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In this  paper,  two  kinds  of  layered  double  hydroxides  (LDHs),  ZnAl  LDH  and  Ce-doped  ZnAl  LDH,  were
introduced  as  precursors  to prepare  composite  oxides  for  gas  sensing  studies.  Compared  with  ZnO/Al2O3

based  from  ZnAl  LDH, the  ZnO/Al2O3/CeO2 composite  oxide  obtained  from  Ce-doped  ZnAl  LDH  shows
higher  gas  response  to  ethanol  and shorter  response/recovery  time  as  well  as  remarkable  selectivity.
vailable online xxx

eywords:
ayered double hydroxides
omposite oxides
as sensing

The  structure,  morphology  and  chemical  composition  of  the  gas  sensing  materials  were  characterized
by  X-ray  diffraction  (XRD),  scanning  electron  microscopy  (SEM),  high-resolution  transmission  electron
microscopy  (HRTEM)  and  element  analysis  studies.  Raman  spectroscopy  and  X-ray  photoelectron  spec-
troscopy  (XPS)  were  used  to examine  the microstructure  and  chemical  state  of the  composite  oxides
sensing  materials.
thanol

. Introduction

Gas sensors are very important in many fields, such as industrial
mission, household security, vehicle emission control, environ-
ental monitoring, and food nutrition and safety [1–3]. Among

hem, ethanol sensors have attracted great attention due to their
pplications in biomedical, chemical and food industries [4,5], par-
icularly the need for the detection of alcohol on human breath to
revent drunk driving or the leaks in industrial distribution lines to
void loss [6,7]. Furthermore, since ethanol could serve as a non-
oxic organic solvent and has recently been found to play a crucial
ole as an alternative to automotive fuels, the research focused on
thanol monitoring has became more and more important.

Semiconducting metal oxides, for instance ZnO [8],  SnO2 [4],
iO2 [9],  In2O3 [10], Fe2O3 [11], V2O5 [12], WO3 [13], CeO2 [14] etc.,
ave shown considerable impact in gas detection due to their low
ost and flexibility in production, simplicity in use, large number
f detectable gases and various application fields [15]. However,
ew of them are suitable to all requirements of gas sensors with
igh sensitivity, short response and recovery time, low detection

imit, good selectivity and long-term stability. For this situation,
ore recent researches have been focusing on composite materi-
ls, for example ZnO–CeO2 [16], ZnO–SnO2 [17] and CeO2–Fe2O3
18,19] etc. Comparing sensors with one component, sensors based
n two or more components may  have the enhanced gas sensing
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performance from two  aspects: a synergistic effect and/or a het-
erojunction interaction between these components [20].

Undoubtedly, using layered double hydroxides (LDHs) as pre-
cursors and then via a calcined process is an alternative way
to prepare composite oxides with desired chemical composition
and homogeneous elements distribution. LDHs are synthetic two-
dimensional nanostructured anionic clays which have a general
formula [M(II)1−xM′(III)x(OH)2] (An−)x·yH2O (M(II) = Zn, Mg, Fe, Co,
Ni, etc.; M′(III) = Al, Fe, Cr, Co, Ga, In; A = CO3

2−, NO3
−, Cl−, etc.)

[21]. Moreover, some metals ions with M(IV) [22] oxidation states
also have the opportunity to form LDHs by partial or even com-
pletely replacing M′(III). Since the kinds of metal cations and their
proportions can be changed under certain conditions, up to now,
more and more composite oxides based on LDH precursors have
been prepared successfully and used widely as catalysts or catalyst
supports [23], electrode materials [24], magnetic materials [25],
etc.

