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Abstract: The three-dimensional hierarchical CuO and Au nanoparticles were synthesized by the hydrothermal method, respect-
ively. The hierarchical CuO and the Au nanoparticles samples were characterized by X-ray diffraction and scanning electronic mi-
croscope, respectively. The as-synthesized CuO was assembled regularly from the nanosheets with thickness of 100 nm. The size
of Au nanoparticles ranged from 50 to 200 nm. The hierarchical CuO gas sensors modified by different concentration of gold
were fabricated. All the Au-loaded CuO gas sensors enhanced the response to ethanol and xylene while reducing the response to
methanol, acetone, and formaldehyde. The results indicate that the Au nanoparticles prepared with PVP as surfactant can im-
prove the selectivity of CuO gas sensors to ethanol gas for other common organic volatile gases. The improvement of gas sens-
ing is mainly attributed to the different catalytic efficiency of the Au nanoparticles for different reactions. Meanwhile, the related
mechanisms are discussed.
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1.  Introduction

Since the gas sensitivity of the material was discovered, it
has  been  widely  concerned  in  the  field  of  gas  detection.  The
gas sensors have been widely used, including the detection of
industrial  toxic  or  explosive  gases[1],  the  measurement  of  in-
door  harmful  gases[2, 3],  environmental  monitoring[4],  medical
and food fields[5, 6],  etc. At present, many types of gas sensors
have been developed, such as semiconductor gas sensors, con-
tact  combustion  gas  sensors,  and  electrochemical  gas
sensors[7–9].  Metal  oxide  semiconductors  are  widely  used  in
gas sensors due to their outstanding gas sensitivity and being
easy to synthesize[10–16]. ZnO, SnO2, Fe2O3, TiO2, and In2O3, etc.
are  N-type  metal  oxide  semiconductors  commonly  used  for
gas sensors. CuO, NiO, and Co3O4, etc. are typical P-type metal
oxide semiconductors. However, the N-type metal oxide semi-
conductors generally have wide band gap and high resistance.
For example, the band gap of SnO2 is about 3.6 eV. The initial
resistance of the SnO2 gas sensors fabricated by Dong et al.[17]

was  as  high  as  11  MΩ.  The  high  value  of  resistance  will  in-
crease the design difficulty and the cost of the test circuit. CuO
(~1.2  eV)  as  a  P-type  metal  oxide  semiconductor  with  a  nar-
row band gap usually has a smaller resistance. The initial resist-
ance  of  the  CuO  gas  sensors  fabricated  by  our  previous
work[18] was about 20 kΩ. Therefore, CuO as the P-type semicon-
ductor  gas  sensors  have  obvious  advantages  of  application.
However, there are few researches on the CuO gas sensors com-
pared  with  the  N-type  metal  oxide  semiconductors  gas
sensors.  In  the  past  few  decades,  a  lot  of  research  has  been

done to improve the performance of gas sensors. For example,
different morphologies of the CuO were synthesized for increas-
ing  the  specific  surface  area  of  the  material[19, 20].  The  oxide-
based  heterojunctions  materials  were  discussed  in  depth[21].
Various metals or metallic oxides were used to modify gas sens-
itive  materials[22–27].  Particularly,  noble  metal  decoration  on
the surface of metal oxides usually showed enhanced sensing
properties  evidently  compared  to  pristine  materials[28–30].
These researches have effectively improved the response of ma-
terials  to  target  gases.  However,  few  researches  have  been
done  on  improving  the  selectivity  of  the  gas  sensors  for  the
common  organic  volatile  gases  (ethanol,  methanol,  acetone,
formaldehyde, xylene, etc.). As we know, it is very important to
detect and identify a target gas accurately in a laboratory or in-
dustrial workshop filled with organic volatile gases. So, it is an
urgent  problem.  So far,  there  have been no theories  of  guid-
ing for the selectivity of gas sensors, except for a few kinds of
special gases like H2S[31]. Although some mechanisms have de-
scribed the reaction of organic volatile gases with adsorbed oxy-
gen ions on the surface of the material[32, 33],  these have little
practical significance in improving the gas selectivity. Without
the support of relevant theories, the design of the experiment-
al schemes to improve the selectivity of gas sensors is rather dif-
ficult. In previous researches, the response of all test gases was
improved  while  improving  the  performance  of  gas  sensors.
This usually had little effect on improving the selectivity of gas
sensors. However, if  a method can reduce the response or in-
crease the response weakly to other gases while obviously in-
crease the response to a kind of target gas. It will improve the
selectivity of this gas to a certain extent. Considering that the
catalysts have different catalytic efficiencies for different reac-
tions, we researched the effect of Au nanoparticles on the se-
lectivity  of  nano-CuO  gas  sensors  using  Au  nanoparticles  as
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catalysts.
Herein,  we  synthesized  three-dimensional  (3D)  CuO  na-

