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ABSTRACT: Hierarchically porous CuO architectures were
successfully fabricated via copper basic carbonate precursor
obtained with a facile hydrothermal route. The shape of the
precursor is preserved after its conversion to porous CuO
architectures by calcination. The obtained CuO are systemically
characterized by X-ray powder diffraction, scanning electron
microscopy, transmission electron microscopy, and Brunauer—
Emmett—Teller N, adsorption—desorption analysis. The results
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reveal that hierarchical CuO microspheres are monoclinic structure and are assembled by porous single-crystal sub-
microplatelets. The Brunauer—Emmett—Teller N, adsorption—desorption analysis indicates that the obtained CuO has a surface
area of 12.0 m’/g with pore size of around 30 nm. The gas sensing performance of the as-prepared hierarchical CuO
microspheres were investigated towards a series of typical organic solvents and fuels. They exhibit higher sensing response than
that of commercial CuO powder. Their sensing properties can be further improved by loading of Ag nanoparticles on them,

suggesting their potential applications in gas sensors.
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1. INTRODUCTION

The wide applications of gas sensors in fields such as
environmental monitoring, industrial production, domestic
safety, and public security have attracted many researchers
worldwide for their detection of combustible and noxious gases
in the air.'™ Transition-metal oxides are the most promising
candidates for gas-sensing materials because of their low
preparation cost, high stability, and high compatibility with
microelectronic processing, and are being extensively studied
for detecting toxic and pollutant gases like CO, NH;, NO,,
ethanol, and acetone.*™” To date, many researchers have tried
to find more suitable oxide materials and/or special micro-
structures with better gas sensing performances such as high
sensitivity, fast response, and great selectivity.” Various
nanostructured metal oxide materials, such as nanothin film,’
nanopar‘cicles,10 nanotubes,'’ nanobelts,”> and nanowires,"
have been synthesized and investigated for sensor applications.
For obtaining better performances, the sensing materials should
have large surface area for sensing activation. In addition, the
test gases can conveniently transport through the sensing
materials. From this viewpoint, hierarchically porous structures
are promising candidates because they provide a large surface-
to-volume ratio and tend to form a less agglomerated
configuration because of their bigger size. The analyte gases
can diffuse rapidly and effectively onto the entire sensing
surface via voids between building blocks, which enhance both
the strength and the speed of gas response simultaneously."*'*

Among transition-metal oxides, CuO as an important p-type
semiconductor with a narrow band gap (1.2 eV), has attracted
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increasing interest because of its inexpensiveness, high stability,
and nontoxicity. Thus far, many efforts have been directed
towards the preparation of CuO micro-/nanostructures. CuO
nanoparticles,15’16 nanorods/wires,"” >’ nanoribbons,** %’
micro-dandelions,*** nanoflowers,>*** hollow spheres,
nanoplatesfm’41 spincile,“’43 nanofilms,** and hierarchical
nanostructures*> > have been successfully prepared and
some of them were investigated for sensing applica-
tions.”*¥"*33 For example, D. Kim et al. reported the
detection of hydrogen gas by porous CuO nanowires prepared
with carbon nanotube template.’* Leafletlike CuO nanosheets
were found to have highly sensitive sensing to H,S.>° Very
recently, I. Singh et al. prepared CuO nanocrystals with a sol-
gel method and investigated their NH, sensing performances.'®
The application of CuO nanoflakes on a Cu foil through surface
oxidation as high sensitive sensing of bacteria is reported by O.
Akhavan et al.* However, up to now, few reports are about the
preparation of hierarchically porous CuO structures. The
hierarchically porous CuO structures are expected to show
improved performances in catalysis and gas sensing because of
their unique structure. Tailored preparation of the hierarchically
porous CuO system is therefore a strategic subject of ongoing
investigations.

