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Gas-Sensing Activity of Amorphous Copper Oxide Porous
Nanosheets
Zheng Tian,[a, b] Hua Bai,[b] Yahui Li,[b] Wei Liu,[b] Junfang Li,[b] Qinghong Kong,*[a] and
Guangcheng Xi*[b]

In this paper, the gas-sensing properties of copper oxide porous
nanosheets in amorphous and highly crystalline states were
comparatively investigated on the premise of almost the same
specific surface area, morphology and size. Unexpectedly, the
results show that amorphous copper oxide porous nanosheets
have much better gas sensing properties than highly crystalline
copper oxide to a serious of volatile organic compounds, and
the lowest detection limit (LOD) of the amorphous copper oxide

porous nanosheets to methanal is even up to 10 ppb. By
contrast, the LOD of the highly crystalline copper oxide porous
nanosheets to methanal is 95 ppb. Experiments prove that the
oxygen vacancies contained in the amorphous copper oxide
porous nanosheets play a key role in improving gas sensitivity,
which greatly improve the chemical activity of the materials,
especially for the adsorption of molecules containing oxygen-
groups such as methanal and oxygen.

1. Introduction

Many toxic volatile organic compounds (VOCs) caused by the
interior decoration and new furniture have become a serious
threat to the health of residents.[1–3] Among these gaseous
pollutants, methanal is one of the most common and most
hazardous, because of its slow release process would late for
decades.[4–5] methanal gas with a concentration of only 80 ppb
may cause human tissue carcinogenesis.[6] Thus, it is necessary
to monitor these carcinogenic VOCs. The core of solving these
problems is to accurately and quickly detect the existence of
these dangerous substances, so it is necessary to develop a
high performance gas sensor to fulfil the actual needs. After
years of research, the metal oxide-based gas sensors have been
given great expectations to resolve the problems of poor detect
limit in low gas concentration.[7–10] Recently, several effective
methods have been developed to improve the performance of
gas sensor, such as the material nanocrystallization,[11–13] the
construction of porous structure,[14–16] introducing
heteroatoms,[17,18] and the introduction lattice defects.[19,20] It is
noted these reported metal oxide-based gas-sensing materials
are almost all highly crystalline, and it is unknown whether
amorphous metal oxides nanostructures can be used as
effective gas sensitive materials. Therefore, it is necessary to
make a rigorous comparative study of the gas-sensing proper-

ties of the amorphous and crystalline phases of the same metal
oxide, which would provide useful clues for the understanding
of the gas-sensing mechanism and designing more effective
sensing materials. However, the premise for this rigorous
comparative study is that we can produce amorphous and
crystalline materials with the almost same component, specific
surface area, and morphology, which is very difficult to achieve
this.

As a common metal oxide, p-type semiconductor copper
oxide (CuO) with a narrow band gap (1.2 eV) is more and more
widely used in the field of gas sensing due to its advantage of
low cost, facile synthesis, high reproducibility and nontoxicity.[21]

Up to present, crystalline CuO (c-CuO) nanoparticles, nanorods,
nanowires, nanobelts and three-dimensional hierarchical porous
structures have been successfully synthesized.[22–25] Among
them, hierarchically porous structured CuO nanostructures
displayed excellent gas sensing properties due to its large
specific surface area and abundant accessible pores,[26,27] which
could increase the adsorption and desorption of target gas
molecules. Besides, several research groups have been demon-
strated that the lattice defect will also have a positive effect in
the process of gas test.[19,20] These reports inspire us to make a
rational hypothesis: whether the amorphous CuO (a-CuO)
hierarchical porous structure with a large number of defects will
have better gas sensing properties?

