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ABSTRACT

In this work, highly stable and porous Cu,0/CuO cubes have been successfully synthesized by the cal-
cination of the precursor at different temperatures (350°C, 450°C and 550°C). The precursor which
consists of cupric oxalate and cubic Cu,0 was obtained by a one-step hydrothermal route with the help
of ethylene glycol. The chemical composition and structure of the products were confirmed by powder
X-ray diffraction, scanning electron microscopy, transmission electron microscopy and X-ray photoelec-
tron spectroscopy. It is found that the cube is composed of nanoparticles with diameters around several

Iéﬁi ‘gords" dozens of nanometers and the calcination temperature has great influence on the size, the amount of
Cuo Cu,0 and the surface area of the final products. The gas sensing ability of the as-synthesized porous
Precursor Cuz0/CuO cubes was investigated toward a series of toxic organic molecules, in which the sample cal-
Gas sensor cined at 350 °C exhibits higher sensing response to acetone. The higher sensing response of this sample
Acetone might be attributed to the heterostructure of CuO and Cu,0 and the relatively high surface area.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

With the remarkable development of science and technology,
environmental pollution, especially air pollution, both indoors
and outdoors, has become a universal problem [1]. Therefore, it
has provided the impetus to carry out fundamental and applied
research on sensors with the ability to detect polluting gases.
Among these sensors, metal-oxide semiconductor gas sensors have
become promising sensors for their unique advantages, such as
cost-efficiency, short response time, wide range of target gases and
long lifetime, all of which are of the essence to industrial applica-
tion and civil use [2]. And great efforts have been devoted to obtain
metal-oxide semiconductor materials for gas sensors via various
methods [3-11].

Itis well known that copper oxides (CuO and Cu,0) are typical p-
type semiconductors and are widely used for gas sensors. And many
methods have been developed for the synthesis of nanostructured
Cu-based materials. Up to now, various nanostructured Cu-based
materials such as nanopaticals, nanorods, nanoribbons, nanofilms,
nanospheres, hollow mecrospheres and hierarchical nanostruc-
tures have been successfully synthesized [9-17]. The investigation
on the morphology of material has attracted intense attention over
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the past decades for the great influence on the performance of
a material, while porous materials have been extensively inves-
tigated due to high surface area and tunable pore size in the
fields of catalysis, adsorption, gas sensing, separation, and so on.
Such porous materials have been fabricated via various processes
such as the vacuum assisted solvent evaporation method [18],
co-evaporation of metal oxide powders [19], surfactant-mediated
syntheses [20] and the soft/hard template method [21,22]. Nev-
ertheless, these methods have a drawback in the requirement of
vacuum system or the elimination of templates. As an effective way
to prepare many porous materials, precursor method has attracted
increasing interest. In consideration of the above promising appli-
cations of CuO and Cu, 0, porous CuO and Cu, O nanostructures have
been synthesized by a precursor method. By using Cu,(OH),CO3 as
a precursor, hierarchically porous CuO architectures were success-
fully fabricated via a hydrothermal route [17]. Wu et al. reported
the detection of ethanol by wormlike CuO produced by Brochan-
tite (Cuy(OH)gS04) tabular microspindles [23]. However, pure CuO
is usually obtained by the precursor method. Nanocomposites have
caused great attention for their unique and superior properties. Up
to now, some Cu,0/CuO composites have been reported as pho-
tocatalysts, photoanodes, ferromagnetic materials, whereas it is
rarely reported for the detection of acetone at low temperature
(150°C) [17,24].

Herein, we successfully design a precursor for the preparation of
porous Cu,0/CuO architectures in the absence of any templates and
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Fig. 1. Schematic structure of the gas sensor.

surfactants. By calcined at different temperatures (350°C, 450°C
and 550°C), porous Cu,0/CuO cubes with different amount of Cu, 0
have been successfully synthesized. In addition, gas sensing perfor-
mance was examined with acetone, benzene, methanol, ammonia
and ethanol. After calcined at 350°C, the porous Cu;O/CuO gave
the highest response to acetone at 150°C and might become a
promising gas sensor for the detection of acetone.

