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a  b  s  t  r  a  c  t

Hierarchical  CdO/ZnO  composite  materials  composed  of  porous  nanoplates  are  prepared  by simple  ther-
mal  treatment  of  a  “pre-synthesized”  cadmium–zinc  bimetallic  carbonate  precursor.  The  gas-sensing
properties  of the  as-synthesized  nanocomposites  are  evaluated  by  a range  of  gases  and  organic  vapors,
and  the  results  show  that  the  gas  sensors  based  on  CdO/ZnO  nanocomposites  exhibit  the  highest  sensing
response  towards  ethanol  relative  to other  testing  gases.  The  optimal  ratio  of  CdO  to ZnO  in  CdO/ZnO
nanocomposites  is 7.5:100  for ethanol  detection.  The highest  response  of CdO/ZnO  is  ∼7 and  59  times
as  high  as  those  of  the  pure  ZnO  and  the  pure  CdO,  respectively.  The  significantly  enhanced  sensing  per-
formance  of the  CdO/ZnO  nanocomposite  is attributed  to its  novel  hierarchical  structure  and  synergetic
anocomposite
as sensor
thanol

effect  between  CdO  and  ZnO.  In  addition,  the  CdO/ZnO  sensor  exhibits  short  response  and  recovery  times
(<10  s)  and  a wide  response  range  from  0.5  to  500  ppm  for  ethanol  detection.  In  the  testing  range  from
0.5  to  500  ppm,  the  logarithm  of  sensitivity  shows  a good  linear  dependency  on  the  logarithm  of  ethanol
concentration,  indicating  that  the CdO/ZnO  sensor  may  be  used  for  quantitative  detection  of  ethanol
vapor.
. Introduction

Accurate detection of flammable, explosive and/or toxic gases,
specially at a low concentration, is of high importance to avoid
ome relevant serious accidents [1–4]. Practical gas detection relies
n effective gas sensors, one of which is semiconductor-based one.
he semiconductor-based sensors possess many inherent advan-
ages, such as low cost, high stability and portability; and what is

ore, their fundamental mechanism is based on the gas-induced
esistance variation of the semiconducting material. Zinc oxide
ZnO)—an important n-type wide-band gap semiconductor—is one
f the first generation of sensing materials [1]. Since the discov-
ry of ZnO’s gas-sensing property, great efforts have been made
o improve the performance of ZnO sensors, such as enhancing
ensitivity and selectivity. One of the popular strategies is nanos-

ructuring the ZnO sensing materials. Reducing the crystallite size
own to the nanometer scale can significantly increase the surface
rea as well as surface reactive sites, and thereby can improve the
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gas-sensing properties (versus bulk ZnO). However, when nano-
sized ZnO material has to be used in a thin film form in sensing
applications and worked at a high temperature (typically above
200 ◦C), their uncontrolled agglomeration would offset the nano
effects to a certain extent. In order to minimize the uncontrolled
agglomeration, it is feasible to pre-organize ZnO nanoparticles into
a microsized structure, finally resulting into a hierarchical nano-
material [5–17]. In this regard, there have already been some
synthetic schemes for this kind of ZnO nanomaterials [5–17].
Most of the existing synthetic strategies are based on precursor-
mediated solid-state conversion reactions, by which the obtained
ZnO products can readily inherit the hierarchical nanostructure fea-
tures of the solid precursors. The widely-used solid precursors are
zinc-based carbonates, the hierarchical structure of which usually
has to be formed with the help of some special additives such
as polyvinyl pyrrolidone (PVP), hexamethylenetetramine, block
copolymer F127 (EO106-PO70-EO106) and cetyltrimethylammo-
nium bromide (CTAB) [5–12].

Herein we  report a facile precursor-mediated synthetic route to
porous nanoplate-assembled CdO/ZnO composite materials in the

absence of any templates or additives. The as-obtained nanocom-
posite can serve as a highly sensitive material for the selective
ethanol detection, thanks to its novel hierarchical structure and
synergetic effect between CdO and ZnO (Note that CdO itself is a
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ow sensitive material [18–22]). This method involves controlled
ynthesis of Cd(II)–Zn(II) bimetallic carbonates (denoted as CZBC)
s precursors, followed by a simple thermal treatment in air to form
he CdO/ZnO composite materials. In particular, the CdO/ZnO com-
osite with a Cd:Zn molar ratio of 7.5:100 was found to have the
ighest response to ethanol. Hereafter, CZBC and CdO/ZnO denote
he product with this optimal composition (Cd:Zn = 7.5:100) if not
articularly indicated. To the best of our knowledge, there were no
eports on the synthesis of CdO/ZnO composite with hierarchical
anostructure previously. Notably also, this CdO/ZnO composite
anomaterial is among the most sensitive ZnO- and CdO-based
thanol sensing materials.

