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In  this  work,  ZnO/CuO/Al2O3 composites  were  prepared  via  a simple  coprecipitation  and  a hydrothermal
method  followed  by a calcination  process.  The  as-prepared  composites  were  characterized  by  pow-
der  X-ray  diffraction  (XRD),  scanning  electron  microscopy  (SEM),  high-resolution  transmission  electron
microscopy  (HRTEM),  Inductively  Coupled  Plasma  (ICP),  X-ray  photoelectron  spectroscopy  (XPS)  etc.
Moreover,  gas  sensors  based  on  ZnO/CuO/Al O were  fabricated.  It revealed  that  the  sensor  with cer-
vailable online 2 January 2015
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tain  metal  ratio  exhibited  a fast and remarkable  response  to  chloroform  and  was  able  to detect  low
concentration  of chloroform  down  to  1 ppm  in  20 s. The  gas  sensing  mechanism  was  also  discussed.

© 2014  Elsevier  B.V.  All  rights  reserved.
hloroform

. Introduction

Chloroform, a kind of chlorinated hydrocarbon, is a sweet-
melling, colorless, specific smell and volatile liquid. It is mainly
ntroduced to the environment from its use as solvent in paints,
dhesives, color-removers, degreasers and so on [1]. It is worth
oting that inhaling or absorbing chloroform can cause acute poi-
oning and damage to livers. Moreover, when it comes into oxygen
nder lights, it will produce highly toxic phosgene and HCl. There-
ore, the task to detect chloroform as quickly and accurately as
ossible, especially in very low concentrations, to alert people
o the extent of out-door and in-door inhalation of noxious pol-
utants is of great importance. For now, most techniques for the
etermination of chloroform are instrumental methods, such as

aser-induced fluorescence [2,3], solid phase micro-extraction [4]
nd mid-infrared sensor technology [5], whereas they all detect
hloroform in solution and there is relatively less reports in gas
etection. Furthermore, the above instruments are often expen-
ive and are not portable. For solving this problem, the portable gas
ensors have emerged for the routine examination of toxic or harm-

ul gases. Among the gas sensing candidates, metal oxide materials
uch as ZnO, SnO2, Fe2O3, CuO, In2O3, Ce2O3, have been widely fab-
icated into sensors and studied in gas-sensing application due to
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their simple processing, low cost and convenient testing, etc. This
kind of gas sensors is chemiresistor one, which gives the resistance
change curve when meeting with different gases. As one of the
earliest discovered and most widely applied metal oxide sensors
materials, zinc oxide with a wide band gap of 3.37 eV and a large
binding energy has become widely used in various forms of sen-
sors, which has been proved to detect many gases, such as ethanol,
benzene and toluene and so on [6].

However, every semiconductor gas sensor not only has mer-
its but also has some demerits, such as long response time, poor
selectivity and the high requirement of operating temperature [7].
Among the methods [6–18] to improve the performances of chem-
ical sensors, the functionalization of metal oxides with catalysts
shows great potential in improving gas response selectivity which
is attributed to the synergistic effects that produced by different
gas sensing components [7,12–17]. So far there are many reports
about compounds containing catalyst that have been applied to the
gas sensitive fields [7,12,13,16,18]. For example, it has been proved
that even there is only a very small amount of P-type CuO, it could
obviously promote the activity of ZnO [19]. According to previous
reports [7,12,13], the strong affinity of CuO–H2S changes the P–N
heterojunction, constructed by N-type MxO and P-type CuO, and
enhances the gas response of MxO to H2S or other gas consider-
ably. But this material has relatively poor stability when contacting
the target gas. Al2O3, a very good carrier, has frequently been used

to carry other metal or transition metal for catalytic application,
which also plays as a dispersion agent. Moreover, Kocemba found
that an addition of Al2O3 could improve the sensing properties
of sensors, which may  be strongly connected with the increased

dx.doi.org/10.1016/j.snb.2014.12.099
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diffractometer. Fig. 2 shows the X-ray diffraction (XRD) patterns
of the contrastive samples calcined in 500 ◦C with varied ratio of
elements. All the contrastive samples show ZnO or CuO diffraction
peaks which depends on their compositions. From the XRD pattern
12 M.-X. Nie et al. / Sensors and