nomaterials  assembled  from  nanosheets.  Meanwhile,  Au  na-
noparticles  were  synthesized  and  the  method  was  similar  to
the  preparation  of  Ag  nanoparticles[34].  The  Au-loaded  CuO
gas sensors were fabricated and used to detect common volat-
ile organic compounds ethanol, methanol, acetone, formalde-
hyde,  and xylene.  Through the loading of  gold nanoparticles,
the response of gas sensors to ethanol and xylene had been im-
proved while reducing the response to 400 ppm of methanol,
acetone,  and  formaldehyde  to  61%,  66%,  and  58%,  respect-
ively, at the optimum operating temperature (about 160 ºC). It
led to the response toward ethanol being significantly higher
than the response to other gases, and the selectivity of the gas
sensors for ethanol was effectively improved. The phase struc-
ture  and  the  morphology  were  also  researched  to  give  a  fur-
ther understanding of the relevant mechanism.

2.  Experimental section

2.1.  Synthesis process

2.1.1.    Preparation of CuO nanomaterial
All  the  chemical  regents  (analytical  grade)  were  directly

used without further purification. CuO nanomaterials are syn-
thesized by the hydrothermal method, which is similar to the
method  of  Yang  and  Liu[35].  In  a  typical  process,  2.4  g  of
Cu(NO3)2·3H2O was dissolved in 10 mL of deionized water, and
0.2 g of NaOH was dissolved in 5 mL of deionized water. Then
the NaOH solution was added dropwise to the Cu(NO3)2 solu-
tion with vigorous stirring.  Later,  0.6  g C6H12N4 was added to
the blue turbid liquid,  and 20 mL of  deionized water  was ad-
ded after stirring for 5 min. 35 mL of the suspension was trans-
ferred  into  a  50  mL  of  Teflon-lined  stainless  steel  autoclave,
and continuously heated at 120 ºC for 15 h. Then it was natur-
ally  cooled  to  room  temperature.  The  precipitate  was  collec-
ted by centrifugation and washed 3 times with deionized wa-
ter and ethanol alternately, then dried in a vacuum at 90 ºC for
6  h.  Finally,  the  black  powder  was  calcined  at  500  ºC  for  2  h
with a heating rate of 5 ºC/min.

2.1.2.    Preparation of Au-loaded CuO nanomaterial
For  the  synthesis  of  Au  nanoparticles,  4.0  g  glucose  and

0.9  g  PVP  (K30)  were  dissolved  into  30  mL  deionized  water,
and 4.1 mL HAuCl4 solution (0.02 M) was added dropwise into
the above solution under vigorous stirring. Then the above solu-
tion was transferred into a 50 mL of Teflon-lined stainless steel
autoclave, and continuously heated at 180 ºC for 4 h. After the
autoclave was quickly cooled by cold water, nano-gold nano-
particles were collected and washed twice with deionized wa-
ter  and ethanol  alternately  by centrifugation at  9000 rpm.  Fi-
nally, the Au nanoparticles were dispersed in ethanol with the
assistance of ultrasonication.

The CuO powder and Au nanoparticles were dispersed in-
to Ethanol solvent, and the samples were prepared through ad-
justing  the  molar  ratio  of  Au  to  CuO.  The  obtained  product
was  named pure  CuO:  0.5  Au–CuO,  1.0  Au–CuO,  and 2.0  Au–
CuO (corresponding to the ratio 0, 0.5‰, 1.0‰, and 2.0‰, re-
spectively.)