.  Experimental

.1. Synthesis of CZBC and CdO/ZnO composites.

The CZBC precursor used herein was prepared in an ethyl-
ne glycol–water mixed solvent system, which was  also used
reviously for the synthesis of other metal oxide/hydroxide
anostructures [23–25]. For the synthesis of CZBC (molar ratio
d:Zn = 7.5:100), 5 mmol  Zn(NO3)2·6H2O and 2 mL  NH3·H2O
25–28 wt.%) were added into an ethylene glycol–water mixed
olvent (v/v = 1:1, 25 mL)  to form solution 1; and 0.375 mmol
d(NO3)2·4H2O and 1 mL  NH3·H2O (25–28 wt.%) were added into
n ethylene glycol–water mixed solvent (v/v=1:1, 25 mL)  to form
olution 2. Solutions 1 and 2 were mixed under stirring and then

 mmol  Na2CO3 was added into the resulting mixture. The result-
ng mixture was put into a 100 mL  Teflon-sealed autoclave, which

as then heated at 80–180 ◦C for 10 h. The white precipitate (i.e.,
ZBC) was obtained after the autoclave was cooled to room tem-
erature naturally. Next, the CZBC sample was thermally treated
t 400 ◦C in air for 3 h, resulting in the formation of CdO/ZnO with

 hierarchical structure. By varying the mole of Cd(NO3)2·4H2O to
n(NO3)2·6H2O and keeping the rest of reaction procedures the
ame, various CdO/ZnO composite materials with different Cd:Zn
atios were obtained.

.2.  General characterization

The  powder x-ray diffraction (XRD) patterns were recorded on
 Rigaku D/Max 2550 x-ray diffractometer using CuK� radiation
� = 1.5418 Å) operated at 200 mA  and 50 kV. The scanning elec-
ron microscopic (SEM) images were taken on a JEOL JSM 6700F
lectron microscope. The transmission electron microscopy (TEM)
nd high-resolution TEM (HRTEM) images were obtained on a
hilips-FEI Tecnai G2S-Twin with a field emission gun operating at
00 kv. The Brunauer–Emmett–Teller surface areas and Nitrogen
dsorption–desorption isotherms of the samples were measured
y using a Micromeritics ASAP 2020M system. The infrared (IR)
pectra were recorded on a Bruker IFS 66V/S FTIR spectrome-
er using KBr pellets. The thermal gravimetric analysis curve was
ecorded on a NETZSCH STA 449C TG thermal analyzer from 25 to
00 ◦C at a heating rate of 10 ◦C/min in air. The x-ray photoelec-
ron spectroscopy (XPS) was performed on an ESCALAB 250 x-ray
hotoelectron spectrometer with a monochromated x-ray source
Al K� h� = 1486.6 eV).

.3. Sensor fabrication and testing

The gas sensor was fabricated by pasting viscous slurry of the
btained sample onto an alumina tube with a diameter of 1 mm

nd a length of 4 mm,  which was positioned with a pair of Au elec-
rodes and four Pt wires on both ends of the tube. A Ni–Cr alloy
oil passing through the tube was employed as a heater to control
he operating temperature. The schematic structure of the sensor
Fig. 1. A diagram of the sensor structure.

is shown in Fig. 1 [23]. For comparison, all of the sensors were fab-
ricated using the same method, and only the difference may be the
CdO/ZnO ratio in the material. Gas sensing tests were performed
on a commercial CGS-8 Gas Sensing Measurement System (Beijing
Elite Tech Company Limited).

Gas  sensing properties were measured using a static test system
which included a test chamber (∼1 L in volume) at room tempera-
ture (∼25 ◦C). Environmental air with a relative humidity of ∼30%
was used as both a reference gas and a diluting gas to obtain the
desired concentrations of target gases. A typical testing procedure
was as follows. After the target gas was injected into the test cham-
ber for about 5 min  by a syringe, the sensor was  put into the test
chamber. When the response reached a constant value, the sensor
was taken out to recover in fresh air. The sensor response is defined
as the ratio of Ra to Rg, where Ra and Rg are the electrical resistance
of the sensor in atmospheric air and in the testing gas, respectively.