Herein, we have successfully synthesized two kinds of well-
defined copper oxide hierarchical porous micro/nanostructures,
which are all composed of porous nanosheets. Specifically, one
is highly crystalline c-CuO, and the other is a-CuO. It is
particularly necessary to propose that these two copper oxide
nanosheets with totally different crystallinity have almost the
same morphology, size and specific surface area. Comparative
studies revealed that these a-CuO porous nanosheets exhibit
much higher gas sensitivity than the c-CuO porous nanosheets.
A variety of characterization methods show that a large number
of oxygen-vacancy defects (Vo) exist in a-CuO nanosheets. First-
principles density-functional theory calculation reveals that the
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introduction of Vo can greatly increase the adsorption energies
of oxygen and methanal molecules on the surface of the a-CuO
porous nanosheet, which also has been demonstrated by
chemical adsorption experiments. In addition, the designed
hierarchical porous a-CuO microspheres composed of porous
nanosheets not only afford an ideal multichannel cavity to
realize the gas diffusing in the inner microspheres, but also
provide huge surface areas for the efficient adsorption of probe
molecules. To the best of our knowledge, this is the first time to
clearly observe the remarkable gas-sending activity from
amorphous semiconductor materials, which may open a new
frontier for highly sensitive and stable sensing technology.

2. Results and Discussion

2.1. Design of Synthetic Route

To obtain amorphous a-CuO and highly crystalline c-CuO
porous nanosheets respectively, two synthetic routes were
reasonably designed. As shown in Scheme 1, whether it is for
the synthesis of a-CuO or c-CuO porous nanosheets, the first
step is the preparation of Cu2(OH)2CO3 precursor; next, by
heating the Cu2(OH)2CO3 is decomposed into CuO, H2O and
CO2. We designed two heating decomposition routes, one is the
fast high-power microwave-heating route, it is expected that
this rapid heating can produce crystal phase transition far from
equilibrium state, generating amorphous a-CuO porous nano-
sheets; while the other one we selected is the slow annealing
process, it is expected that the crystalline phase transition
process of the nearly equilibrium state can produce highly
crystallized c-CuO porous nanosheets. It should be noted that
the no harmful substances were produced in the synthetic
xperiments, and the precursors were very common and cheap,
so it shows the environment friendly characteristic and high
operability of the method.

2.2. Structure and Morphology Characterization of a-CuO and
c-CuO Porous Nanosheets

By a hydrothermal hydrolysis process in the first step, a green
and fluffy product was first synthesized. X-ray diffraction (XRD)
pattern shows that the green product is Cu2(OH)2CO3 (JCPDS.
56-0001, black pattern in Figure S2). This green sample is then
decomposed into black CuO in two ways: rapid microwave

heating and slow heating in the air. On the one hand, XRD
pattern revealed that the product generated by slow heating in
air is highly crystalline, all the diffraction peaks can be precisely
indexed into the monoclinic phase CuO (JCPDS, 48-1548, space
group: C2/c) with the lattice parameters of a=4.688 Å, b=

3.422 Å, and c=5.1319 Å (red pattern in Figure S2). No
diffraction peaks of other crystalline substances were detected.
On the other hand, XRD pattern revealed that the black product
obtained by rapid microwave heating is amorphous (blue
pattern in Figure S2). Elemental analysis showed that the
sample was essentially free of carbon and water, and EDS also
proved that the two samples contained only Cu and O
(Figure S3). The characterization results indicate that
Cu2(OH)2CO3 has been completely decomposed into amorphous
a-CuO and crystalline c-CuO by rapid microwave heating and
slow heating in air, respectively.

Furthermore, the morphology and structure of the prepared
Cu2(OH)2CO3 and CuO samples were investigated by using field-
emission scanning electron microscope (FSEM) and transmission
electron microscope (TEM). The results from the low-magnifica-
tion FSEM images of Cu2(OH)2CO3 (Figure S4) manifest that the
particles synthesized by the hydrothermal method were self-
assembled hierarchical microspheres organized by a large
number of primary nanosheets and they grew in a radial way
from inside to outside. In addition, the high-magnification FSEM
images (insert images in Figure S4) illustrate the surfaces of
Cu2(OH)2CO3 nanosheets were smooth without any pores. After
heat treatment, although the microsphere structure remains
unchanged (Figure 1a–c), dramatic evidences from Figure 1b–d
suggest that the CuO nanosheets generated dense pores and
the pore sizes were around 15–30 nm. According to the current
research achievements in gas sensor field, the hierarchical
structure and porous structure will effectively enhance the
specific surface area of the material, facilitate the transmission
of target gas, and accelerate the rate of gas response. At the
same time, the TEM images also confirmed the hierarchical
porous structure of the samples (Figure 2a–d). Although very

Scheme 1. The designed synthetic route of the c-CuO and a-CuO porous
nanosheets.

