needed
to explore the gas-sensing properties of CoWO,
materials.

Herein, in this paper, we describe the synthesis
of CoWO, irregular nanoparticles, nanocubes and
nanorods via a hydrothermal route using Co (NO;),
6H,0, Na,WO,:2H,0 as the main raw materials and
distilled water as the solvent without any surfactants.
To the authors knowledge, CoWO, nanocubes have
been fabricated for the first time. More importantly,
we find that the morphology of products can be easily
controlled by adjusting the pH value of the reaction
mixture, reaction time and reaction temperature.
Moreover, we investigate the gas-sensing property of
the as-obtained CoWO,

nanocubes and nanorods.

irregular  nanoparticles,

1 Experimental

1.1 Synthesis of CoWOQO, powders

The raw materials were of analytical grade
reagents and used without further purification. In a
typical process, 15.0 mL of 0.2 mol -L. ™ Na,WO,
aqueous solution was added drop-wise into 15.0 mL of
0.2 mol L™ Co(NO3), aqueous solution with magnetic
stirring. Then, dilute HNO5 or NaOH solution (1 mol -
L™) or deionized water was added into the precursor
suspension to adjust the pH to designed value. After
stirring for 20 min, the final mixture was directly
transferred into a 50 mL Teflon-lined stainless
autoclave, filled up to 80% of its capacity. The
autoclave was maintained at designed temperature for
different times in an oven and then cooled naturally to
room temperature. The precipitate was collected,
washed with deionized water and absolute ethanol

several times. After drying in air at 75 °C for 4 h, the
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final powders were obtained.

To explore the influence of the hydrothermal
reaction conditions including pH value, reaction time
and reaction temperature to the products, a series of
experiments were carried out, in which one parameter
was variable and other reaction parameters were kept
constant.

1.2 Characterization

The phase compositions of the as-synthesized
products were examined by a Rigaku D/max 2500V
X-ray diffractometer at the voltage of 40 kV and
current of 200 mA with graphite monochromatized Cu
Ka radiation (A=0.154 18 nm). Samples were tested at

a scan rate of 10° +min™

with the scanning 26 angles
from 10° to 80°. The nanostructures of the powders
were observed by transmission electronic microscopy
(TEM) using a FEI-Tecnai 12 transmission electron
microscope with an accelerating voltage of 100 kV.
The specific surface areas were determined by N,
adsorption-desorption at -196 °C
Micromeritics ASAP 2420 analyzer.

1.3 Fabrication and measurement of gas-sensing

using a

property of sensors

The fabrication procedure of side-heated gas
sensors was as follows: Firstly, the CoWO, products
were ground with terpineol to form a homogeneous
paste. Afterwards, the paste was coated on an AlO;
tube with a diameter of 2 mm and length of 8 mm,
which was previously positioned with one Au
electrodes and two Pt wires on each end. Then it was
heated in air at 100 °C for 10 h to remove the
terpineol. After that, a Ni-Cr alloy wire was inserted
into the ALO; tube as a heater, which provided the
(100~500 °C) of the gas sensor

by tuning the heating voltage. Finally, the Al,O; tube

working temperature

was welded onto a pedestal with six probes.

Electrical resistance of the sensor was measured
in air and in sample gases. The sample gas was
prepared via a stationary state gas distribution process:
a glass chamber was vacuumized to about 50~80 kPa,
a given amount of the gas (or liquid) to be detected
was injected to the chamber, and then air was put into

the chamber to let the pressure in the chamber to be

101.3 kPa. The gas concentration in the chamber
could be calculated according to the gas volume
injected and the chamber volume. The response (S)
was defined as the ratio of the electrical resistance in

air (R,) to that in a sample gas (R,), i.e. S=R./R,.
2 Results and discussion

2.1 Effect of pH value on the phase compositions
and morphologies of the products

Fig.1 shows the XRD patterns of the CoWO,
powders prepared at 160 °C for 48 h with different pH
values. It could be seen from Fig.1 that the pH value
of the precursor mixture has a crucial influence on the
formation of the tungstate phase in the hydrothermal
process. Obviously, wolframite CoWO, is obtained
when the pH value is in the range of 6~8. When the
pH value is between 7 and 8, all the main diffraction
peaks can be perfectly indexed to the monoclinic cell
of CoWO, (PDF No. 15-0867), indicating that pure
phases of CoWOQ, are obtained. However, when the pH
value is 6, several characteristic peaks (noting with *)
from impurities are detected, indicating that the
products are not pure. Upon raising the pH value to
the range of 9~12, the products are not CoWO,. When
the pH value is 12, there are peaks of Co(OH), (PDF:
30-0443) in the XRD patterns, while when the pH
value is adjusted from 9 to 11, the products can not
be determined by checking the standard PDF cards
now because no corresponding standard cards can be
indexed.