3. Results and discussion

The  structure of CZBC was studied by powder x-ray diffraction
(XRD) shown in Fig. S1, ESI†,  and it is clear that the CZBC precur-
sor contains Zn5(OH)6(CO3)2 (JCPDS 19-1458) and CdCO3 (JCPDS
42-1342). The structure and composition of CZBC were further con-
firmed by FT-IR spectroscopy (Fig. S2, ESI†)  and thermal gravimetric
analysis (TG, Fig. S3, ESI†).  In Fig. S2, ESI†,  the broad IR absorp-
tion band centered at ∼3317 cm−1 can be attributed to hydroxyl
group and absorbed water. The intense sharp peaks at 1507 and
1387 cm−1 are attributed to the �3 mode of the CO3

2− group, and
the 834 and 710 cm−1 are assigned to �2 and �4 mode of the CO3

2−

group, respectively. These IR results further confirm that CZBC con-
tains metal carbonates. In Fig. S3, ESI†,  TG analysis of CZBC was
carried out in air from 25 to 800 ◦C. With the increase of tem-
perature from 25 to 800 ◦C, the weight loss starts at 250 ◦C and
reaches a constant at about 400 ◦C. This weight loss is originated
from the decomposition of metal carbonates (i.e., CZBC). For com-
parative purpose, two more samples were synthesized by using
only Zn2+ or Cd2+ ions under the same synthetic condition of CZBC.
The resulting monometallic materials were well indexed (Fig. S1,
ESI†)  to Zn5(OH)6(CO3)2 and CdCO3; and they were correspond-
ingly denoted here as ZMC  and CMC, respectively.

The morphology of the CZBC precursor was  observed by
scanning electron microscopy (SEM). The low-magnification SEM
images (Fig. 2A ) show that the product consists of nearly spherical
particles with a diameter of 1–4 �m.  The more detailed structural
feature of CZBC was shown in the high-magnification SEM image
(Fig. 2B). It is clearly seen that the surface of a single CZBC particle
is composed of densely packed plate-like subunits with a thick-
ness of 20–40 nm.  In addition, ZMC  (without Cd) also possesses a

nanoplate-assembled hierarchical structure, whereas CMC  (with-
out Zn) only gives an irregular nanoparticle shape (Fig. S4, ESI†).  In
addition, Cd(II)–Zn(II) bimetallic carbonates with the Cd:Zn atomic
ratio of 2.5:100, 5:100 and 10:100 were also prepared under the
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Fig. 2. SEM image

ame synthetic condition of CZBC. All of these samples have a
anoplate-assembled hierarchical structure (Fig. S5, ESI†),  which is
imilar to that of CZBC. From the above results, it can be concluded
hat the hierarchical structure of CZBC would be mainly controlled
y the self-assembly of Zn5(OH)6(CO3)2, and a small amount of
dCO3 could co-assemble with Zn5(OH)6(CO3)2. We  also found that
he enough amount of Na2CO3 and the presence of ethylene gly-
ol are important for the formation of the CZBC precursor with

 hierarchical structure (Fig. S6 and 7, ESI†).  The enough amount
>2.4 mmol) of Na2CO3 in the reaction system is necessary to ensure
hat all the metal ions (i.e., Zn2+ and Cd2+) finally can be converted
nto metal carbonates (Fig. S6, ESI†),  and the presence of ethyl-
ne glycol in the reaction system was found to be helpful for the
ssembly of nanosheets (Fig. S7, ESI†).