2.2.  Characterization
The  as-synthesized  CuO  nanomaterial  and  Au  nano-

particles  were  characterized by  X-ray  diffraction (XRD,  Rigaku
D/max-2400)  with  copper  Kα  radiation.  The  microscopic  im-
ages of the products were obtained by scanning electron micro-

scopy (SEM, Hitachi S-4800).

2.3.  Fabrication and measurement of gas sensors

The  gas  sensor  was  fabricated  using  ceramic  tube  adja-
cent thermal structure in accordance with literature[18]. The hol-
low  ceramic  tube  has  a  pair  of  gold  electrodes  at  both  ends,
and two platinum wires are connected to each gold electrode
as the test electrodes. A Ni–Cr heating wire (about 30 Ω) is inser-
ted into the hollow ceramic tube to heat the device to control
the operating temperature. First, the samples dispersed in eth-
anol were transferred to the surface of ceramic tubes, and uni-
formly covered on the surface of the ceramic tube to guaran-
tee  good  contact  with  the  gold  electrode.  Then,  the  device
was aged at 200 ºC for 24 h in air  to improve the stability.  Fi-
nally, the gas sensing characteristics of the gas sensing device
were measured using a QJC-II system. During the testing pro-
cess, when the initial resistance of the gas sensor was stable in
a  test  chamber,  the  target  volatile  liquid  is  injected  into  the
chamber (35.138 L) with a micro injector. Then, the liquid was
volatilized by the fast evaporator and mixed evenly in the cham-
ber.  Next,  the  resistance  of  the  gas  sensor  gradually  became
stable after changing, and the gas sensor was exposed to the
air. The resistance of the gas sensors in the air was defined as
Ra, and the resistance of the gas sensors in the target gas was
defined as Rg, and the gas response was defined as Eq. (1):
 

S = Rg/Ra. (1)

The  response  time  (Tres)  and  recovery  time  (Trec)  were
defined as the time required for the resistance to reach 90% of
the final equilibrium value in the case of adsorption and desorp-
tion,  respectively.  The  concentration  of  the  target  gas  in  the
chamber was calculated by Eq. (2):
 

C = 24.5ρV1φ/
(
MV2
)×106, (2)

where C (ppm) is the target gas concentration in the chamber,
24.5 is the gas molar volume at 25 ºC 101 kPa, ρ (g/mL) is the
density of volatile liquid, V1 (μL) is the volume of volatile liquid,
φ is the actual content of the target substance in the liquid, M
(g/mol) is the molar mass of the target substance, and V2 (L) is
the volume of the chamber.

3.  Results and discussion

3.1.  X-ray diffraction and morphology analysis

1
2 3

The  material  composition  and  phase  structure  of  the
samples were determined by XRD. Fig. 1(a) shows the XRD pat-
tern  of  the  as-synthesized  Au  nanoparticles,  all  diffraction
peaks  were  matched  with  JCPDS  04-0784  of  Au.  The  peak  of
angle 20º to 30º was the amorphous diffraction peak of  glass
substrate.  The  peaks  centered  at  38.18º,  44.39º,  and  64.58º
were indexed to the (111), (200), and (220) planes of Au, respect-
ively. The sample was identified as the Au. Fig. 1(b) shows the
XRD pattern of the as-synthesized Au–CuO and pure CuO nano-
materials,  all  diffraction  peaks  were  matched  with  JCPDS  48-
1548 of CuO for the pure CuO samples. Such as the diffraction
peaks  of  the  as-synthesized  CuO  nanomaterial  at  2θ 35.54º,
38.71º,  48.72º,  and  61.52º  were  indexed  to  the  (11 ),  (111),
(20 ),  and  (11 )  planes,  respectively.  The  sample  was  identi-
fied as CuO. The XRD pattern of the Au-loaded CuO nanomateri-
als was also provided. The peak of the Au nanoparticles of the
(111)  plane  coincided  with  the  diffraction  peak  of  the  (111)
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plane  of  the  CuO,  while  the  other  diffraction  peaks  of  gold
were not observed, because the concentration of gold was too
low.