However, to the best of our knowledge, there are only few
reports [26] using LDHs as precursors to prepare composite oxides
for gas detection applications. As the composite oxides obtained
from LDHs precursors have always shown high distribution of metal
elements, small crystallite size and high stability against sinter-
ing [27], it would have a promising application in gas sensing
field if using LDH precursors to prepare composite oxides. Herein,
we prepared composite oxides ZnO/Al2O3 and ZnO/Al2O3/CeO2 for
gas sensing studies by taking the ZnAl layered double hydroxide
(ZnAl LDH) and Ce-doped ZnAl layered double hydroxide (Ce-doped

ZnAl LDH) as the precursors, respectively. Gas sensing measure-
ments have shown that both composite oxides are sensitive in
ethanol detection, in particular ZnO/Al2O3/CeO2 presents a much
higher response and shortened response/recovery times to ethanol

dx.doi.org/10.1016/j.snb.2012.12.029
http://www.sciencedirect.com/science/journal/09254005
http://www.elsevier.com/locate/snb
mailto:guoying@mail.buct.edu.cn
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han ZnO/Al2O3 has, which indicates that the doping of Ce in the
nAl LDH precursor plays an important effect on improving the
as sensing behaviors. Furthermore, ZnO/Al2O3/CeO2 also exhibits
uperior gas sensing properties to ZnO/Al2O3/CeO2-mix obtained
rom the calcination of mixed metallic salts, which indicates that
he approach using LDH as the precursor is a feasible and facile way
o prepare composite oxides with better gas sensing performance
han that obtained from traditional calcination of mixed metallic
alts.

. Experimental

.1. Preparation of ZnAl LDH and Ce-doped ZnAl LDH

The starting materials were Zn(NO3)2·6H2O (99.0% purity from
ilong Chemical Co., Ltd), Al(NO3)3·9H2O (99.0% purity from Xilong
hemical Co., Ltd), Ce(SO4)2·4H2O (80.0% purity from Beijing chem-

cal plant) and NaOH (96.0% purity from Beijing chemical plant).
The precursor ZnAl LDH was prepared following a classical co-

recipitation method. A solution of NaOH (2 M)  was  added drop
ise over 30 min  to a solution (50 ml)  containing Zn(NO3)2·6H2O

2.97 g, 0.01 mol) and Al(NO3)3·9H2O (1.50 g, 0.005 mol) with vigor-
us stirring. The pH value of the solution at the end of addition was
.0. The resultant precipitate was maintained at 80 ◦C and kept stir-
ing for 48 h, centrifuged and washed thoroughly with water before
eing dried at 60 ◦C for 24 h.

The Ce-doped ZnAl LDH was prepared using a modified pro-
edure based on previous reports [22,28],  which is similar to the
reparation of ZnAl LDH that using 0.004 mol  Al(NO3)3·9H2O and
.001 mol  Ce(SO4)2·4H2O instead of 0.005 mol  Al(NO3)3·9H2O.

.2. Preparation of composite oxides for gas sensing

For the thermal treatment, ZnAl LDH was placed in a muffle fur-
ace and then was calcined at 600 ◦C for 5 h. After that, the product
btained was named as ZnO/Al2O3. Ce-doped ZnAl LDH was  heated
nder the same condition for ZnAl LDH and the obtained gas sensing
aterial was named as ZnO/Al2O3/CeO2.
For comparison, the three salts of Zn(NO3)2·6H2O,

l(NO3)3·9H2O and Ce(SO4)2·4H2O were mixed up with the
ame stoichimetric ratio of metallic elements in ZnO/Al2O3/CeO2
y physical blending and then were calcined under the above
ondition to prepare composite oxide, which was  named as
nO/Al2O3/CeO2-mix.

.3. Characterization

Elemental analysis of the precursors was performed with a
himadzu ICPS-7500 inductively coupled plasma emission spec-
rometer (ICPES). X-ray diffraction (XRD) measurement was
erformed on a Rigaku XRD-6000 diffractometer, using Cu K�
adiation (� = 1.5418 Å) at 40 kV and 30 mA.  Scanning electron
icroscopy (SEM) images were obtained using a Zeiss SUPRA 55

t 20 kV, with the surface of the samples coated with a thin plat-
num layer to avoid a charging effect. High-resolution transmission
lectron microscope (HRTEM) was recorded on a JEOL J-2100 to
xamine the morphologies, lattice fringes and crystal boundaries of
he samples. Raman spectroscopy was recorded on a LabRM Aramis
aman instrument using the line of 532 nm laser at the room tem-
erature. Surface elemental analysis was performed using Thereto

GESCALAB 250 X-ray photoelectron spectroscopy (XPS). The bind-

ng energy was corrected by contaminant carbon (C 1s = 284.6 eV)
n order to facilitate the comparisons of the values among the dif-
erent gas sensing materials. Peak fitting is done using XPSEAK 4.1,
Fig. 1. A photograph of the gas sensor of ZnO/Al2O3/CeO2.

with Shirley background and 70% Lorentz–Gaussian convolution
product shapes.