Through a simple thermal treatment process at 400 ◦C, the CZBC
recursor was directly converted into CdO/ZnO composite. For
omparison, pure CdO and pure ZnO samples were also synthe-
ized by thermal treatment of CMC  and ZMC  at 400 ◦C, respectively.
ig. 3 shows the XRD patterns of the as-obtained CdO/ZnO, CdO,
nO samples. It is seen that the XRD peaks associated with the CZBC
recursor (Fig. S1, ESI†)  completely disappear upon calcination, and
ome new diffraction peaks, which are perfectly indexed to hexag-
nal ZnO (JCPDS 36-1451) and cubic CdO (JCPDS 65-2908), show up
n the XRD pattern of CdO/ZnO. Although there is no obvious shift of

dO/ZnO’s XRD peaks relative to those of pure ZnO and pure CdO by
sing KCl as internal standard (Fig. S8, ESI†),  it is still possible that
race Cd2+ ions are doped into the ZnO crystal lattice, and/or trace

ig. 3. XRD patterns of pure ZnO, pure CdO and CdO/ZnO derived from ZMC, CMC
nd CZBC, respectively.
e CZBC precursor.

Zn2+ ions are doped into the CdO crystal lattice, especially at the
interface of ZnO and CdO nanocrystals. The conversion of CZBC to
CdO/ZnO was  also confirmed by IR analysis (Fig. S9, ESI†),  because
those IR absorption bands related to CO3

2− in CZBC (Fig. S2, ESI†)
are  not observed in the IR spectrum of CdO/ZnO.

Fig. 4A shows typical SEM images of CdO/ZnO. The SEM images
reveal that CdO/ZnO maintains the morphology, size and plate-like
nanosized building blocks of the CZBC precursor. Different from
the CZBC precursor with nonporous nanoplates as building blocks,
the CdO/ZnO material possesses loosely-packed nanoplates with
an observable porous structure. The pore size is in the range of
10–20 nm.  From CZBC to CdO/ZnO, the change of their basic build-
ing blocks is attributed to the thermal-driven decomposition of
metal carbonates (i.e., CZBC) and thereby there are some structural
contractions during the thermal treatment process. The TEM image
of CdO/ZnO’s fragments (Fig. 5A ) further confirms the porous struc-
ture of the nanoplates in CdO/ZnO. Moreover, elemental-mapping
of the CdO/ZnO material (Fig. 4B–E) shows that all the elements,
i.e., Cd, Zn, and O, were homogeneously distributed over the entire
CdO/ZnO microparticle. The high-resolution transmission electron
microscopy (HRTEM) image (Fig. 5B) of the sample clearly shows
the junction of ZnO nanoparticle and CdO nanoparticle. These
results further confirm that the CdO and ZnO nanocrystals were
well dispersed within the obtained CdO/ZnO material.

The N2 adsorption–desorption isotherms of CdO/ZnO (Fig. S10A,
ESI†)  exhibit a characteristic type-IV isotherm with an H3 hysteresis
loop, indicating the presence of mesoporous/macroporous struc-
ture in the material. The corresponding BJH pore-size distribution
(Fig. S10B, ESI†)  derived from desorption branch of the isotherm
shows a wide pore-size distribution ranging from 2 to 70 nm, fur-
ther confirming the existence of mesopores and macropores in the
material. This result is also in agreement with the SEM and TEM
observations. The corresponding BET surface area of this material
is about 24 m2 g−1.

Due to the importance of ethanol sensors in food control
applications [5–17], the sensing performance of the CdO/ZnO
nanocomposite material was evaluated by using ethanol as the test-
ing gas. The response and recovery time of the sensor are defined
as the times taken by the sensor to achieve 90% of the total resis-
tance change. The optimal operating temperature of the CdO/ZnO
sensor was determined by testing 100 ppm ethanol, and the result
shows that the optimal operation temperature is around 240 ◦C
(Fig. 6). This value is within the scope of temperatures that are
usually required to make the semiconductor-based sensors work

well [1].

Fig.  7A shows the sensing performances of various CdO/ZnO
samples with different CdO:ZnO mol  ratios, from which the fol-
lowing conclusions can be made. (1) Pristine ZnO (without CdO) is
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Fig. 4. (A) SEM images, (B) scanning transmission electron microscope (STEM) image and (C–E) the corresponding elemental mapping images of CdO/ZnO.

Fig. 5. TEM image (A) and HRTE

Fig. 6. Response of the sensor based on the CdO/ZnO sample as a function of the
operating temperature for the detection of ethanol with a concentration of 100 ppm.
M image (B) of CdO/ZnO.

more sensitive towards ethanol than pristine CdO (without ZnO).
The response of the former is about 8.5 times higher than that of
the latter. This indicates that the ZnO are mainly responsible for the
sensing performance of CdO/ZnO, with the CdO rendering cooper-
ative effects. (2) CdO significantly improves the ZnO’s response for
ethanol detection, with the one with CdO:ZnO = 7.5:100 exhibit-
ing the highest sensitivity. The response of CdO/ZnO sensor is ∼7
times as high as that of the pure ZnO sensor. Also noteworthy,
our CdO/ZnO nanomaterial is among the most sensitive ZnO-, CdO-
based and other ethanol sensing materials (see Table S1 and Table
S2 in ESI†)  [26–32].