dsorption of oxygen and gas [20]. Therefore, a thought that using
l2O3 and CuO together might improve the sensing properties of
nO comes into beings. Also based on the fact that there is relatively
ess report about metal-oxide semiconductor sensors for the detec-
ion of chloroform directly, composite materials of ZnO/CuO/Al2O3
ave been prepared in our work by a simple co-precipitation plus
ydrothermal method and followed by a calcination process. Here
he presence of CuO has been applied to increase the gas response
f ZnO. Along with the Al2O3 carrier which increased the adsorbed
xygen, the ZnO/CuO/Al2O3 composite shows better gas sensing
roperties than the single oxide, such as ZnO, CuO and Al2O3. The
lement ratio among the metals has been further studied in terms
f chloroform sensing, it turns out that the metal ratio (Zn:Cu:Al)
f the best chloroform sensor is 1:0.7:0.6.

. Experimental

.1. Materials

The starting materials were Zn(NO3)2·6H2O (99.0% purity from
i long Chemical Co., Ltd), Cu(NO3)2·3H2O (99.0% purity from Bei-

ing chemical plant), Al(NO3)3·9H2O (99.0% purity from Beijing
hemical plant), NaOH (96.0% purity from Beijing chemical plant)
nd Na2CO3 (99.8% purity from Beijing chemical plant).

.2.  Preparation of ZnO/CuO/Al2O3 composites

The  precursor was prepared by a classical co-precipitation
ethod [21] and followed by a hydrothermal treatment. Solu-

ion A was prepared with Cu (NO3)2·3H2O (5.95 g, 0.02 mol), Zn
NO3)2·6H2O (9.66 g, 0.04 mol), Al (NO3)3·9H2O (7.50 g, 0.02 mol)
nd deionized water. Solution B was prepared with NaOH (6.40 g,
.16 mol), Na2CO3 (1.06 g, 0.01 mol) and deionized water. After-
ards, the two solutions were added dropwise into a four-necked
ask containing moderate deionized water at 25 ◦C with a rotor
tirring constantly. This B solution was applied here to keep the pH
alue of the reaction at 8.0 ± 0.5. Then the uniformity solution was
ransferred into Teflon-lined autoclaves and crystallized at 100 ◦C
or 12 h, which was further centrifuged, washed and dried at 60 ◦C
or 12 h. The resulting precursor was placed into the muffle fur-
ace and calcined separately at 500 ◦C for 5 h in air. Accordingly,
hese contrastive samples with different metal ratio were named as
nAl1.2-500, ZnCu0.9-500, ZnCu0.2Al0.5-500, ZnCu0.1Al0.4-500 and
nCu0.7Al0.6-500 on the basis of ICP results.

.3. Characterization

The crystalline structures of the composites were character-
zed using Rigaku XRD-6000 diffractometer at 40 kV and 30 mA
n the 2� range of 3–70◦, and the morphologies of the compos-
tes were also observed using a Zeiss SUPRA 55 at 20 kV, with the
urface coated with a thin platinum layer in order to avoid the
harging effect. The lattice fringes and crystal boundaries of the
amples was examined by HRTEM on a JEOLJ-2100. Elemental anal-
ses were performed using the Shimadzu ICPS-7500 inductively
oupled plasma emission spectrometer. The samples’ specific sur-
ace areas were tested using BET (Quantachrome)-AUTOSORB-1.
he  chemical surface’s valence states of elements and Cu LMM
uger spectra were performed using Thereto VGESCALAB 250 X-ray
hotoelectron spectroscopy with all of the binding energy cor-
ected by contaminant carbon (C 1s = 284.6 eV).
.4. Gas sensing measurements

The  gas sensing test of ZnO/CuO/Al2O3 composites were con-
ucted on the test system of Chemical Gas Sensing-8 (CGS-8) in
Fig. 1. Profile image of the gas sensor.