2.4. Gas sensing measurements

The test was conducted in a measuring system of chemical gas
sensing-8 (CGS-8) in ELITE TECH. In a similar fabrication way to Xu’s
[8], the composite oxide material was ground in an agate mortar
with a little water to form a paste. The paste was coated onto an
alumina ceramic tube attached with a pair of Pt electrodes for resis-
tance measurement. A small Ni–Cr alloy coil was placed through the
tube as a heater, which provides the working temperature of the gas
sensor by varying the heating current. Fig. 1 presents a photograph
of the gas sensor of ZnO/Al2O3/CeO2.

The gas response was designated as Ra/Rg, where Ra was the
sensor resistance in air (base resistance) and Rg was that in the
target gas. The time taken by the sensor resistance to change from
Ra to Ra − 90% × (Ra − Rg) was  defined as response time after the
target gas was  introduced to the sensor, and the time taken from
Rg to Rg + 90% × (Ra − Rg) was  defined as recovery time after the
ambience was replaced by air.

3. Results and discussion

3.1. Structure, morphologies and gas sensing characterization

Fig. 2A shows the XRD patterns of ZnAl LDH and Ce-doped ZnAl
LDH. The (0 0 3), (0 0 6), (0 0 9) and (1 1 0) diffraction peaks, which
correspond to the basal and higher order reflections, appear at
10.08◦, 20.10◦, 30.14◦, 60.37◦, respectively. Apparently, the XRD
pattern for ZnAl LDH exhibits the characteristic reflections of LDH
materials with (0 0 l) peaks, which are evidences for the layered
structure [29]. Compared with ZnAl LDH, the strength of diffraction
peaks reduce significantly for Ce-doped ZnAl LDH. It is probably
difficult for Ce4+ to replace Al3+ staying in the host layer of LDH
since the radius of Ce4+ is much larger than Al3+, which leads to the
decrease of the crystallinity. Fortunately, the positions of diffrac-
tion peaks for Ce-doped ZnAl LDH nearly stay the same as ZnAl

LDH, which indicates that the structure of Ce-doped ZnAl LDH has
remained the layered structure and no new impure phase appears.
Moreover, according to the element analyses (Table S1),  the content
percent of Ce is 6.14% in Ce-doped ZnAl LDH.
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ig. 2. X-ray diffraction patterns of LDH precursors (A: a – ZnAl-LDH and b – Ce-d
nO/Al2O3/CeO2-mix).

Fig. 2B shows the XRD for the calcined products of ZnO/Al2O3,
nO/Al2O3/CeO2 and ZnO/Al2O3/CeO2-mix. As shown in Fig. 2B,
he most conspicuous peaks for the calcined ZnAl LDH, ZnO/Al2O3,
how the presence of diffractions of hexagonal ZnO phase at
1.86◦ (1 0 0), 34.52◦ (0 0 2), 36.34◦ (1 0 1), 47.64◦ (1 1 2) and 56.74◦

1 1 0). It means that the composite oxide based on ZnO was pre-
ared successfully with a high degree of crystallization. While for
nO/Al2O3/CeO2 and ZnO/Al2O3/CeO2-mix, their XRD patterns not
nly show the characteristic peaks for ZnO, but also show the pres-
nce of the characteristic diffraction peaks of cubic CeO2 phase,
uch as the peaks at 28.55◦ (1 1 1), 33.27◦ (2 2 0), 47.48◦ (2 2 0) and
6.33◦ (3 1 1). The diffraction peaks of (2 2 0) and (3 3 1) of CeO2 are
uperposed on the diffraction peaks of (1 1 2) and (1 1 0) of ZnO. No
ignificant diffractions of Al2O3 are observed in the three composite
xides.