Figure 1. FSEM images of the as-synthesized a-CuO (a–b) and c-CuO porous
nanosheets (c–d).
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similar in appearance, the HRTEM images revealed the natural
differences in microscopic features of the CuO nanosheets
prepared by different synthetic methods. As is shown in
Figure 2e, the a-CuO porous nanosheets obtained by micro-
wave-heating have no distinct lattice fringe, which state that
the acute and rapid synthetic reaction caused many defects on
the body of the material. On the contrary, the c-CuO porous
nanosheets generated by slowly heating in air possess a high
degree of crystallinity and the spacing of the lattice fringe of
0.25 and 0.23 nm, which correspond to the (002) and (111)
planes of monoclinic CuO (Figure 2f). Combining the corre-
sponding SAED pattern (inset in Figure 2f), it can be concluded
that exposed crystal plane of the c-CuO porous nanosheets is
(110) planes. These SEM, TEM and HRTEM images demonstrated
that a-CuO and c-CuO porous nanosheets have been success-
fully prepared, respectively.

In order to explain the formation mechanism of the pores,
the thermal behaviours of Cu2(OH)2CO3 were carried out by
thermo-gravimetric analysis (TGA). The result shows that the
reason for pore formation of CuO samples was due to the
thermal decomposition of the precursor (Figure S5). N2 adsorp-
tion-desorption analysis demonstrate that the Brunauer-Em-
mett-Teller (BET) surface area of a-CuO and c-CuO was 18.9 m2/
g and 21.3 m2/g, respectively, and their corresponding pore
sizes were about 25 nm and 26 nm (Figure S6). Therefore, based
on the above information, it can be seen that we have
successfully prepared porous CuO nanosheets with different
crystallinity, but having the almost same surface area, morphol-

ogy and pore size, which provides appropriate samples for the
comparative study of the gas sensitivity of amorphous and
crystalline materials.

2.3. Gas Sensing Properties of c-CuO Porous Nanosheets

Firstly, the gas sensing properties of c-CuO porous nanosheets
were investigated systematically. It is generally known that the
sensitivity of the gas sensor is directly affected by operating
temperature, therefore, a series of experiments were used to
determine the best operating temperature of c-CuO-based gas
sensor. As shown in Figure 3a, within the range of 100–440 °C,
the gas responses have an obvious change. The sensitivity of
the gas sensor increased from 100 °C to 260 °C and then
decreased with the increase of operating temperature. Obvi-
ously, the sensitivity reached its maximum at 260 °C. This
phenomenon is mainly because the lower working temperature
restricts the adsorption of gases to be measured, it causes the
reactions to be inadequate. On the contrary, the higher
operating temperature greatly enhanced the desorption rate of
gas molecules, which also affected the gas sensitivities.

The sensitivities to 100 ppm of n-butanol, acetone, alcohol,
methanal and methyl alcohol were shown in Figure 3b, we can
see that the sensor has obvious response to the common VOCs,
and the sensitivity values for n-butanol, acetone, alcohol,
methanal and methyl alcohol are 14.6, 5.9, 8.5, 10.5, and 4.1
respectively. Figure 3c shown that the c-CuO porous nano-
sheets have fast response and recovery ability at 260 °C to the
VOCs. The response time to 100 ppm of n-butanol, acetone,
alcohol, methanal and methyl alcohol were calculated to be 3,
12, 10, 12 and 14 s, respectively, while the recovery time were

Figure 2. (a–b) TEM images of the a-CuO porous nanosheets. (c–d) TEM
images of the c-CuO porous nanosheets. (e) HRTEM image of the a-CuO
porous nanosheets. (f) HRTEM image of the c-CuO porous nanosheets.