2. Experimental
2.1. Preparation of nanostructured Cu,0/CuO cubes

Cu(NO3),-3H,0 was purchased from Tianjin Guangfu Tech. Co.,
Ltd.; ethylene glycol was purchased from Beijing Chemical Factory.
All of the chemicals were of analytical grade and were used without
further purification. In a typical procedure, 2.71 g Cu(NOs),-3H,0
was dissolved in 50 mL of solution which consisted of deioned
water and ethylene glycol (volume ratio=10:1). The solution was
vigorously stirred at room temperature for 1h to form homo-
geneous blue solution. The above solution was put in a 100mL
Teflon-sealed autoclave, which was then heated at 140°C for 10 h.
The blue green precipitate (the precursor) was obtained after the
autoclave was cooled naturally to room temperature. The product
was centrifuged, washed with deionized water and ethanol several
times and dried in an oven at 60 °C for 12 h. Afterwards, the porous
Cu,0/CuO architectures were generated by subsequent calcination
of the former precursor at different temperatures (350°C, 450°C
and 550°C) in a muffle furnace for 3 h. The as-prepared materials
are designated S-350, S-450, S-550, respectively.

2.2. Characterization and gas sensor test

The powder X-ray diffraction (XRD) patterns were carried out
on a Rigaku D/Max 2550 X-ray diffractometer using Cu Ko radia-
tion (A =1.5418 A). The scanning electron microscopy (SEM) images

Fig. 3. IR spectrum of the precursor.

were taken on a JEOL JSM 6700F electron microscope, whereas
the transmission electron microscopy (TEM) and high-resolution
TEM (HRTEM) images were obtained on a Philips-FEI Tecnai G2S-
Twin. The FT-IR spectra were acquired on a Bruker IFS 66v/S FTIR
spectrometer. The X-ray photoelectron spectroscopy (XPS) was
analyzed by an ESCALAB 250 X-ray photoelectron spectrometer
with a monochromated X-ray source (Al Ko hv=1486.6eV). The
thermogravimetric (TG) analysis for the precursor was performed
in air on a NETZSCH STA 449C TG thermal analyzer from 25 to
800°C at a heating rate of 10°Cmin~!. The nitrogen adsorption
and desorption isotherms were measured by a Micromeritics ASAP
2020M system. The temperature programmed desorption (TPD)
was performed using an Automated Catalyst Characterization Sys-
tem (AutoChem II 2920).

The product was mixed with ethanol to form a paste. The gas
sensor was fabricated by coating viscous paste onto an alumina
tube with a diameter of 1mm and a length of 4 mm, which was
positioned with a pair of Au electrodes and four Pt wires on both
ends of the tube. A Ni-Cr alloy coil through the tube was employed
as a heater to offer the operating temperature. The structure of the
sensor is shown in Fig. 1.

Gas sensor tests were performed on a CGS-8 Gas Sensing
Measurement System (Beijing Elite Tech Company Limited). The
response is defined as the ratio Rg/Rs, where Rg; and R, are the
electrical resistance of the sensor in the testing gas and in air,
respectively. The response and recovery times are defined as the
time taken by the sensor to achieve 90% of the total resistance
change in the case of adsorption and desorption, respectively. For

Fig. 2. (a) XRD pattern and (b) SEM image of the precursor.
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Fig. 4. TG analysis of the precursor.

comparison, the sensing performance of commercial CuO was also
tested.