In this study, we report a simple two-step method for
synthesizing CuO assemblies from porous plateletlike subunits
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Figure 1. (a—c) SEM images of the as-synthesized Cu,(OH),CO; precursor. (d) X-ray powder diffraction pattern of the as-synthesized
Cu,(OH),CO; precursor; the corresponding standard pattern (JCPDS: 41-1390) is also shown for comparison.

via copper basic carbonate precursor. First, the micro-spherical
precursor assembled by platelet-like building blocks was
prepared. The following calcination of the precursor produced
hierarchical CuO architectures with openly porous feature and
preservation of their premorphologies. Compared with previous
reports of CuO micro-/nanostructures, our synthesis route and
obtained hierarchically porous CuO microstructures have
several features. (1) The source materials used in the synthesis
are common inorganic salts without involving complex
molecular precursors, and water as the solvent, which is
cheap and green. (2) The synthesis with high concentration
and high yield make it possible to get mass production. (3) The
obtained hierarchical CuO microspheres are composed of many
single-crystal microplatelets with open pores, which have higher
stability than polycrystalline porous structure. Thus the
obtained hierarchical CuO has potential application in catalysis,
water treatment, lithium batteries, and sensing fields. The as-
synthesized hierarchical CuO architectures were then con-
figured as high performance chemical sensors with sensing
ability toward 10 ppm level to ethanol, propanol, and acetone.
The obtained hierarchical CuO assemblies show superior
sensing properties to commercial CuO powder. Moreover, Ag
nanoparticles were then loaded on the surface by a photo-
chemical reduction method. The CuO architectures decorated
by Ag nanoparticles display a great enhancement in gas
response compared to pristine CuO architecture.

2. EXPERIMENTAL SECTION

Materials. All the chemical reagents used in our research are of
analytical grade and used without further purification.

Synthesis of Hierarchically Porous CuO Microspheres. In a
typical procedure, 0.01 mol of Cu(NOj;),-3H,0 (2.34 g), 0.03 mol of
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CO(NH,), (1.73 g) and 0.005 mol of CTAB (2 g), were orderly
dissolved into 25 mL of distilled water. The mixture was vigorously
stirred for 30 min and then sealed into a 30 mL of Teflon-lined
stainless steel autoclave. The autoclave was heated to 120 °C and
maintained for 5 h, which was allowed to cool to room temperature
naturally. The as-formed precipitate, namely copper basic carbonate
precursor, was separated by centrifugation, washed with distilled water
and ethanol several times, and dried in vacuum at 45 °C for 10 h. The
obtained precursor was further calcined in air at 450 °C for 4 h and
hierarchically porous CuO microspheres were obtained.

Photochemical Deposition of Ag on Hierarchical CuO
Microspheres (denoted as Ag-CuO). In a typical procedure, 0.1
g of the as-synthesized CuO was dispersed in 47 mL of deionized
water with the assistance of ultrasonic irradiation. Nine milliliters of
AgNO; (0.6 mmol/L) aqueous solution was then added to the
suspension. The mixture was under photo-irradiation for 5 h to ensure
Ag ions to be completely reduced and loaded on CuO microspheres.
The obtained composites (Ag-CuO) were collected by centrifugation
and washed with water and ethanol.

Characterization. The phases of the as-synthesized products were
characterized using X-ray powder diffraction (XRD, Shimadzu XRD-
6000) with Cu Ka radiation (4 = 1.5406 A) at a scanning rate of 4°
min~". The X-ray tubes were operated with electric current of 30 mA
and voltage of 40 kV. The morphology and size of the products were
examined by scanning electron microscopy (SEM, H-4800) and
transmission electron microscopy (TEM, JEOL-2100). TG-DSC
analysis is conducted by an integrated thermal analyzer (STA 449C)
with a heating speed of 10 °C/min in air. The photochemical reaction
was conducted with a DW-01 photochemical reactor, with a 500 W
tungsten lamp. There is a water layer between the lamp and the
reaction system to remove the infrared part of the light. The Brunauer-
Emmett-Teller (BET) surface area of the CuO microsphere sample
was tested using ASAP 2010 sorption analyzer. The gas sensing test is
carried out on a commercial HW-30A gas sensing measurement
system (HanWei Electronics Co., Ltd, Henan, China) at a relative
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Figure 2. (a) XRD pattern of the as-synthesized CuO and the corresponding standard pattern for comparison. (b) SEM image of the obtained CuO
microspheres. (c) Individual CuO microsphere clearly showing the hierarchical structure, and (d) Plateletlike CuO building block showing porous

feature.

humidity of 20-30%. The fabrication and measurement of the gas
sensors are the same as our reported method for In,O; sensor (see
Figure S1 in the Supporting Information).*® The gas sensing response
(R) is defined as the ratio of the stationary electrical resistance of the
sensor in the test gas (Rgas) to the resistance in air (Ry;), that is, R =
Ryo/Ry The measurement of resistance level and field effect
characteristic is carried out on a keithley 4200 semiconductor
characterization system.