Figure 3. Gas sensing properties of c-CuO. (a) Best operating temperature of
c-CuO porous nanosheets. (b) Gas sensing sensitivities of c-CuO porous
nanosheets to 100 ppm of n-butanol, acetone, alcohol, methanal and methyl
alcohol at 260 °C. (c) Response and recovery time of c-CuO porous
nanosheets to corresponding VOC gases. (d) Real-time response of the c-
CuO porous nanosheets to different concentrations of methanal and acetone
at 260 °C.
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calculated to be 4, 22, 4, 6 and 11 s, respectively. None of them
exceeded 25 s. The continuous real-time responses of the c-
CuO porous nanosheet-based sensor to different concentrations
of methanal and acetone were presented in Figure 3d. It can be
observed that the sensitivities to methanal and acetone
changed significantly with the change of concentration. It not
only exhibited good ability of continuous detection, but also
showed good restorability to reach the initial value after each
test cycle. It is necessary to mentioned that the lowest
detection limits to methanal and acetone are both about
100 ppb. Refer to the international standards for indoor air
quality (IAQ), the maximal allowable concentration of methanal
is 60 ppb, obviously, the gas sensing activity of the c-CuO
porous nanosheets can not meet the requirements of interna-
tional standards.

2.4. Gas Sensing Properties of a-CuO Porous Nanosheets

As shown in Figure 4a, compared with the c-CuO porous
nanosheets, the a-CuO porous nanosheets displayes greatly
enhanced sensitivity to VOCs. When the gas concentration of
alcohol, acetone and methyl alcohol was 50 ppm, the sensitivity
of a-CuO is 8.9, 6.3, 7.5 times as high as that of the c-CuO,
respectively. It is worth emphasizing specially that the
enhancement factor of methanal was 11.2. At the same time,
the a-CuO porous nanosheets clearly perform faster in response
and recovery time compared with c-CuO porous nanosheets
(Figure 4b), which about shortens 70–30% depending on the
gas types. Even for the ultralow concentration of VOC samples
(such as 60–10 ppb of methanal), these a-CuO porous nano-
sheets still exhibit excellent sensing activity with sensitivity
resolution of 3.0 and 1.3. Such a high detection limit can fully

meet the standards for formaldehyde detection requirements
(Figure 4c).

The linearity at low gas concentration is also an important
indicator of the sensing properties. In practice, it will be helpful
to quantitatively determine the concentration of leaked gas.
From Figure 4d, it can be seen that a-CuO and c-CuO porous
nanosheets all show the excellent linear relation between
concentration and sensitivity for the gases to be measured.
Consequently, according to above-mentioned characterization
results, it have been clearly demonstrated that the a-CuO
porous nanosheets has better gas-sensing activities than c-CuO
porous nanosheets.

Repeated experiments were carried out to verify the
stability of the a-CuO porous nanosheets in the actual usage. It
can be found that the sensitivity to methanal was kept constant
in 100 test cycles (Figure 5a) and it presented nearly invariable
response in the following 120 days, which suggests that it could
can supply longer service life (Figure 5b). Besides these two
tests, the resistance of gas sensor in the circuit stability was also
studied. As is shown in Figure 5c, the U-I plots displayed the
voltage of the sensor linearly depend on the current, so the
component has a fixed resistance value whether in dark or
under visible light environment, which also helps to provide
accurate testing data to avoid misinformation. Moreover, SEM
and TEM photos showed that the morphology and structure of
the samples did not change significantly after repeated experi-
ments (Figure S7).

2.5. Investigation of Gas Sensitivity Enhancement Mechanism

Several studies have confirmed that the sensing performance
has a direct correlation with the structure and specific surface

Figure 4. The comparison of gas sensitivity properties of a-CuO and c-CuO
porous nanosheets: (a) The gas sensing sensitivity to 50 ppm alcohol,
acetone, methyl alcoholand methanal at 260 °C. (b) Response and recovery
time to different VOC gases. (c) The sensitivity of a-CuO porous nanosheets
to 60 and 10 ppb methanal. (d) The linearities to 0.01–0.05 ppm methanal
and methyl alcohol at 260 °C.