The morphologies and microstructures of the obtained com-
osite metal oxides were characterized by SEM and HRTEM. From
ig. 3A several sheets constructed by a number of small particles
re clearly observed, which indicates that the oxides were obtained
y sacrificing the template of LDHs. As shown in Fig. 3B, these parti-
les mainly present well-crystallized hexagonal crystals with high
egree of order. Moreover, as shown in HRTEM images (Fig. 3C),
hese hexagonal crystals are proved to be the phase of ZnO as the
pacing between adjacent lattice planes is 0.24 nm which is corre-
ponding to the (1 0 1) planes of wurtzite ZnO. It is clear that the size
f ZnO is in a range of 5–60 nm.  For the composite oxide obtained
rom Ce-doped ZnAl LDH, many irregular particles are obviously
bserved as in the SEM image (Fig. 3D) while the sheets of their pre-
ursor are small and not obvious. In the images of HRTEM (Fig. 3E
nd F), both CeO2 and ZnO are close to spherical in shape with a
omogeneous size at about 10 nm and the interplanar spacing of
eO2 (1 1 1) and ZnO (0 0 2) can be easily distinguished. Compared
ith the ZnO/Al2O3/CeO2, ZnO/Al2O3/CeO2-mix shows irregular
orphology and undistinguished boundary in the SEM (Fig. 3G)

nd HRTEM (Fig. 3H). It is very difficult to determine the shape and
ize of ZnO/Al2O3/CeO2-mix in Fig. 3H. Only from the amplified
mage (Fig. 3I), the fringe lattice image belongs to ZnO and CeO2
ould be obviously discerned. That is to say, the composite oxide
btained from physical mixed salts is aggregated and probably in a
eterogeneous distribution.

.2. Raman spectroscopy
Raman spectroscopy was also further employed to study the
icrostructures of the three composite oxides materials. All of

he spectra were collected by at least ten times scanning at dif-
erent regions. Fig. 4a and b are the Raman spectra of ZnO/Al2O3
 ZnAl LDH) and the calcined LDHs (B: a – ZnO/Al2O3, b – ZnO/Al2O3/CeO2 and c –

and ZnO/Al2O3/CeO2, respectively. However, the product obtained
from the physical mixed salts presents diverse spectra in Fig. 4c
and d, which are the spectra we collected from different regions
of ZnO/Al2O3/CeO2-mix. It further indicates that the metallic ele-
ments in the composite oxides obtained from LDHs are in a uniform
distribution, whereas those obtained from the mixed salts are
not, which is in accordance with the SEM and HRTEM images. As
shown in Fig. 4a, the ZnO powder phase in ZnO/Al2O3 is easily
detected by the well-defined Raman scattering bands at 435 cm−1

and 578 cm−1. The band at 435 cm−1 can be attributed to the E2
(high) mode for the wurtize hexagonal phase of ZnO [30,31].  The
suppressed band at 578 cm−1 can be attributed to the E1 (longitudi-
nal optical, LO) mode, which indicates a high crystalline quality and
low oxygen vacancy for ZnO [31]. Compared with ZnO/Al2O3, the
spectrum of ZnO/Al2O3/CeO2 exhibits some new bands at ∼460,
∼600, ∼993 and ∼1041 cm−1. The dominated and strong band at
460 cm−1 corresponds to F2g vibration of CeO2 cubic lattice [32]. The
presence of a weak and less prominent broad band near 600 cm−1

could be attributed to a doubly degenerate LO of CeO2. Normally,
this band has been linked to oxygen vacancies in the CeO2 lattice
[33]. The Raman band at 993 and 1041 cm−1 can be assigned to the
stretching vibration band of SO4

2− [34,35],  which indicates that a
small quantity of sulfates during the synthesis of Ce-doped ZnAl
LDH still remained even after calcination.