3. RESULTS AND DISCUSSION

Hierarchically Porous CuO Microspheres. SEM obser-
vation was firstly performed to investigate the morphology of
the as-synthesized Cu,(OH),CO; precursor. As shown in
Figure la—c, the precursor is composed of hierarchical
microspheres with diameter of 24-36 um (Figure la).
Interestingly, the microspheres are assembled by platelet-like
structures (Figure 1b). Careful observation found that the
surfaces of plateletlike structures are smooth and compact
without porous feature, the ends of which are not flat but with
tips (Figure 1b, c). The width of the plateletlike structure is
about 2.4—3.6 ym, whereas the thickness is 0.5—1 pym (Figure
1b, ).

The phase structure of the obtained precursor was
determined by XRD. As shown in Figure 1d, the diffraction
peaks can be indexed to monoclinic phase Cu,(OH),CO,
(JCPDS No. 41-1390), revealing that Cu,(OH),CO; was
obtained by the hydrothermal process. It is well-documented
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that a salt basic carbonate can be used as a precursor for the
fabrication of oxide nanostructure (such as 7Zn0,%” NiO,*®
C0,0,%° ) with preserved morphology through thermal
treatment.

To determine a proper temperature for the thermal
treatment, the thermal decomposition behavior of the
Cu,(OH),CO; precursor in air was studied using thermo-
gravimetric-differential scanning calorimetry (TG-DSC). The
obtained TG-DSC curve is shown in Figure S2 (see the
Supporting Information). The only weight loss occurred at 300-
400 °C (exothermic peak at 359.2 °C) can be ascribed to the
decomposition of Cu,(OH),CO; precursor, which releases
carbon dioxide and water, and leaves the porous CuO. The
curves reveal that the thermal decomposition of Cu,(OH),CO,
is an one-step process as reaction 1.

CuZ(OH)ZCO:), — 2CuO + C02 + H20 (1)
From reaction 1, the estimated weight loss is 28.04%, which is
in agreement with our TG experimental value 27.3%. According
to this, it is concluded that the precursor can be completely
decomposed above 359.2 °C to form CuO.

Thus we chose the calcination temperature of 450 °C for
complete decomposition of the Cu,(OH),CO; precursor into
CuO. After calcination in air at 450 °C for 4 h, a black product
was obtained. The XRD pattern (Figure 2a) reveals that the
product is monoclinic structure CuO with lattice constants a =

dx.doi.org/10.1021/am2013882 | ACS Appl. Mater. Interfaces 2012, 4, 744—751
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Figure 3. (a) Typical low-magnification TEM image of a platelet-like CuO, the inset is the corresponding SAED pattern. (b) TEM image with higher
magnification shows the porous structural feature. (c) HRTEM image taken from the marked area in a; the inset is the corresponding fast Fourier
transformation pattern demonstrating their angles of the assigned crystal surface. (d) Geometrical model of the prepared plateletlike CuO.

4.689 A, b = 3426 A, and ¢ = 5.132 A (JCPDS No. 65-2309).
The peaks at 32.6, 35.6, 38.8, 48.9, 53.5, 58.4, 61.6, 65.9, 66.4,
and 68.1° correspond to the (110), (002)/(—111), (111),
(=202), (020), (202), (—=113), (022), (—=311), and (113)
lattice plane of monoclinic CuO, respectively. The diffraction
peaks with high intensities indicate the higher crystallinity in
nature. No characteristic peaks from the precursor is observed
suggesting that the Cu,(OH),CO; precursor has been
completely transformed into CuO.