Figure 5. (a) a-CuO and c-CuO porous nanosheets show cyclic stability of
sensitivity for low concentration methanal samples. (b) a-CuO porous
nanosheets show a long-term stability of sensitivity for different VOCs. (c)
The U-I plots displayed the voltage of the a-CuO porous nanosheets linearly
depend on the current.
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area.[28–30] In the present study, the high sensitivity and fast
response-recovery time of a-CuO and c-CuO porous nanosheets
can attributed to the help of their hierarchical and porous
structure, which can provide larger specific surface area and
form more gas channels, which enhance the utilization ratio of
materials and offer much active sites to accelerate the rate of
physical and chemical reaction.

Although both a-CuO and c-CuO porous nanosheets all
show excellent gas sensitivity, it is obvious that a-CuO porous
nanosheets is an order of magnitude more sensitive than c-CuO
porous nanosheets. In order to explain the performance
enhancements from the material itself, the electron spin
resonance spectra (ESR) and X-ray photoelectron spectroscopy
(XPS) of the a-CuO and c-CuO porous nanosheets were studied.
ESR spectrum can accurately detect the information of unpaired
electrons.[31] As shown in Figure 6a, these a-CuO porous nano-
sheets displayed a distinct single-electron signal with a g value
at 2.03. Such strong single-electron signal undoubtedly proves
that these porous a-CuO nanosheets contain high concentra-
tion of Vo defects.[32,33] In contrast, the ESR spectrum of c-CuO
porous nanosheets shows no obvious single-electron signal,
showing very high crystallinity. XPS spectra also show that
these porous a-CuO nanosheets contain a large number of Vo
defects. As shown in Figure 6b, Cu2p spectrum shows that
these porous a-CuO nanosheets contain not only Cu2+ ions, but
also a large number of Cu+ ions. The existence of Cu+ ions

once again confirms the existence of Vo defects in the porous
a-CuO porous nanosheets. At the same time, because of the
surface reducibility caused by the presence of a large number
of Vo defects, these a-CuO porous nanosheets can in-situ
reduce Ag+ ions to metal Ag nanoparticles without external
reductants (Figure 6c and Figure S8). While for c-CuO porous
nanosheets, there is no such phenomenon (Figure 6d). These
results suggest that the presence of Vo-defects greatly improves
the surface chemical activity of the a-CuO porous nanosheets.

The existence of these Vo-defects greatly improves the
adsorption of methanal and oxygen molecules on the surface of
the porous a-CuO nanosheets. Chemical adsorption experi-
ments showed that the amount of methanal adsorbed by a-
CuO nanosheets was 4.5 times higher than that by c-CuO
nanosheets (Figure 6e). At the same time, the chemisorption
capacity of a-CuO to O2 is 32.6 times that of c-CuO to O2. In
addition, controlled experiments show that once these copper
oxides are heated in the air to lose Cu+ ions and the
corresponding Vo-defects, their adsorption capacity to metha-
nal and oxygen molecules tends to be the same (Figure 6f).
Considering that the morphology, specific surface area and
particle size of the a-CuO nanosheets and the c-CuO nanosheets
are basically the same, the huge difference in methanal and
adsorption may be rationally attributed to the difference of Vo-
defect concentration between a-CuO and the c-CuO.