ELITE TECH, China, and the customized chemiresistor sensor device
is widely used for gas sensing test [22,23]. Fig. 1 presents the profile
image of the gas sensor. First, the sample was milled with a little
water into paste in an agate mortar, and the paste was painted on
an alumina ceramic tube with a pair of Pt electrodes for resistance
measure. A small Ni–Cr alloy coil was further placed through the
tube as a heater, which was used to vary the working temperature
by adjusting the heating current [22].

The sensing properties of ZnO/CuO/Al2O3 sensors were tested
at varied operation temperatures by recording the sensor’s resis-
tance variation while changing its ambient atmosphere from air
to a certain target gas. The gas response is designated as S = Ra/Rg,
where Ra is the sensor resistance in air (base resistance) and Rg is
the one in the target gas. The response time is defined as the time of
the sensor resistance from Ra to Ra − 90% × (Ra − Rg) after the target
gas is introduced into the chamber with the sensor inside, and the
time taken from Rg to Rg + 90% × (Ra − Rg) after the atmosphere is
replaced by air is recovery time. The target gas of chloroform was
prepared by injecting the liquid chloroform into a container inside
the chamber and evaporating it with a heater.

3. Results and discussion

3.1.  Characterization of the composite oxides

The crystalline structures of the contrastive samples calcinated
at 500 ◦C with varied metals ratio were characterized with X-ray
Fig. 2. The XRD patterns of contrastive samples calcinated at 500 ◦C with varied
metals  ratio.
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ing gas atmosphere, its resistance reduces; however, when it is
put into oxidizing gas, its resistance increases. Here in our results,
the ZnCu0.7Al0.6-500 composite, which has N-type semiconduc-
tor and P-type CuO overlapped together as shown in TEM image,
Fig. 3. (A) SEM image, (B) TEM

f ZnO/CuO/Al2O3 composites, ZnCu0.2Al0.5-500, ZnCu0.1Al0.4-500
nd ZnCu0.7Al0.6-500, we can see the main diffraction peaks which
re marked with symbols can be indexed to CuO and ZnO. Addition-
lly, all the reflection peaks are quite broad, which demonstrates
he nanometric-grained nature of the composite. As the ratio of
u:Zn increases, the peaks of CuO gradually separated with the ones
f ZnO. And no significant diffractions of Al2O3 are observed in all
he composites which contain aluminum from the ICP results.

The  morphologies of the contrastive composites ZnO/CuO/Al2O3
re similar to ZnCu0.7Al0.6-500. Herein, we take ZnCu0.7Al0.6-500 as
n example to illustrate the morphologies of the composites. From
ig. 3(A) it can be observed that the composite oxide ZnCu0.7Al0.6-
00 is constructed of many nearly uniform particles with similar
hape, which diameters are about 40 nm,  and there are no big blocks
bserved. As shown in the TEM image (Fig. 3B and C), the lattice
ringes of 0.282 nm and 0.232 nm are corresponding to 100 plane
f hexagonal ZnO and 111 plane of Monoclinic CuO respectively,
hich are in agreement with XRD analysis (ZnO: PDF#36-1451;
uO: PDF#48-1548). And the lattice fringe of Al2O3 could not be

ound in TEM image, which is consistent with the above XRD result.
t indicates the composite material is comprised of at least two
ypes of gas-sensing materials, ZnO and CuO, which have simi-
ar morphologies and overlapped each other with the diameter of
0 nm around. Al2O3 might present as an amorphous state.

.2. Chloroform sensing mechanism and response properties

It  is generally known that, there exists an optimum working
emperature for every sensor to obtain maximal response [22]
nd suitable response/recovery time. Therefore, the first experi-
ent is to find the optimal working temperature of the specific
aterial. The responses to 50 ppm chloroform of ZnCu0.7Al0.6-