3.3. X-ray photoelectron spectroscopy

The samples of ZnO/Al2O3/CeO2 and ZnO/Al2O3/CeO2-
mix  have been investigated by XPS technique. As shown in
Fig. S1 and Table S2,  the peaks of Zn 2p and Al 2p have no sig-
nificant chemical shifts for ZnO/Al2O3/CeO2 in comparison with
ZnO/Al2O3/CeO2-mix. XPS studies of CeO2−x and CeO2 have been
reported by several researchers, where Ce 3d5/2 and Ce 3d3/2 levels
are composed of 10 various states [36,37]. Fig. 5 presents the
fitted curves of Ce for ZnO/Al2O3/CeO2 and ZnO/Al2O3/CeO2-mix,
respectively, while we  can see these contributed peaks distinctly
from Table 1. After the deconvolution of the Ce 3d spectra, the
degree of reduction (Ce3+ species) can be estimated by the per-
centage of peak areas for Ce3+ in the whole peak areas for Ce3+

and Ce4+ [32]. As shown in Tables S2 and 1, the peaks of Ce 3d
in ZnO/Al2O3/CeO2 shift remarkably to low binding energy in
comparison with ZnO/Al2O3/CeO2-mix, and the two  materials
nearly present the same reduction behavior of Ce3+.
Fig. 6 shows O 1s spectra of ZnO/Al2O3/CeO2 and
ZnO/Al2O3/CeO2-mix, respectively. The O 1s is fitted with three
peaks, referred to as OI, OII, OIII components (Table 2). Component
OI with binding energy ≈ 532.6 ± 0.04 eV is usually attributed
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ig. 3. SEM (A) and HRTEM (B and C) images for ZnO/Al2O3, SEM (D) and HRTEM (E an
ix.

o the presence of loosely bound oxygen on the surface of the
omposite oxide belonging to a specific species, e.g. adsorbed
2O or adsorbed O2 [38]. Component OIII with the lowest binding
nergy near 530 eV belongs to the lattice oxygen in composite
xide [36,38,39].  The medium binding energy component OII

entered at 531.4 ± 0.05 eV is associated with O2− ions that are
n oxygen deficient regions with the matrix of composite oxide
38,39]. Therefore, as the peak area of OII in ZnO/Al2O3/CeO2 is
ccounted for a larger proportion (in Table 2), we  can deduce that

able 1
nergy positions of the spectral components in Ce 3d observed in ZnO/Al2O3/CeO2 and Zn

Samples Binding energy of Ce4+ (eV) 

ZnO/Al2O3/CeO2 915.6 906.5 900.4 897.4 887.5 

ZnO/Al2O3/CeO2-mix 915.6 907.0 900.4 897.8 887.8 
ages for ZnO/Al2O3/CeO2, SEM (G) and HRTEM (H and I) images for ZnO/Al2O3/CeO2-

the oxygen deficiency in the surface is larger in ZnO/Al2O3/CeO2
than that in ZnO/Al2O3/CeO2-mix.

3.4. Ethanol sensing measurements
The responses to 1000 ppm ethanol of the three composite
oxides materials at various temperatures are shown in Fig. 7. All
materials exhibit different sensing properties at different operat-
ing temperature conditions. As can be seen, the optimal operating

O/Al2O3/CeO2-mix.

Binding energy of Ce3+ (eV) Ce3+ (%)

881.6 903.1 899.3 884.9 880.3 26
882.1 903.2 898.7 884.9 880.4 29
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Table 2
Energy positions of the spectral components in O 1s in ZnO/Al2O3/CeO2 and
ZnO/Al2O3/CeO2-mix.

Samples Binding energy of O 1s (eV) OI:OII:OIII

OI OII OIII

air, after that the air was  replaced by 1000 ppm ethanol in air
ig. 4. Raman spectra of ZnO/Al2O3 (a), ZnO/Al2O3/CeO2 (b) and ZnO/Al2O3/CeO2-
ix  at different region (c and d).

emperatures of ZnO/Al2O3/CeO2 and ZnO/Al2O3/CeO2-mix for
chieving the max  ethanol response are obtained at about 260 ◦C,

hile the optimal operating temperature of ZnO/Al2O3 is 310 ◦C.

he responses are obtained by increasing the operating temper-
ture below every optimal operating temperature, which can be