Fig.2 shows the TEM images of the as-prepared

H=12
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™ pH=11
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pH=8
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* * * pH=6
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Fig.1 XRD patterns of the as-prepared powders at
160 °C for 48 h with different pH values
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a: pH=7; b: pH=7.5; ¢: pH=8

Fig.2 TEM images of the as-prepared CoWO, powders at 160 °C for 48 h with different pH values

(160 °C, 48 h). Tt is

obvious that the pH value exerls a significant

powders at different pH values

influence on the morphology of CoWO,. When the pH
value is 7, as shown in Fig.2a, the product mainly
consists of irregular nanoparticles (the particle size
being about 10 ~100 nm), there are also a few
nanorods in the sample. As illustrated in Fig.2b, the
shape of particles is similar to nanocube when the pH
value is increased to 7.5, the side length being about

20 ~80 nm. Further increasing the pH value of the

precursor mixture to 8, nanorods with diameters of

about 20 nm and lengths ranging between 40 and 140

nm are obtained, as depicted in Fig.2c, a few irregular

and cubic shape nanoparticles appear in the sample at
the same time.

2.2 Effect of hydrothermal temperature on the
phase compositions and morphologies of the
products
The XRD patterns of the as-synthesized powders

(pH=8,24 h) are

shown in Fig.3. The pure CoWO, can be prepared

prepared at different temperatures

when the hydrothermal reaction temperature is from
130 °C to 180 °C. Additionally, with the reaction
temperature increasing, the diffraction peaks become
stronger and sharper, indicating that the obtained
products are well crystallized. However, whether there
are any amorphous CoWO, in the products obtained at
low reaction temperature can not be confirmed.

The TEM images of the as-prepared CoWO,
powders collected at different temperatures (pH=8, 24
h) are displayed in Fig.4. The samples prepared at

A A 180 C
I h A 170 C
h I 160 C;

A A 150 'C
\ A A 140 C

A 130 'C

10 20 30 40 50 60 70 80
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Fig.3 XRD patterns of the as-prepared powders at
different temperatures with pH=8 for 24 h

140 °C are mainly irregular nanoparticles (Fig.4a).
When the reaction temperature is 160 °C, as shown in
Fig.4b, the morphologies of synthesized CoWO, are
nanorods (diameters of 10~20 nm and lengths of 20~
120 nm) mixed with a few irregular and cubic shape
nanoparticles. As the reaction temperature reaches
180 °C, the TEM image (Fig.4c) shows that the
products are almost nanorods with diameters of about
20 ~30 nm and lengths of 20 ~180 nm with rare

irregular  and  cubic shape nanoparticles. In
conclusion, the morphologies of products are affected
by the hydrothermal temperature. As the hydrothermal
temperature elevating from 140 °C to 180 °C, irregular
nanoparticles and nanorods emerge, and the nanorods
become bigger and longer. Increasing the reaction
temperature also results in a better crystallization of
the products, which is similar to that speculated

according to the XRD patterns.
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a: 140 °C; b: 160 °C; ¢: 180 C

Fig.4 TEM images of the as-prepared CoWO, powders at different temperatures with pH=8 for 24 h

2.3 Effect of
compositions

reaction time on the phase
and morphologies of the

products

Fig.5 shows the XRD patterns of the products
obtained at different reaction periods, while the pH
value of the reaction mixture and the hydrothermal
temperature remain the same (pH=8,160 °C). Fig.5
reveals that pure wolframite CoWO, can be formed
when the hydrothermal time is only 2 h  (pH=8, 160
°C). Apparently, keeping other reaction parameters
(2 h~4 d),
the diffraction peaks coincide well with the standard

data of CoWO, (PDF card 15-0867), and the peaks

become stronger and sharper suggesting an increase of

constant and extending the reaction time

crystallinity.

The TEM images of the samples prepared under
the same hydrothermal temperature (160 °C),same pH
value (8) and different reaction times are shown in

Fig.6. Clearly, the morphology of the products changes

..JL)\MW
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Fig.5 XRD patterns of the as-prepared powders at
160 °C with pH=8 for different reaction times

extended.  After
(Fig.6a), the as-
prepared CoWO, are mainly irregular nanoparticles
(diameters of 5~10
nm and lengths of 20 ~50 nm). By increasing the

when the reaction time is

hydrothermal treatment for 6 h
with a small amount of nanorods

reaction time to 12 h, abundant nanorods appear in
the TEM image (Fig.6b) with diameters of about 10~
15 nm and lengths of 30~80 nm. When the reaction
time is extended to 24 h, abundant separate nanorods
are formed, meanwhile, a small quantity of nanocubes
and irregular nanoparticles are observed (Fig.6c).
Further increasing the reaction time to 96 h, the
nanocubes and irregular nanoparticles disappear,
while nanorods with diameters of about 20~30 nm and
lengths of 30~200 nm become the exclusive product,
as shown in Fig.6d. Thereby, presumably, with the
reaction time increasing from 6 h to 96 h, irregular
particles generate firstly, and then the particles
develop along some crystal axis/crystal face and
gradually form nanorods.