00 and the contrastive samples with varying ratio of elements
t the temperature range of 150–300 ◦C are presented in Fig. 4.
ake ZnCu0.7Al0.6-500 for example to illustrate, it shows increased
as response with the temperature rising. When the heating tem-
erature is about 200 ◦C, ZnCu0.7Al0.6-500 has the highest gas
esponse (8.5) to 50 ppm chloroform. However, when the tempera-
ure keeps on rising, the gas response decreases. It can be explained
s that with the increase of temperature, the chemical adsorption
f oxygen molecules gradually plays a leading role, resulting in
he increase of the adsorption amount of oxygen species on the

aterial’s surface. As the temperature increases above the opti-
al temperature, for example here is 200 ◦C for ZnCu0.7Al0.6-500,

he oxygen species reduces and the gas response decreases accord-
ngly. It is likely that the distribution and concentration of oxygen
acancies are relatively fixed while the carrier mobility decreases

ith increasing temperature [24]. Due to ZnCu0.7Al0.6-500 has the
ighest gas response to chloroform, further experiments were put
n this sample and the optimal operation temperature was  chosen
s 200 ◦C.
C) HRTEM of ZnCu0.7Al0.6-500.

By comparing their chloroform responses of the samples
calcinated at 500 ◦C with varied ratio of metal elements,
ZnCu0.7Al0.6-500 shows the best gas response among the five;
ZnCu0.2Al0.5-500 comes the second and ZnCu0.1Al0.4-500 takes the
third place as shown in Fig. 4. Meanwhile, the samples with only
two kinds of metal elements, ZnAl1.2-500 and ZnCu0.9-500, exhibit
poor sensing properties, which are similar to ZnCu0.1Al0.4-500.
With the addition of CuO and Al2O3, as in ZnCu0.7Al0.6-500 and
ZnCu0.2Al0.5-500, the gas response of chloroform sensing increases.
It could be attributed to the acceleration of CuO and the effective
particle dispersion by Al2O3. It can be also speculated that ZnO,
CuO and Al2O3 might have synergistic effect on contributing the
chloroform sensing properties of the composite with three metal
oxides. In ZnCu0.7Al0.6-500, ZnCu0.2Al0.5-500 and ZnCu0.1Al0.4-500,
the ratio of Cu: Al is 1.1, 0.4 and 0.25 respectively. From the chlo-
roform response of the above three composites, it can be seen that
the gas response of chloroform sensing is proportional to copper
content in the samples. The possible sensing mechanism will be
discussed later in this paper. Again, ZnCu0.7Al0.6-500, which pos-
sesses the highest amount of copper and shows the highest gas
response to chloroform, was  selected for further studies regarding
its long term stability and selectivity etc.

Sensing response characteristics of ZnCu0.7Al0.6-500 to chloro-
form at different concentrations were investigated at 200 ◦C, which
are shown in Fig. 5. As we  know, ZnO is an N-type semiconductor
whereas CuO is a P-type one considering their sensing behaviors
[25–28]. When the N-type semiconductor is put from air into reduc-
Fig. 4. The responses to 50 ppm chloroform of all the contrastive samples with
varied ratio of metal elements at the working temperature range of 150–300 ◦C.
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orking  temperature of 200 ◦C, the inset Fig. is its maximum gas response values
ersus  to the chloroform’s concentrations (1–100 ppm).

xhibits the same sensing behavior as the N-type semiconductor
nO has. Furthermore, to different concentration of chloroform,
nCu0.7Al0.6-500 shows similar response and recovery curve. Along
ith the concentration increase, the gas response (Ra/Rg) increases

radually. However, it is not a straight or linear growth in all with
he increase of chloroform’s concentration, which is shown in the
nset picture of Fig. 5. It can be seen that the gas response (Ra/Rg)
f ZnCu0.7Al0.6-500 increases drastically at the range of 1–10 ppm.
nd at the range of 10–50 ppm, it still shows linear growth but
ecomes slower. When the increase of chloroform concentration
ontinues, ZnCu0.7Al0.6-500 shows more slow growth in response.
t can be explained that: a certain specific surface area restricts

 finite list of active sites and the amount of adsorbed oxygen
pecies. When the gas concentration exceeds a certain value, most

f the active sites are occupied and the amount of adsorbed oxy-
en species becomes saturated, which results in the slow rise in
esponse with the concentration increase. It also can be calculated
hat the sample response time to chloroform at 50 ppm is about

Fig. 6. The possible gas sensing processe
tors B 210 (2015) 211–217

15  s in Fig. 5. The recovery time is a bit long, which may be caused
by the strong binding force between the sample and chloroform.
Moreover, it is worth noting that ZnCu0.7Al0.6-500 can detect low
concentration of chloroform in 20 s even the concentration is as
low as 1 ppm, and its gas response is about 2.5, which is quite
satisfactory by going through the references.