3. Results and discussion

As shown in Fig. 2(a), the XRD pattern of the precursor can be
attributed to cupric oxalate ((CuC,04-0.3H,0),) and cubic Cu,0
(JCPDS Card No. 65-3288) [25]. In other words, the precursor con-
sists of cupper oxalate and a trace amount of Cu,0. Furthermore,
the SEM image of the as-prepared precursor is shown in Fig. 2(b).
We can see that the precursor looks like a cube with rough surfaces
and sharp edges. However, it is noted that the image is not very
clear due to the existence of organic material. In order to further
understand the structure of the precursor, IR was performed for the
precursor. As shown in Fig. 3, the typical IR bands for cupper oxalate
are nearly the same as the previous report [25]. The bands located
at 1600 cm~! and 1366 cm~! are assigned to vcop~; 1318 cm~! and

Fig. 5. XRD patterns of S-350, S-450, and S-550.

819 cm™! are attributed to vcg and Sgco; 493 cm~! is due to vy
and Sgco; the relatively weak peak at 3466 cm~! can be denoted as
VOH-

To further understand the thermal stability of the precursor, TG
analysis of the precursor was employed. In Fig. 4, it is clear that a
rapid weight loss is located in the range of 270-350°C, which can
be assigned to the decomposition of the precursor into the CuO and
CO,. The weight loss is about 44.09%, which is in agreement with
the theoretical composition of the cupric oxalate. The difference is
due to the trace amount of Cu,0 in the precursor, and the ratio of
Cu,0 to CuC,04-0.3H;,0 is about 9.29%. According to the TG result,
350°C,450°Cand 550 °C were used as the calcination temperature
of the products.

The typical XRD patterns of the as-synthesized products are
shown in Fig. 5. It is clear that both CuO (JCPDS Card No. 48-1548)

Fig. 6. (a) SEM image, (b) TEM image and HRTEM image (inset) of S-350, (c) SEM image of S-450, and (d) SEM image of S-550.
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Fig. 7. N, adsorption-desorption isotherm and pore size distribution (inset) of S-
350.

and Cu,0 (JCPDS Card No. 65-3288) patterns can be observed in
the XRD pattern of S-350, S-450, while only CuO (JCPDS Card No.
48-1548) pattern is appeared in S-550. Moreover, the intensity of
the diffraction peaks increases with the elevate calcination tem-
perature. According to the previous study [26,27], the height of
the characteristic diffraction peaks of CuO (111) and Cu,0 (111)
planes can be used for calculation of the relative content of Cu,0
phase (wt%) in the porous CuO/Cu,0 cubes. The relative content
of Cuy0 in the porous CuO/Cu,0 cubes is about 36%, 22% and 0%,
respectively.

The SEM image of S-350 is shown in Fig. 6(a), while, the SEM
images of S-450 and S-550 are shown in Fig. 6(c) and (d). It is obvi-
ous that the morphologies are nearly the same as the precursor
(Fig. 2(b)). The microstructure of S-350 is further confirmed by
TEM as shown in Fig. 6(b). It is clear that the cube is composed
of nanoparticles with a diameter around several ten nanometers.
The HRTEM of the sample is shown in the inset of Fig. 6(b), and
the lattice distance of the nanoparticles is about 0.255 nm, which
is in good agreement with the (00 2) lattice fringe of monoclinic
CuO. To further confirm the porous structure of S-350 architec-
ture, the N, adsorption-desorption analysis is performed. The
N, adsorption-desorption isotherm and BJH pore size distribu-
tion as the inset of the S-350 sample is shown in Fig. 7. The N,
adsorption-desorption isotherm of S-350 is the type IV form, which
is corresponding to the isotherm of typical mesoporous materials.
The pore size is around 30 nm and is in consistent with the result
of the TEM. In addition, the BET surface area of S-350 is 28 m?/g,
while the BET surface area is 9 and 5 m2/g for S-450 and S-550, and
the average pore size is 50 and 60 nm, respectively.