Fig. 5. Ce 3d XP spectra of (A) ZnO/Al2O3/

Fig. 6. O 1s XP spectra of (A) ZnO/Al2O3/C
ZnO/Al2O3/CeO2 532.6 531.4 530.4 0.15:0.64:0.21
ZnO/Al2O3/CeO2-mix 532.6 531.5 530.1 0.19:0.49:0.32

explained by the enhanced activation of the materials. However,
the gas sensing response would decline above the optimal oper-
ating temperature, which might be contributed to the competing
desorption of oxygen [40]. Among the three gas sensing mate-
rials, the ethanol response of ZnO/Al2O3/CeO2 is the highest in
the range of 200–300 ◦C, while below 200 ◦C or above 300 ◦C
the ethanol response of ZnO/Al2O3/CeO2 is a little lower than
ZnO/Al2O3/CeO2-mix but still much higher than ZnO/Al2O3. At the
optimal operating temperature of ZnO/Al2O3/CeO2 (260 ◦C), the
ethanol response of ZnO/Al2O3/CeO2 reaches 170, which is about
2.4 times of ZnO/Al2O3/CeO2-mix and 15.4 times of ZnO/Al2O3.
Therefore, all the above results indicate that the introduction of
Ce plays an important role on the improvement of the ethanol
responses and lowering the optimal operating temperatures.

Fig. 8 shows the response and recovery time for the three com-
posite oxides materials. The first 50 s show their responses in the
and remained as such for 100 s. At 150 s the environment was
switched back to air again. As is shown in Table 3, the response
and recovery times of ZnO/Al2O3/CeO2 to 1000 ppm ethanol at

CeO2 and (B) ZnO/Al2O3/CeO2-mix.

eO2 and (B) ZnO/Al2O3/CeO2-mix.
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Fig. 7. Responses of gas sensing materials made to 1000 ppm CH3CH2OH versus
operating temperatures. (a) ZnO/Al2O3/CeO2, (b) ZnO/Al2O3/CeO2-mix and (c)
ZnO/Al2O3.
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Based on our results, the gas sensing mechanism for these com-
posite oxides ZnO, CeO2 and Al2O3 has been discussed as follows.

It is well known that when the ZnO-based gas sensors are sur-
rounded by air, oxygen molecules are adsorbed on the ZnO surface
ig. 8. Response–recovery curves of gas sensing materials made to 1000 ppm
H3CH2OH at 260 ◦C. (a) ZnO/Al2O3/CeO2, (b) ZnO/Al2O3/CeO2-mix and (c)
nO/Al2O3.

60 ◦C are about 2 s and 10 s, respectively, which are much shorter
han ZnO/Al2O3/CeO2-mix and ZnO/Al2O3. It further proves that
nO/Al2O3/CeO2 has the best ethanol sensing behavior among the
hree composite oxides materials.

The ZnO/Al2O3/CeO2 was further exposed to different concen-
rations of ethanol gases at 260 ◦C and the responses vs. ethanol
oncentrations are shown in Fig. 9. The material can detect ethanol
apor down to 50 ppm with the gas response value of 30. With the

nhancing of ethanol concentration, the responses increase accord-
ngly. The response reaches 250 for ZnO/Al2O3/CeO2 to 2000 ppm
thanol.

able 3
he response and recovery times of the gas sensing materials.

Samples Response time Recovery time

ZnO/Al2O3 14 s 87 s
ZnO/Al2O3/CeO2 2 s 10 s
ZnO/Al2O3/CeO2-mix 6 s 85 s
Fig. 9. Responses of ZnO/Al2O3/CeO2 versus ethanol concentrations at 260 ◦C.

In comparison with the previous studies of ZnO or CeO2-based
gas sensing materials which are listed in Table 4 [40–46],  the gas
sensing performance of ZnO/Al2O3/CeO2 to ethanol is comparable
as it has a relatively high gas response, low operating tempera-
ture and short response/recovery time. Therefore, the further gas
selectivity measurements are focused on this sample.

Furthermore, the selectivity of gas sensor is also an important
factor for further application. Fig. 10 shows the gas sensing selec-
tivity of ZnO/Al2O3/CeO2. It is found that ZnO/Al2O3/CeO2 exhibits
very high response to ethanol but less response to methanol and
very low responses to CO, NH3, C7H8 (toluene), MF  (formamide),
gasoline with the same concentrations of 1000 ppm, indicating that
the ZnO/Al2O3/CeO2 at 180–350 ◦C is a good candidate for highly
selective detection of ethanol.

3.5. Gas sensing mechanism
Fig. 10. Responses of ZnO/Al2O3/CeO2 to varied gases (1000 ppm) versus operating
temperatures.
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Table 4
The gas sensing properties of ZnO/Al2O3/CeO2 compared with the references based on ZnO or CeO2.