The morphology of the CuO product is characterized by
scanning electron microscopy (SEM). Images b and c in Figure
2 display the SEM images of the corresponding CuO product
after calcination. The morphology is basically preserved from
the precursor. It can be seen that the product is spherical
assemblies with a diameter of 13—28 um, which consists of
plenty of plateletlike building blocks. These plateletlike
structural units assemble with one end growing together to
form a center and another end radiating from this center
forming spherical microstructure. The end of the plateletlike
building blocks shows a tip structure (Figure 2d). This is similar
to that of the precursor (Figure 1b). The plateletlike CuO
building blocks have a thickness of 0.2—0.4 ym and a width of
0.5—1.5 ym. Not only the microsphere diameter, but also the
size of the plateletlike units including their width and thickness
is much smaller than that of the precursors, suggesting that the
precursor has shrank during the thermal treatment process.
Importantly, owing to the release of CO, and H,O, the
plateletlike building blocks exhibit a porous structural feature,
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which is in contrast to the Cu,(OH),CO; precursor (Figure
1c). The high porosity of the hierarchical CuO microstructure
is clearly observed from the magnified SEM images. As can be
seen in Figure 2d, a large number of irregular pores are
randomly distributed in the platelets. These porous structures
increase the accessible surface area and facilitate the mass
transport of gas in the material, which are in favor of their
applications in fields such as catalyst and sensor.

The obtained CuO product is further characterized by
transmission electron microscopy (TEM) and high resolution
TEM (HRTEM). Figure 3a shows the TEM image of a typical
platelet-like CuO building block with width of about 1.1 ym.
The CuO microplatelet exhibits a tip end, which is in
agreement with the SEM observation. The porous structure
can also be clearly observed (Figure 3b). The pores have sizes
of 20—100 nm with irregular distribution. More detailed
structural information on the CuO microcrystal is provided by
selected area electron diffraction (SAED) analysis and
HRTEM. The corresponding SAED pattern of the CuO
microcrystal is given in the inset of Figure 3a. The SAED
pattern demonstrates regular dot array, indicating that the
whole CuO micro-platelet is a single crystal. The diffraction
dots can be assigned to the (002), (—1—1—1), (—1—11) crystal
planes of monoclinic CuO. The HRTEM image recorded on
the noted area in Figure 3a shows clear and continuous lattice
fringes, which further establishes the single crystalline nature of
the micro-platelet. In cooperation with the SAED pattern, the
fringe spacings of 0.25 nm and 0.23 nm correspond to the
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(002) (or (11—1)) and (111) crystal planes of monoclinic
phase CuO, respectively and the surface crystal planes of the
CuO microcrystal are deduced. The geometrical model is
shown in Figure 3d.

To further confirm the inner architecture of the hierarchically
porous CuO product, we performed nitrogen adsorption and
desorption measurements to estimate the texture properties.
The nitrogen adsorption and desorption isotherm curve as well
as the pore size distribution of hierarchically porous CuO
microspheres is shown in Figure 4. The adsorption belongs to a
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Figure 4. (a) N, adsorption—desorption isotherm of the obtained
CuO and Ag-CuO product. (b) BJH pore size distribution curve of the
obtained CuO.

multi-molecular layer type adsorption with weak interaction
between N, and CuO. As can be seen from the adsorption
curve, the N, adsorption quantity increases monotonically with
the increasing pressure, this phenomenon usually appears in
porous materials.** The BET specific surface area is calculated
to be 12.0 m?/ g, which is much larger than that of commercial
CuO powder (about 0.1 m?/g, Figure S3, see the Supporting
Information). Using the BJH method the pore diameter
distribution is obtained (Figure 4b), which revealing that the
main pore diameter locates at about 30 nm. This is in
accordance with the microscopy observation results.

Gas Sensing. CuO is an important sensing material and has
been widely used in electrical chemistry and gas sensor. We also
investigated the sensing performance of the as-prepared
hierarchically porous CuO microspheres. For comparison, a
sensor based on commercial CuO powder was also fabricated
and tested. The dc measurement of the hierarchically porous
CuO sensing component is firstly conducted (Figure S4a, see
the Supporting Information). The I—V plots show a linear
dependence of current on applied voltage, which indicates that
Ohmic contact was formed between the CuO sample and the
electrodes. The Ohmic contact ensures that all upcoming
sensing behaviors of the sensors originate from the CuO
samples but not the contact between the sample and the
electrodes. The resistance of CuO microsphere-based sensing
component determined at room temperature is several
hundreds of MQ. The resistances have little change under
visible-light irradiation. The characteristics of a field-effect
transistor based on the sensing component are also tested and
shown in Figure S4b, which shows a weak field effect. The
electrical properties of these unique CuO microstructures,
especially for one single microsphere or submicrometer platelet,
need further investigation.