XPS is a useful technique for analyzing the chemical nature of
elements on the surface of compounds and studying the transition
metal compounds having the localized valance d orbital [28]. To
further confirm the structure of porous CuO/Cu, 0O cubes, XPS anal-
ysis of S-350 is performed. As shown in Fig. 8, the peaks located at
933.4eV and 953.2eV can be attributed to Cu 2P3; and Cu 2P,
of CuO, respectively. In addition, shake-up satellite peaks located
at 940.6eV, 943.2 eV and 961.8 eV cannot be ignored, which may
be due to the open 3d? shell of Cu?* [29]. The XPS peaks located
at 932.6eV and 952.4 eV are the characteristic signals of Cu,0 for
Cu 2P3j; and Cu 2Py, respectively. It means that Cu,0 is detected
neither by XPS nor by HRTEM on the surface of S-350 and CuO is
the main species on the surface of S-350.

As a promising candidate for gas sensing, Cu-based materials
have been extensively studied for gas sensing [9-17]. It is well
known that the gas response of a semiconductor gas sensor is
closely related to the working temperature [30]. To determine the
optimal operating temperature for porous CuO/Cu,O nanostruc-
ture, the response of S-350 to 500 ppm acetone in air is tested with

Fig. 8. XPS spectra of S-350.

an elevated temperature (Fig. 9). It is clearly seen that the high-
est response (9.7) appeared at 150°C. Therefore, 150°C is used as
the optimal working temperature for the detection of acetone. The
working temperature of S-350 sensor is much lower than previ-
ous reports [17,24]. Fig. 10(a) is the response-recovery curves of
S-350 sensor to acetone with increasing concentration from 50 to
500 ppm. The resistance of the sensor increases abruptly for expo-
sure to acetone and decreases rapidly for re-exposure to fresh air.
Furthermore, it is noted that the resistance of the as-synthesized
porous CuO/Cu,0 increases when it is exposed to acetone vapor.
It is because the density of positive holes in the p-type semicon-
ductor would decrease when it is exposed to a reducing gas [31].
At the same time, the response-recovery curves of S-450 and S-
550 are also tested (Fig. 10(b) and (c)). However, the responses are
lower than that of S-350. For comparison, the sensing performance
of commercial CuO has also been tested. The sensitivities of these
sensors increase gradually with the increase of acetone at 150°C
which is shown in Fig. 10(d). For the concentrations of 50, 100, 200,
400, 500 ppm, the responses of S-350 are about 3.0, 4.4, 6.5, 9.0 and
9.9, respectively. Furthermore, it is obvious that the responses of
S-350, S-450 and S-550 gas sensors exhibit distinctly higher sen-
sitivity than that of the commercial CuO. The response of S-350 is
about 2.3 times (4.3 times) as high as that of S-550 (commercial
CuO) in the presence of 500 ppm acetone.

In addition, the response and recovery times are all key parame-
ters for a gas sensor [32]. It is clear that the response times of S-350
to acetone are 2s, 2s, 1s, 1s and 1s, while the recovery times are 54s,
29s, 35, 32s and 25s for 50, 100, 200, 400, 500 ppm, respectively
in Fig. 11(a). Gas sensing selectivity is extensively studied as a

Fig. 9. Gas responses of S-350 measured at different operating temperatures to
500 ppm acetone.
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Fig. 10. Dynamic response-recovery curves of (a) S-350, (b) S-450, and (c) S-550 gas sensors to acetone with increasing concentrations. (d) Responses of S-350 (a), S-450

(v), S-550 (@), and commercial CuO (m).

crucial parameter for a sensor. To evaluate the selectivity of the
sensor, other gases are used as target gas. As shown in Fig. 11(b),
they are the responses of S-350 to 500 ppm acetone, benzene,
methanol, ammonia and ethanol at 150°C. It is clear that the
sensor exhibits the highest response to acetone. Recently, CuO has
been found to be a type of ferroelectric material that has a spon-
taneous electric dipole moment [33,34]. In addition, acetone has a
much larger dipole moment than other gases [35]. Therefore, the
strong interaction between porous Cu,0/CuO cubes and acetone
could be observed, leading to high sensing response to acetone.
Temperature programmed desorption (TPD) is a useful method to
understand the interaction between solid materials and absorbed
species. The TPD spectra of acetone and other gases were obtained
as shown in Fig. 12. For the TPD analysis, the desorption tempera-