The  morphologies  of  the  as-synthesized  CuO  nanoma-
terial  and  Au  nanoparticles  were  characterized  by  SEM,  as
shown in Fig.  2.  The panoramic morphology of CuO is shown
in Fig.  2(a).  The  prepared  CuO  was  assembled  regularly  from
many nanosheets. The size of the entire structure is about 5 µm.
Some unassembled nanosheets can be found as well. Fig. 2(b)
is  a high magnification of the local  structure,  the assembly of
nanosheets  can  be  clearly  discovered.  The  thickness  of
nanosheets  is  about  100  nm.  The  panoramic  morphology  of
Au  nanoparticles  is  shown  in Fig.  2(c).  Au  nanoparticles  were
well dispersed on the substrate with the size ranging from 50
to  200  nm.  The  Au nanoparticles  were  coated with  a  layer  of
polymer. Fig.  2(d) is  a  partial  photomicrograph  of  the  Au-
loaded  CuO.  The  Au  nanoparticles  coated  by  polymer  at-
tached to the CuO nanoplatelets.

3.2.  Gas sensing properties

In  order  to  research the potential  applications of  the Au-
loaded  CuO  nanomaterials,  pure  CuO  gas  sensors  and  differ-
ent concentrations of Au-loaded CuO gas sensors were fabric-
ated.  The  gas  sensing  properties  were  investigated.  The  gas
sensitivity  of  metal  oxide  semiconductors  is  mainly  reflected
by the change of material resistance[16, 20, 36].  The oxygen mo-
lecules in the air were adsorbed on the surface of CuO nanoma-
terial and captured electrons to form oxygen ions (O2–, O–, and
O2–). It led to the increase of holes concentration of CuO nano-
material  surface  and  the  reduction  of  material  resistance.
When the  gas  sensors  were  exposed to  the  reducing organic
gases,  the  gas  molecules  would  react  with  adsorbed  oxygen
ions and release electrons on the surface of CuO. It would lead

to  the  reduction  of  holes  concentration  of  the  CuO  surface
and the increase of material resistance. In general, gas sensitiv-
ity depends on the kinds of gas sensing materials, the kinds of
target  gases,  adsorption-desorption  rates,  and  the  reaction
rate of gas molecules on the surface of CuO, etc, while the per-
formances of gas sensors depend heavily on the operating tem-
perature,  including  response  time,  recovery  time, gas  re-
sponse, and so on, especially the gas response[20, 37]. Therefore,
the optimum operating temperature region of the gas sensor
was  explored. Fig.  3(a) shows  the  relation  of  gas  responses
with  operating  temperature  for  pure  CuO,  0.5‰  Au-loaded
CuO,  1.0‰  Au-loaded  CuO,  and  2.0‰  Au-loaded  CuO  gas
sensors  to  500  ppm  of  ethanol,  respectively.  It  can  be  seen
that  pure  CuO  and  Au-loaded  CuO  gas  sensors  both  had  a
high  response  when  the  operating  temperature  was  about
160 ºC. The gas response of Au-loaded CuO was obviously high-
er than pure CuO. With the increase of operating temperature,
the  gas  response  decreased  dramatically.  Therefore,  160  ºC
was chosen as the optimum operating temperature. In gener-
al, the adsorption-desorption rate and reaction rate of gas mo-
lecules  would  increase  with  the  operating  temperature.  It
would improve the gas response. However, when the operat-
ing temperature was too high, the organic gas molecules wou-
ld  escape  before  reacting  on  the  surface  of  CuO[38]. Fig.  3(b)
shows the response of the sensors based on pure CuO and Au-
loaded  CuO  to  different  concentrations  of  ethanol  at  160  ºC.
The  concentrations  of  ethanol  were  regulated  from  10  to
800  ppm.  It  is  clear  that  the  gas  response  increased  with  the
concentration of ethanol. It is noteworthy that the response of
Au-loaded CuO gas sensors was significantly higher than that
of pure CuO gas sensor at  the same concentration,  especially
at high concentrations. In more detail, the response value was
4.5  (pure  CuO),  7.3  (0.5  Au–CuO),  8.3  (1.0  Au–CuO),  and  7.2
(2.0 Au–CuO) to 400 ppm of ethanol. With the increase of Au-
loaded  concentration,  the  response  of  gas  sensors  increased
firstly  and  then  decreased  to  ethanol  at  the  same  concentra-
tion.  Such a phenomenon was mainly due to the catalytic  ef-
fect  of  Au  nanoparticles.  However,  more  adsorption  sites
would be occupied with the increase of Au-loaded concentra-
tion. As a result, the effective surface area of CuO, which parti-
cipated  in  adsorption-desorption  reactions,  and  the  gas  re-
sponse were reduced.