The real-time responses toward ethanol, propanol, and
acetone of the two sensors are displayed in Figure S. It can be
seen that after the introducing of the reducing analyte gases, the
resistances increased. The resistances of the two sensors
increase abruptly on the injection of ethanol, propanol, and
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acetone, then decrease to their initial values after the test gases
are released. The response magnitudes increase with increasing
concentration of the test gas and that of the CuO microspheres
are much higher than the commercial CuO powder. The
enhanced gas response of the hierarchical nanostructures would
attribute to the higher surface area for sensing reaction and the
easy diffusion of tested gases endowed by the connected pores
that give plenty of unblocked avenues. After many cycles
between the test gas and fresh air, the resistance of the sensor
could recover to its initial state, indicating that the sensor has
good reversibility. The response and recovery time of CuO
microsphere sensor to 200 ppm of gas (defined as the time
required reaching 90% of the final equilibrium value) are only
9—17 and 4—17 s, respectively, suggesting the faster response.
The response and recovery time are greatly influenced by the
operation temperature. The sensor has short response and
recovery times with higher operation temperature, which is
related to the temperature dependent sensing reaction kinetics
including the adsorption of gas on the sensing materials, and
the reaction between gases and the adsorbed oxygen species.
The sensing responses have little change when the sensing
component is tested in dark or under visible light irradiated
with a usually used incandescent lamp.

The gas sensing performance of the sensor based on the
hierarchically porous CuO was also tested to 100 ppm of
methanol, formaldehyde, 1,2-dichloroethane, cyclohexane, and
ammonia at 400 °C. As shown in Figure 6, the sensor shows
relatively lower responses to them than to ethanol, propanol,
and acetone. These results indicate that the CuO microsphere
gas sensor has some selectivity and may be used in exploring
ethanol, propanol, and acetone gases.

It is well-known that the sensing response is greatly
influenced by operating temperature owing to the temperature
dependent adsorption—desorption kinetics.”" Thus we meas-
ured the sensing performances of the CuO microspheres at
different operating temperature with 100 ppm of ethanol,
propanol, and acetone (Figure 7). It was found that the sensing
responses decrease at higher working temperature and the
optimum operating temperatures of the CuO microsphere
sensor for ethanol, propanol, and acetone are 400, 300, and 300
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Figure 6. Gas sensing responses of the hierarchically porous CuO
microspheres to 100 ppm of methanol, formaldehyde, 1,2-dichloro-
ethane, cyclohexane, and ammonia at 400 °C.

°C, respectively. The temperature-dependence of the sensing
response has been observed in many reports, which originates
from several reasons. Firstly, the gas desorption and diffusion
behavior through the sensing materials should be considered
for this issue. Secondly, the kinetics of both the reaction of the
analyte gas with surface-adsorbed oxygen and the replacement
of the latter from the gas phase are two other important factors.
The competition between slow kinetics at low temperatures
and decreased desorption at high temperatures is believed to be
responsible for this temperature-dependent sensing response,
often with volcano-shaped temperature dependence of the
response. When the operating temperature is too high,
although the sensor has short response and recovery time
because of the higher diffusion and adsorption rate of gas
molecules and quick reactions between surface-adsorbed
oxygen with analyte gas, the surface-adsorbed oxygen is much
lower, which will decrease the response correspondingly. Sakai
et al. have proposed a diffusion-controlled response model,
which successfully describes these frequently observed temper-
ature-dependent sensing responses.®”

It has been widely accepted that the loading of metal
nanoparticles such as Ag, Au, Pd, Pt on sensing materials will
enhance their sensing properties because they can act as
adsorption sites for analytes, or as surface catalyst. To further
improve our CuO microsphere sensor, we loaded Ag
nanoparticles on the surface of CuO microspheres through a
photochemical reduction process (see Experimental Section).
The SEM and TEM images shows that the generated Ag
nanoparticles are spherical with diameter of 70—120 nm
(Figure SS, see the Supporting Information). The HRTEM
analysis and X-ray photoelectron energy spectrum shows that
the generated nanoparticles are mainly zero-valence silver
(Figures SS and S6, see the Supporting Information. The
loading amount of Ag is determined by ICP analysis, which
shows that the Ag-CuO nanocomposite contains 0.4 wt % Ag.
The real-time sensing responses towards ethanol, propanol, and
acetone of the Ag-CuO nanocomposite sensor are also tested at
400 °C, which are similar to that of the hierarchically porous
CuO microsphere sensor and are not shown here.