Wolkenstein has ever proposed an interesting theoretical model
for gas adsorption about semiconductors, taking into account
the influence of the adsorbed gas species and electronic cou-
pling between semiconductors. Gas species adsorption process
includes two consecutive steps: ‘weak or neutral chemisorption’
and ‘strong or ionized chemisorption’ [27–29]. Bejaoui et al. accord-
ingly proposed that sensor response is controlled primarily by
the conduction mechanism and the chemical interactions between
the sensor and the ambient gas [30]. Based on their research, gas
sensing mechanism to chloroform in our work is shown in Fig. 6. The
chloroform sensing mechanism can be proposed as follow: when
ZnCu0.7Al0.6-500 is heated in air by modulating current, the oxygen
molecules trap electrons and dissociate into oxygen atoms O and
O−,

O2 (ads) → 2O (ads) (1)

O (ads) + e− → O− (ads) (2)

The  adsorbed oxygen species play a vitally important role
in chloroform sensing. When the ZnCu0.7Al0.6-500 is exposed to
chloroform, the chloroform vapor reacts with O− on the surface,
resulting in a decrease of adsorbed oxygen species and an increase
in the electron concentration on the surface of composite, as shown
in Fig. 6. The reactions take place as below:

CHCl3(g) + O−(ads) → COCl2(g) + HCl(g) + e− (3)

Moreover,  during chloroform gas sensing, the chloroform gas
removes the adsorbed oxygen species on ZnO or Al2O3 and reacts
with CuO on the surface of composite to convert into metallic

CuCl according to Eq. (4), which increases the release of elec-
trons back to the composite, thus the decreased resistance. That
is why  ZnCu0.7Al0.6-500 behaves a significant decrease in the sen-
sor resistance when the sensor is exposed to chloroform and thus

s of the composite to chloroform.
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ig. 7. (A) Cu 2p XPS of ZnCu0.7Al0.6-500 in air (a), in chloroform (b) and recover
nCu0.7Al0.6-500 after chloroform exposure; (D) the Cl p XPS spectra of ZnCu0.7Al0.6

he increase in gas response (Ra/Rg) as observed in Fig. 5.

CuO(s) + 2CHCl3(g) + O−(ads) → 2CuCl(s) + H2O (l)

+ 2COCl2 (g) + e− (4)

Obviously, compare to ZnAl1.2-500, the addition of CuO in the
omposite has improved the gas response. We  calculated the Gibbs
ree energy of Eq. (4) in light of Gibbs formula. No matter what
he temperature is, Gibbs free energy of this equation is always
egative, suggesting that the above reaction is thermodynamically

avored. Therefore, the mechanism reaction we  proposed here is
easible.

However, CuCl is easily oxidized when it contacts air. Therefore,
hen the sensor has been put back into air ambient, the sensing
aterial would return to its initial states as shown in the reaction

5).

CuCl(s) + O2(g) + 2H2O(l) → 4CuO(s) + 4HCl(g) (5)

In  order to verify our assumption that CuO changes to CuCl
uring the sensing process, the chemical surface’s valence states
f ZnCu0.7Al0.6-500 after being exposed in air (a), in chloroform
b) and recovered in air(c) were investigated by Cu and Cl XPS
haracterizations. The Cu XPS spectra of the ZnCu0.7Al0.6-500 have
een shown in Fig. 7(A and B). As shown in Fig. 7A(a), the Cu 2p
inding energies are 933 eV (Cu 2p3/2) and 953.2 eV (Cu 2p3/1),
hich both correspond to the binding energies of the Cu 2p of CuO

13,31,32]. The peak around 943 eV is attributed to the shakeup line
f CuO. After being exposed in chloroform, as shown in Fig. 7A(b),

he binding energies of Cu 2p3/2 and Cu 2p3/1 is broadened and
hifted to lower banding energy. The shakeup line at 943 eV almost
isappears, showing that the chemical state of Cu changes [13].