Figs.  4(a) and 4(b) exhibit  the  response  and  recovery  be-
havior  of  the  gas  sensors  based  on  pure  CuO  and  1.0‰  Au-
loaded CuO to different concentrations of ethanol at 160 ºC, re-
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Fig.  1.  (Color  online)  XRD patterns of  (a)  the Au samples,  and (b)  the
Au–CuO and pure CuO samples.
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Fig. 2. SEM micrographs of (a,b) the CuO nanomaterial, (c) the Au nano-
particles, and (d) the Au-loaded CuO nanomaterial.
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spectively. Corresponding to Fig. 3(b), the concentrations of eth-
anol were regulated from 10 to 800 ppm. It can be found that
the  higher  the  ethanol  concentration,  the  larger  the  gas
sensors resistance in the gas. Figs. 4(c) and 4(d) exhibit the re-
sponse  time  (Tres)  and  the  recovery  time  (Trec)  of  the  gas
sensors based on pure CuO and 1.0‰ Au-loaded CuO to 400
ppm of  ethanol  at  160 ºC,  respectively.  For  the pure CuO gas
sensor,  the  response  time  and  the  recovery  time  was  18  and
12 s, respectively. For the 1‰ Au-loaded CuO gas sensor, the re-
sponse time and the recovery time were 31 s and 32 s, respect-
ively.  Compared  with  the  pure  CuO  gas  sensor,  the  response
time  and  the  recovery  time  of  the  1‰  Au-loaded  CuO  gas
sensor became longer.

Note the response behavior of the pure CuO gas sensor to
different concentrations of ethanol in Fig. 4. When the sensor
was  exposed to  ethanol,  the  resistance increased rapidly  and
then  decreased  slightly.  Subsequently,  the  resistance  in-
creased again. The Au-loaded CuO gas sensor also had similar
behavior to a low concentration of ethanol. The prepared CuO
was assembled from nanosheets. So, the nanosheets can be re-
garded as  the basic  unit,  and the whole  gas  sensitive  materi-
als were made up by these basic units in series and parallel (ig-
noring  the  effects  of  grain  boundary  barriers).  The  basic  unit
can reflect the overall situation of gas sensitive materials. Fig. 5
shows the equivalent  diagram of  the resistance of  Au-loaded
CuO  nanosheet.  The  equivalent  resistance  of  the  Au-loaded
CuO nanosheet is R,  which can also be seen as the parallel  of
the resistance R1 and the resistance R2. The R1 is the surface res-
istance that mainly participated in adsorption and desorption
of gases, while the R2 is the bulk resistance away from the sur-

face. The process of gas response could be divided into three
stages. (i) Initial adsorption and reaction. When the CuO was ex-
posed  to  ethanol  gas,  the  ethanol  molecules  were  adsorbed
on the surface of the material, and a large number of holes re-
combined  with  electrons  on  the  surface  of  material.  It  gave
rise to the increase of the R1. At this time, the concentration of
the  holes  inside  the  material  did  not  change  significantly.  It
can be considered that the R2 was unchanged. Therefore, the
total resistance R increased. (ii) The diffusion to the surface of
the holes.  The rate  of  holes  diffusion was  higher  than that  of
the electrons produced by the adsorption of ethanol. It caused
the increase of  the surface holes concentration and the obvi-
ous reduction of R1.  Since the change of the concentration of
holes inside the CuO was very small, the R2 had no significant in-
crease.  It  eventually  led  to  the  reduction  of  the  total  resist-
ance R. (iii) Dynamic balance of the holes. The final result was
the  reduction  of  the  concentration  of  the  total  holes  of  CuO
and the increase of the R. However, for the Au-loaded CuO gas
sensors,  the  catalysis  of  gold  could  accelerate  the  rate  of  re-
lease of electrons in the adsorption process of ethanol. In the
second  stage  of  the  response  process  of  the  Au-loaded  CuO
gas sensors toward the high concentration of ethanol gas, the
electrons release rate was higher than the diffusion efficiency
of  the  holes  to  the  material  surface.  So,  the R1 would  keep
rising. As a result, it led to the continuous increase in total resist-
ance.  However,  for  low  concentration  of  ethanol  gas,  even  if
there was a catalytic effect, the rate of generation of electrons
would be lower than the rate of transport of the holes to the sur-
face  layer  of  the  CuO.  As  a  result,  the  total  resistance R de-
creased in the second stage of the response process.