The corresponding responses versus the concentration of
ethanol, propanol, and acetone from 10 to 800 ppm obtained
from the three sensors based on the commercial CuO powder,
CuO microspheres, and Ag-CuO nanocomposite are shown in
Figure S7 (see the Supporting Information), from which the
superiority of the Ag-CuO nanocomposite gas sensors over the
two others is concluded. Although the Ag-CuO has a smaller
surface area (5.0 m’/g, Figure 4) than that of pristine
hierarchical CuO microshperes, which may be caused by the
deposition of Ag nanoparticles in the pores, the Ag-CuO
nanocomposite sensor has much higher sensing responses for
all three tested gases than the CuO microspheres and
commercial CuO powder. For instance, the sensing responses
of the Ag-CuO nanocomposite, CuO microspheres, and
commercial CuO to 100 ppm of ethanol are 4, 1.9, and 1.6,
respectively. This indicates the effective sensitive effect of Ag
nanoparticles on the sensing properties. The Ag-CuO nano-
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Figure 7. Sensing responses of CuO microspheres to 100 ppm of (a) ethanol, (b) propanol, and (c) acetone at different temperatures.
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composite sensor shows similar response and recovery times
(below 20 s) to that of CuO microsphere sensor. It seems that
the Ag-CuO nanocomposites are stable in our used sensing test
condition. After at least seven cycles between the test gas and
fresh air, the resistance of the sensor could recover to its initial
state. No obvious change was observed for the resistance of the
Ag-CuO sensor when keeping it under the operating
temperature overnight.

This sensing enhancement phenomenon is understandable.
In the air, oxygen molecules are adsorbed onto the hierarchical
CuO surface forming oxygen ions (07, 0,7, O*7), which cause
the formation of electron depletion layers on the sample surface
after the chemisorption process reaches equilibrium. Because of
p-type conductivity of CuO, the electron depletion layer will
make the sensor resistance decrease. When they are exposed to
the test gases, the test gases adsorb or are oxidized by the
oxygen species on the CuO surface. Simultaneously, the
depleted electrons are fed back to the sample, and thus the
resistance increases. Then, the sensing material will restore to
its original state in the air. Ag is a typical electronic-sensitization
additive,"> and easily forms a thin oxide layer (Ag,0) on its
surface in air under higher temperature, and so more electrons
will be extracted from the Ag-CuO composite materials. When
target gases are introduced, Ag,O is reduced to Ag and deliver
the corresponding extracted electrons. Thus in the presence of
Ag nanoparticles, more electrons are extracted and then
delivered, resulting in enhanced sensing response. In addition,
the Ag nanoparticles would also play chemical sensitization
role, promoting the gas response reaction by the dissociation of
reducing gases via a spillover mechanism.®*%°

Apart from the gas sensing application, the obtained
hierarchical CuO microspheres would also have potential
application as visible light driven photocatalyst for degradation
of organic pollutants, since the hierarchically porous micro-
structures have bigger surface area and facilitate the mass
transport. The following research is planned to systematically
explore the photocatalytic performances of the obtained
hierarchical CuO microspheres in reaction such as p-
chloronitrobenzene degradation.

4. CONCLUSIONS

In summary, p-type hierarchically porous CuO microspheres
have been successfully synthesized via a facile CTAB-assisted
hydrothermal route followed by calcination. The prepared CuO
architectures are composed of numerous plateletlike building
blocks radiating from the center of the microstructure and
forming a spherelike shape. The plateletlike building blocks are
porous single crystals. Gas sensing tests demonstrated that the
sensors based on the hierarchically porous CuO microspheres
show higher responses to ethanol, propanol, and acetone in
comparison with that of commercial CuO powder. The
response and recovery time was below 20 s for 200 ppm of
the tested gases. The loading of Ag nanoparticles on the CuO
microspheres can further improve their sensing properties. The
research provides a facile method for the fabrication of porous
single crystal CuO architecture and highlights the potential
applications of the as-prepared CuO microspheres in
monitoring flammable and toxic organic gases. Such
structure-induced enhancement of sensing properties could
be extended to other sensing materials, and supply a chance for
high-performance gas sensors.
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