n addition, there appears a shoulder peak around 932 eV, which
air(c); (B) the enlarged Cu 2p3/2 XPS peak in (A); (C) Cu LMM Auger spectrum of
fter being exposed in chloroform (a) and recovered in air (b).

suggests  the generation of low valence states of copper. From the
enlarged Cu XPS spectra (Fig. 7B), which indicates that the chem-
ical state of Cu ions changes and the possible presence of either
Cu0 or Cu1+. In order to verify the low valence state of copper, the
Cu LMM  Auger spectrum has been shown in Fig. 7C, from which
the peak positioned at approximately 916–917 eV is correspond-
ing as Cu+[13], the low valence state of copper. Furthermore, when
the sensor was  put back into air atmosphere, the Cu 2p peak pos-
itions were shifted back to those of ZnCu0.7Al0.6-500, which were
observed before sensing, and the shakeup peak that had disap-
peared now reappeared. The shoulder peak at 931.8 eV almost
disappeared (Fig. 7A(c) and B(c)), which further specifies the Cu+

had changed back to Cu2+. The Cl p spectra of the composite have
been done after being exposed in chloroform (Fig. 7D(a)) and recov-
ered in air (Fig. 7D(b)). After chloroform exposure, the Cl p peak at
198.7 eV appeared significantly, which indicates the composite has
Cl element on its surface. However, the Cl p peaks decreased after
air purging as shown in Fig. 7D(c), which further supports that CuCl
generated during gas sensing in chloroform and changed back to
CuO in air. CuO in the composite plays as a reactant in the sensing
process by converting to CuCl and recovering back to CuO. During
the generation of CuCl, the electrons have been released into the
composite, which aggravates the resistance decrease of the sensor
and thus the high gas response of Ra/Rg to Chloroform.

The stability and life span as the fundamental characteristics of
gas senor were also tested in the atmosphere with 5 ppm chlo-
roform at its optimal operation temperature. Fig. 8 shows the
response of ZnCu0.7Al0.6-500 in 5 ppm chloroform. Once the sen-
sor contacts with chloroform, it responses rapidly. Even after five

cycles, the sensor still shows good reproducibility and nearly par-
allel results (Fig. 8), which is a good characteristic for gas sensor.

Due  to the selectivity to certain gas is equally important as
the fundamental characteristic of gas sensor, the sensor based
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Fig. 8. Repeatability and stability of ZnCu0.7Al0.6-500 to 5 ppm chloroform at oper-
ation  temperature of 200 ◦C.
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ig. 9. Selectivity of ZnCu0.7Al0.6-500 to 50 ppm gas vapors at operation temperature
f  200 ◦C.

n ZnCu0.7Al0.6-500 was further test regarding its gas responses
o a series of typical volatile gases at its optimal operation tem-
erature. It can be found in Fig. 9 that ZnCu0.7Al0.6-500 exhibits
imilar high response to other chlorohydrocarbon besides chloro-
orm, while shows low response to other common hazardous gas
uch as methanol, ethanol, ammonia, triethylamine and CO in the
ame concentration of 50 ppm, which indicates that ZnCu0.7Al0.6-
00 has relatively good selectivity to chlorohydrocarbon especially
o chloroform.

. Conclusions

This paper reported a kind of chloroform sensing composite
ased on ZnO/CuO/Al2O3 composites. It was prepared by a simple
oprecipitation and hydrothermal method followed by a calcina-
ion approach. The composites have good sensing behaviors to
hlorohydrocarbon, especially to chloroform. It can be observed
hat the addition of CuO and Al2O3 is necessary and the ratio
etween them also has important effect on the composite’s gas
ensing properties. By tuning the ratio of Cu:Al, the composite
f ZnCu0.7Al0.6-500 was obtained with highest gas response to
hloroform and can detect chloroform in 20 s even at the concen-

ration of 1 ppm. It can be also speculated that ZnO, CuO and Al2O3
ave synergistic effect on contributing the chloroform sensing
roperties of the composite with three metal oxides. The prepara-
ion of ZnO/CuO/Al2O3 composites provides a train of thought for

[

tors B 210 (2015) 211–217

detection  chloroform, which might have the potential to monitor
chloroform in industrial production in the future.
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