Gas sensors Ethanol concentration (ppm) Response (Ra/Rg) Operation temperature (◦C) Response/recovery time References

ZnO/Al2O3/CeO2 1000 170 260 2/10 s Our  result
50 30

ZnO  nanorods 1000 50 332 10/30 s [43]
ZnO  nanorods 1000 293 450 <10 s [44]
CeO2 doped ZnO 500 60 350 200 s [45]
ZnO:Al films 400 20 250 2–4 m [46]
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ZnO  nanorods 100 18 

Ce  doped ZnO 100 80
ZnO  films 30 10 

o form chemisorbed oxygen species (O2
−, O2

2− and O2−) [47].
hen the target gases are in contact with the surface of the sensors,

 surface reaction reduces the coverage of oxygen ions and releases
lectrons to the conduction band of the material, which results in
n increase in the conductivity of the samples [47].

Based on the fact that the composite oxide containing CeO2,
specially ZnO/Al2O3/CeO2 has superior response to ethanol, we
onclude that CeO2 must play an important role in improving the
as sensing properties. Here, electronic sensitization can be applied
o explain the gas sensing mechanism of surface CeO2 [48]. As a
trong acceptor for electrons, CeO2 induces an electron-depleted
ayer near the interface in the host semiconductor (ZnO/Al2O3)
48]. By reacting with a reducing analyte, for example ethanol,
eO2 is induced releasing the electrons back to the semiconduc-
or. Due to the facile creation and diffusion of oxygen vacancies,
specially at the ceria surfaces, cerium has the capability to absorb
nd release oxygen and then to undergo rapid and repeatable
e4+/Ce3+ redox cycles depending on certain conditions [43]. There-
ore, ethanol would extract more oxygen in a faster time from the
as sensing materials containing CeO2 than the one without CeO2
49], which can be used to explain the higher response and shorter
esponse/recovery time for CeO2 containing composite oxides. In
onclusion, the doping with CeO2 is in favor of enhancing the
as sensing properties by making possible cooperating effect with
nO/Al2O3.

Simultaneously, Al2O3 is a typical dopant with porous structures
nd it may  play a role of “diluent”, which can separate crystallites
f semiconductor oxides [50].

Moreover, using Ce-doped ZnAl-LDH as precursor to prepare
omposite of ZnO/Al2O3/CeO2, we could obtain homogeneously
ispersed metal oxides as shown in SEM, HRTEM and Raman spec-
ra. Compared with ZnO/Al2O3/CeO2-mix obtained from mixed
alts, the well dispersed composite oxide of ZnO/Al2O3/CeO2
ight possess strong interaction between ZnO, Al2O3 and CeO2,
hich accounts for the improved gas response and the shortened

esponse/recovery time.

. Conclusions

The well dispersed composite metal oxides were successfully
ynthesized using LDHs as precursors for gas sensing studies.
or comparison, the composite ZnO/Al2O3/CeO2 obtained from
he Ce-doped ZnAl LDH presents excellent gas sensing proper-
ies in ethanol detection than that without doping. Moreover,
nO/Al2O3/CeO2 exhibits much higher gas response value and
horter response/recovery time (2 s/10 s to 1000 ppm at 260 ◦C)
han ZnO/Al2O3/CeO2-mix prepared from physical mixed salts. The
as response of ZnO/Al2O3/CeO2 is 15.4 times higher than that
f ZnO/Al2O3 and 2.4 times higher than ZnO/Al2O3/CeO2-mix to

000 ppm ethanol at 260 ◦C, respectively. In conclusion, LDHs have
hown good performance to prepare composite oxides for gas
ensing applications, especially when introducing Ce as the dopant,
f which the obtained product ZnO/Al2O3/CeO2 can be used as a

[

[

0 10/20 s [47]
0 10/5 s [48]
om temperature 28/49 s [49]

good candidate for the detection of ethanol in future use. Further-
more, as the kinds and proportions of metal ions are changeable
under certain conditions in LDHs, it may  provide us an alternative
way to design various composite oxides for gas sensing applications
by the calcination of LDHs.
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