In order to further clarify the underlying mechanism for the
higher gas-sensing activity of a-CuO porous nanosheets relative
to c-CuO porous nanosheets, we further studied the methanal
and oxygen adsorption structures and energies on the porous
a-CuO and c-CuO nanosheets through density functional theory
(DFT) calculations. On the one hand, as show in Figure 7a,
methanal is weakly physisorbed over the perfect c-CuO nano-
sheets, with low adsorption energy of � 0.096 eV and no strong
preference for a particular surface site. When a large number of
oxygen vacancies are created on the surface and inside of the
porous a-CuO nanosheets, Cu+ ions are exposed, which leads
to a much stronger adsorption of methanal molecules through
O at the defect site of the porous a-CuO nanosheets (Figure 7b).
The calculated adsorption energy for methanal molecules is up
to � 0.257 eV. On the other hand, for oxygen molecules, the
difference in adsorption energy is more obvious. As shown in
Figure 7c-d, the adsorption energy of O2 on the (110) face of c-
CuO porous nanosheets is only � 0.019 ev, while that is
� 1.199 ev for a-CuO porous nanosheets, almost 63 times the
difference. It is well known that methanal and oxygen
molecules will arise redox reaction on the surface of gas
sensitive materials, resulting in sensing properties (changes in
resistivity of sensitive materials), therefore, combining the
results of these experiments and theoretical calculations, the
improvement of gas sensing property can be reasonably
attributed to the increase of adsorption energy caused by high
concentration oxygen vacancy defects contained in the a-CuO
porous nanosheets.

Figure 6. Characterization of surface properties of the a-CuO and c-CuO
porous nanosheets. (a) ESR spectra. (b) XPS spectra. (c–d) TEM images
obtained after the a-CuO and c-CuO porous nanosheets reacted with AgNO3
at room temperature. (e–f) The adsorption capacity of HCHO and O2 on a-
CuO and c-CuO porous nanosheets.
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3. Conclusions

In summary, hierarchical porous CuO microspheres with
amorphous porous nanosheets were successfully synthesized
by a very simple and rapid microwave heating method.
Compared with crystalline CuO porous nanosheets, the amor-
phous CuO porous nanosheets contain a large number of
oxygen vacancies, which lead them to possess much strong
adsorption for methanal and oxygen. As a new gas-sensing
material, the oxygen vacancy-rich and amorphous CuO porous
nanosheets show an unexpected remarkable sensitivity to a
series of VOCs containing oxygen groups such as methanal.
This work presents not only a possibility for the fabrication of
amorphous CuO porous nanosheets as an efficient gas sensor
but also offer an important concept that Vo-rich amorphous
simple oxides can be used as a new strategy to design materials
with high gas-sensing activity.

Experimental Section

Synthesis of Hierarchical Porous c-CuO Microspheres
Composed of Porous Nanosheets

The crystalline c-CuO porous nanosheet microspheres could be
acquired by annealing the Cu2(OH)2CO3 precursors from room
temperature to 400 °C raised at a speed 1 °Cmin–1 and kept at
400 °C for 2 h. After that, the obtained products were washed 2

times with deionizer water and absolute ethanol respectively, and
collected by centrifugation and dried at 50 °C for 1 h.

Synthesis of Hierarchical Porous a-CuO Microspheres
Composed of Porous Nanosheets

In a typical synthesis, 0.5 g of Cu2(OH)2CO3 powders were dispersed
in 30 mL of ultrapure water by ultrasonic oscillation. The obtained
suspension solution was heated for 5 minutes by microwave with a
power of 400 W. After collecting and washing the resulting black
precipitate, the amorphous a-CuO could be obtained.

Gas Sensing Test

In the present experiments, we use the gas sensing measurement
system (Winsen, WS-30 A) to research the gas sensing properties of
crystalline c-CuO and amorphous a-CuO samples. The gas sensors
chosen in the experiments belong to indirectly heated type. In the
process of constructing gas sensitive elements, appropriate amount
of a-CuO or c-CuO powders were ground in a mortar with dropping
a few drops of alcohol to serve as sensitive material layer. After
that, the sensitive material was coated on the surface of the
alumina ceramic tube to make sure the two Au electrodes and four
Pt wires were completely covered. Then, the Ni� Cr alloy wire was
inserted into the ceramic tube to provide heating temperature
which could be controlled by adjusting the test voltage. Eventually,
the gas sensors were aged for 1 day at 200 °C in air to improve the
stability and service life. The structure and circuit diagram of the
gas sensor are shown in Figure S1. In order to reduce the impact of
external environmental factors, in each gas sensing properties test,
the relative humidity were all maintained at around 25%. The
calculation of sensitivity, response and recovery time is displayed in
the Supporting Information.
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