The above data suggest that the phase
compositions of the products strongly depend on the
hydrothermal reaction conditions, especially the initial
pH value of the reaction mixture. Yu et al.'" reported
MWO, (M=Zn, Mn, Fe) nanorods/nanowires prepared
by a similar hydrothermal method and pointed out that
the involved reactions were  “pH-dependent
competing reactions”. Similarly, the variation of phase
compositions of our products with initial pH value can
be explained by this theory.

The crystal growth is controlled by the extrinsic

and intrinsic factors. Evidently, the morphologies of
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a: 6 h;b: 12 h; ¢: 24 h; d: 96 h

Fig.6 TEM images of the as-prepared CoWO, powders at 160 °C with pH=8 for different reaction times

CoWO, depend on the initial pH value as well as the
reaction time and the reaction temperature. These
extrinsic factors, especially the pH values may affect
the growth rate of different crystal faces of CoWO,and
cause some faces preferred orientation growth, leading
to the formation of CoWO,with different morphologies.
The TEM images of as-prepared CoWO, powders at
160 °C with pH=8 for different reaction times (6~96
h) demonstrate that the formation process of CoWO,
nanorods is a typical Oswald ripening process, which
is similar to the formation process of ZnWO0, nanorods
U7 At the very beginning, CoWO, tiny crystalline
nuclei forms in a highly supersaturates solution and
this is followed by crystal growth. The larger particles
grow at the cost of the small ones due to a higher
solubility of the smaller particles. At the early stage,
the coexistence of the short rods and irregular
nanoparticles is found in the products. With reaction
time extending, the irregular nanoparticles vanish and
the longer nanorods form, suggesting that the longer
nanorods grow at the expense of smaller particles. As
for the formation mechanism of the CoWO, nanocubes,

however, the direct proof has not obtained, and the

detailed formation process is not very clear and needs
further investigation.
2.4 Gas sensing performance

Gas sensors were fabricated using the CoWO,
samples obtained via hydrothermal route at 160 °C for
48 h with pH value of 7, 7.5 or 8. As shown in Fig.2,

the three samples represent irregular nanoparticles,

nanocubes and  nanorods, respectively.  Their
corresponding  gas  sensing  performance  was
systematically  investigated to  different  vapors

including 1 000 pL-L™ HCHO, C,HsOH, NHs, Ce¢Hg
and CH,COCH,,.

The responses to the detected gases of the three
sensors at different operating temperatures are shown
in Fig.7. Obviously, when the operating temperature is
120~300 °C, the resistance of the sensors increases in
a reducing atmosphere, indicating the senors are n-
type semiconductors. The sensor based on irregular
nanoparticles shows the best sensing property in
contrast to the other two. However, the responses of
the three sensors are low, the maximum being only
3.3, declaring their poor sensitivity to the tested gases.

Diao et al.' reported that CoWOQ, materials prepared
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Fig.7 Responses of the CoWO, sensors to 1 mL-L™" various gases

by polymeric precursor method showed fast response
and recovery characteristics and large sensitivity to
NH; at elevated temperature (700 °C). By contrast, our
sensors exhibit response (the maximum being 3.3, Fig.
7a) to NH; at lower operating temperature, whereas
the sensitivity and selectivity of our sensors is
unsatisfactory, which needs to be further improved.

In  addition, nitrogen adsorption-desorption
analysis was exploited to measure the specific surface
area of the above three samples. The BET specific
surface area of the irregular nanoparticles, the
nanocubes and the nanorods samples are calculated to
be 41, 36 and 32 m®-g~', respectively. Generally,
larger specific surface areas may provide abundant
space and more active sites for gas adsorption and

surface contact reactions!®"

I between adsorbed oxygen
ions and detected gases, which may cause a higher
response. Thus, the highest response to NH; of the
sensor based on irregular nanopaticles sample among
the three kind sensors (Fig.7) may relevant to its

largest specific surface area.
3 Conclusions

In summary, we fabricated CoWO, irregular
nanoparticles, nanocubes and nanorods via a facile
hydrothermal route in a simple reaction system of Co
(NOs), and Na,WO, without any surfactants. The
results  demonstrate that pH  value, reaction
temperature and hydrothermal time significantly affect
the phase and morphology of the as-prepared CoWO,

nano-crystallites. Pure CoWO, could be synthesized

with the pH value of 7~8, the reaction temperature
from 140 °C to 180 °C, and the hydrothermal time
2 h. Generally, CoWO,
nanoparticles, nanocubes and nanorods could be
obtained with the pH wvalue of 7, 7.5 and 8,

respectively, for the reaction mixture. However, when

longer than irregular

the operating temperature is set as 120~300 °C, the
sensors based on CoWO, irregular nanoparticles,
nanocubes and nanorods exhibit low responses to the
tested gases. Further work is needed to improve the

sensitivity and selectivity of the CoWO, materials.
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