Selectivity is  an important performance parameter of  the
gas  sensors.  Therefore,  the  response  of  gas  sensors  to  five
kinds of common organic gases with 400 ppm was researched.
Fig.  6 shows  the  response  of  gas  sensors  (based  on  the  pure
CuO,  0.5‰  Au-loaded  CuO,  1.0‰  Au-loaded  CuO,  and  the
2.0‰ Au-loaded CuO) to 400 ppm of ethanol, methanol, acet-
one,  formaldehyde,  and  xylene  (C2H5OH,  CH3OH,  CH3COCH3,
HCHO, and C8H10) at 160 ºC. The results showed that the pure
CuO gas sensor had less disparity for the gas response to ethan-
ol,  methanol,  acetone,  and formaldehyde.  Meanwhile,  the  re-
sponse to xylene was significantly lower than the response to
other  gases.  On  the  other  hand,  all  the  Au-loaded  CuO  gas
sensors had a higher response to ethanol and xylene than the
pure CuO gas sensor. It  is noticed that the response of all  the
Au-loaded CuO gas sensors to methanol, acetone, and formalde-
hyde decreased compared with the pure CuO gas sensor. With
the increasing of the concentration of Au nanoparticles, the de-
crease was more pronounced. As a result, the Au-loaded CuO
gas sensors had obvious disparity for gas response to ethanol
compared  with  other  gases,  especially  the  gas  sensors  based
on  1.0‰  Au-loaded  CuO  and  2.0‰  Au-loaded  CuO.  It  was
mainly  ascribed  to  the  following  two  aspects.  (i)  Nano-gold
has been widely used in physical and chemical processes as a
kind of  efficient  catalyst.  Some previous works have reported
that  Au  can  improve  the  gas  sensing  properties  of  metal  ox-
ide  semiconductor[29, 39–42].  We  considered  that  the  Au  nano-
particles  can promote CuO to form more active sites  on their
surface in this work. These active sites can make more oxygen
molecules and organic gases participate in adsorption and de-
sorption reactions. It can increase the variation of hole concen-
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tration  of  the  CuO.  In  addition,  Au  nanoparticles  can  reduce
the activation energy, which is required for the reaction of or-
ganic gases with the adsorbed oxygen of the CuO. This is the
embodiment of catalytic activity of Au nanoparticles. The cata-

lytic  activity  of  Au  nanoparticles  toward  ethanol  was  obvi-
ously higher than that of other gases in this work. Therefore, it
can  enhance  the  gas  response,  and  result  in  the  response  of
Au  modified  CuO  to  ethanol  being  higher  than  that  of  other
gases. (ii) The residual polymer accompanied by the Au in the
solution  will  occupy  some  adsorption  sites  on  the  surface  of
CuO. It will cause the inhibition of the gas sensing process and
result  in  the  decrease  of  the  gas  response.  Considering  the
above  factors,  the  response  of  ethanol  gas  was  increased,
while the responses of methanol,  acetone, and formaldehyde
were reduced. What is more, the catalytic promotion and the in-
hibitory  effects  were  not  obvious  when  the  concentration  of
the  Au  was  low.  Therefore,  it  had  little  effect  on  selectivity.
When the concentration of Au increased, the response of ethan-
ol gas increased significantly, and the response of other gases
decreased significantly: it would cause a significant impact on
the  selectivity.  This  phenomenon  has  hardly  been  reported,
and it  has  great  potential  for  improving the selectivity  of  gas
sensors  to  ethanol  gas.  In  order  to  compare  the  gas-sensing
characteristics  between  3D  hierarchical  structure  CuO  modi-
fied by Au nanoparticles and other typical P-type metal oxide
semiconductor materials toward ethanol gas, some related re-
ported works are listed in Table 1. It is not difficult to find out
that the Au/CuO nanocomposite in our work has a lower work-
ing  temperature  than  most  of  the  other  materials,  which  will
help  reduce  the  energy  consumption  of  the  device  and  en-
hance  the  security  of  measurement.  Meanwhile,  the  higher
gas response of ethanol gas provides the possibility for commer-
cial application of the material.