Fig. 7B shows the typical dynamic response–recovery curve of
the CdO/ZnO sensor with increasing ethanol concentrations. It is
seen that the sensor has a wide response range of 0.5–500 ppm
for ethanol detection. The response increases significantly with the

increase of ethanol concentration. Moreover, the response is about
1.3 at an ethanol concentration of 0.5 ppm, and thus the detection
limit of the CdO/ZnO sensor can be said to be 0.5 ppm, which is
much lower than that (2 ppm) of the commercial ZnO sensor. In
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ig. 7. (A) Response of a series of CdO/ZnO samples with different CdO:ZnO mol  rat
he  sensor based on CdO/ZnO for ethanol detection; (C) variation of sensitivity (S) of
ensor in the presence of different test gases (100 ppm).

he testing range from 0.5 to 500 ppm, the logarithm of sensitiv-
ty shows a good linear dependency on the logarithm of ethanol
oncentration (Fig. 7C), indicating that the CdO/ZnO sensor may  be
sed for quantitative detection of ethanol vapor. In addition, the
dO/ZnO sensor exhibits fast response and recovery time (<10 s).
he sensing performance of the CdO/ZnO sensor was further inves-
igated by testing a wide range of gases and organic vapors (Fig. 7D).
t is obvious that the CdO/ZnO sensor is more sensitive to ethanol
han other gases/vapors including isopropanol, methanol, acetone,
enzene, ammonia and carbon monoxide. Nevertheless, further

nvestigation may  still be required to improve the selectivity of the
aterial via surface modification with noble metal particles and

ulk doping with heteroatoms.
It  is well known that ZnO is an n-type wide bandgap semicon-

uctor, and its gas sensing behavior is generally explained based on
he interaction of surface chemisorbed oxygen species and the gas

olecules to be detected [1]. First, ZnO as an n-type semiconduc-
or can absorb oxygen molecules in air. The chemisorbed oxygen

olecules on the ZnO surface can function as electron acceptors
o extract electrons from the conduction band of ZnO. This will

ead to the creation of a potential barrier and thus a high resis-
ance state. Next, when the ZnO sensor is exposed to a target gas
such as ethanol) at the operation temperature, the target gas will
eact with the oxygen species on the ZnO surface. This will result in
aluated in presence of 100 ppm ethanol); (B) dynamic response–recovery curves of
O/ZnO sensor with ethanol concentration (ppm); and (D) response of the CdO/ZnO

the decrease of the chemisorbed oxygen’s amount, the reduction
of the potential barrier’s height, and thereby the decrease of the
sensor’s resistance.

Based  on the ZnO’s sensing mechanism described above as
well as the CdO’s properties, two  possible reasons are proposed
to explain why  CdO can improve the sensing performance of ZnO.
(1) CdO is a low electrical resistivity material [33–35], and thereby
it would decrease the resistance of the CdO/ZnO composite mate-
rial. This would enable the easy detection of the resistance variation
during the sensing measurement and the rapid electron transporta-
tion between the electrodes of the sensor [36–38]. (2) CdO is an
n-type semiconductor with a large amount of native oxygen vacan-
cies (this is also the reason why  CdO possesses a low resistance)
[18–21,33–35]. This property would be helpful to the adsorption
of oxygen molecules on the surface of the CdO/ZnO composite;
and the increase in amount of surface chemisorbed oxygen should
be beneficial to the surface reaction activity/kinetics, and thereby
enhanced sensing properties [36].

4. Conclusions
In summary, we  reported the synthesis of hierarchical CdO/ZnO
nanocomposite material, which was  used as an efficient sensing
material for ethanol detection. The significantly enhanced sensing
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erformance of the CdO/ZnO nanocomposite is attributed to its
ovel hierarchical structure and synergetic effect between CdO
nd ZnO. We  believe that this study would further promote the
xploitation of semiconductor nanocomposite for gas sensors.
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