ture depends on the strength of the interaction between Cu;0/CuO
and absorbed species. Usually, the peak at higher temperature is
assigned to chemisorption first layer in the TPD spectra, whereas
that at lower temperature is assigned to physisorption multi-layers
covering the monolayer. The TPD peak area is in proportion to the
amount of absorbed species. Thus, the amount of physisorption will
be greater than that of chemisorption. And only the chemisorption
can contribute to the sensing performance of a material. The
higher the temperature of desorption is, the greater the interaction
strength of Cu,0/Cu0 and the absorbed species is. In the high tem-
perature range, the desorption temperature of acetone, methanol
and benzene center at 170°C, 155°C and 148 °C, respectively. And
no obvious peak can be found in the TPD of ethanol in high tem-
perature range. However, the relative low response to ammonia

Fig. 11. (a) Response time (A) and recovery time (O) of S-350 and (b) responses of S-350 to five different gases (500 ppm) at 150°C.
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Fig. 12. Temperature programmed desorption (TPD) spectra of (a) acetone, (b)
methanol, (c) benzene, (d) ethanol, and (e) ammonia of S-350.

may be attributed to the different mechanism [36]. The very weak
coordinated bonds could be formed between ammonia and Cu of
Cu,0/Cu0 at 150°C, leading to the much lower response. Accord-
ing to the TPD analysis, the interaction strength between porous
Cuy0/CuO cubes and the absorbed species are in the following
order: acetone>methanol >benzene >ethanol >ammonia, which
is in agreement with the order of sensing selectivity.

As we all known, both CuO and Cu, 0O are p-type semiconductors
and the gas sensing mechanism of Cu-based gas sensors belongs to
the surface controlled mode which probably involves serial reac-
tions: adsorption-oxidation-desorption [10]. When the sensor is
exposed to air, oxygen molecules would be adsorbed on the surface
of porous Cu,0/CuO cubes to generate 0, 0,~ and 0%~ leading to
the increase of hole concentration and the decrease of the resis-
tance. When it is exposed to acetone, acetone is oxidized to CO,
and H,0 by the absorbed oxygen species on the surface of the
sensor, and the electrons go back to the valence band, decreas-
ing the concentration of holes, and increasing the resistance. Then,
the sensor breaks away from the surface acetone and restores to
the original state in air. It is known that Cu,0 is a direct band gap
semiconductor, while CuO is an indirect band gap semiconductor
[37]. When the sensor composed of Cu,0 and CuO is exposed to air,
more oxygen molecules will be adsorbed on the surface of porous
Cu,0/CuO cubes to generate O~, 0, and 02~ and the resistance
decreases more, leading to the improvement of gas sensing. The
surface relative O,45/(0,q4s + Ojarr) molar ratio was also studied by
XPS [38]. The peak located at 529.9eV is attributed to lattice oxy-
gen (Oyy) and the board peak centered at 531.4eV is denoted as
surface adsorbed oxygen (O,qs). The ratio of (O,45/(Oags + Ojart)) iS
about 0.42 for S-350, while it is 0.38 for S-550.

4. Conclusions

In summary, porous Cu, 0/CuO cubes with enhanced gas sensing
performance were obtained by a precursor method. By the calci-
nation of the precursor at different temperatures (350°C, 450°C
and 550°C), products with differences in the size, the surface area
and the amount of Cu;0 were obtained. The gas sensing properties
of the products have been investigated systematically, and porous
Cuy0/CuO cubes exhibit higher sensing performance toward ace-
tone than that of commercial CuO at lower operating temperature
of 150°C. Furthermore, S-350 gas sensor is the outstanding one in
terms of response and response times due to the heterostructure of
CuO and Cu,0 and the higher surface area. And what’s more, S-350
exhibits the better selectivity to acetone at 150°C.
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