Fig.  7 shows  the  response  of  the  sensors  based  on  the
pure CuO and 0.5‰, 1.0‰, and 2.0‰ Au-loaded CuO to differ-
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Fig. 4. (Color online) (a, b) Response and recovery behavior of the gas sensors based on pure CuO and 1.0‰ Au-loaded CuO to different concen-
trations of ethanol at 160 ºC. (c, d) The response time (Tres) and the recovery time (Trec) of the gas sensors based on pure CuO and 1.0‰ Au-
loaded CuO to 400 ppm of ethanol at 160 ºC.
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Fig.  5.  (Color  online)  Equivalent  diagram of  the resistance of  the Au-
loaded CuO nanosheet.
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Fig.  6.  (Color  online)  Response of  the gas  sensors  based on the pure
CuO and 0.5‰, 1.0‰, and 2.0‰ Au-loaded CuO to 400 ppm of vari-
ous test gases at 160 ºC.
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ent concentrations of formaldehyde at 160 ºC. The concentra-
tions  of  formaldehyde  were  regulated  from  10  to  800  ppm.
The response of  the  Au-loaded CuO gas  sensors  was  signific-
antly  decreased  compared  with  the  pure  CuO  gas  sensor  at
the same concentration. For 400 ppm of formaldehyde, the re-
sponse  of  the  0.5‰,  1.0‰,  and  2.0‰  Au-loaded  CuO  gas
sensors decreased to 86%, 72%, and 58% of the pure CuO gas
sensor, respectively.

Stability  (or  repeatability)  is  one  of  the  important  para-
meters  of  gas  sensors.  Sometimes  the  gas  sensor  may  have
poor stability due to incomplete desorption of gas molecules
and poor thermal stability of materials.  So, the stability of the
gas sensor was investigated by testing 300 ppm of ethanol sev-
en times at the same conditions. Fig. 8 shows the characterist-
ic  curve  of  the  response  and recovery.  There  was  no obvious
change  in  response  time  and  recovery  time.  It  indicated  that
the rate of adsorption and desorption had not changed obvi-
ously. The average response was 6.4, and the variance of the re-
sponse  was  0.008.  It  shows  that  the  Au-loaded  CuO  gas
sensors have good stability.

4.  Conclusions

In  summary,  the  3D  nano-CuO  and  the  Au  nanopartic-
les  were  synthesized  by  the  hydrothermal  method  respect-
ively.  The  Au-loaded  CuO  gas  sensors  were  fabricated.  It  is
found  that  the  Au-loaded  CuO  gas  sensors  enhanced  the  se-
lectivity  to  ethanol  by  increasing  the  response  to  ethanol
while reducing the response to methanol, acetone, and formal-
dehyde. At the optimum operating temperature of 160 ºC, the
response  of  400  ppm  of  ethanol  increased  by  1.8  times
through the load of 1.0‰ gold. It is noticed that the response
of  400  ppm  of  methanol,  acetone,  and  formaldehyde  de-
creased to  61%,  66%,  and 58% respectively  through the load

of  2.0‰  gold.  Meanwhile,  it  is  not  hard  to  find  that  the  Au-
loaded CuO gas sensors  had obvious disparity  for  the gas  re-
sponse  to  ethanol  compared  with  other  test  gases.  Further-
more, the Au-loaded CuO gas sensors had good stability.  The
Au nanoparticles prepared with PVP as stabilizer have great po-
tential and promising applications in improving the selectivity
of gas sensors for ethanol.
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