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a b s t r a c t

We report fabrication and characterization of an ethanol sensor using aligned ZnO nanorods. The ZnO
nanorods have an average diameter of 50 nm and an average length of 0.5 �m. The sensor response Ra/Rg,
where Ra and Rg are the resistance in air and in ethanol vapor, respectively, is about 10 to 1 ppm ethanol,
and increases to about 100 as the ethanol concentration is raised to 100 ppm. The mechanism of the highly
vailable online 29 July 2008
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sensitive ethanol detection is discussed.
Crown Copyright © 2008 Published by Elsevier B.V. All rights reserved.
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. Introduction

Recently, one-dimensional (1D) nanostructures, such as carbon
anotubes, ZnO, SnO2, In2O3, and TiO2 nanowires/nanorods have
ttracted much attention because of their potential applications in
abricating gas sensors. 1D nanostructures have been extensively
sed as gas sensing materials due to their high surface-to-volume
atios and good chemical and thermal stabilities under the operat-
ng conditions [1,2]. In order to illustrate their high-performance
ensing characteristics, the sensing mechanisms such as surface-
epletion [2], point contact [3], and face contact models [4] have
een proposed. However, the sensitivity of the sensors based on
he point contact of ZnO nanowires and nanorods is low except the
ase that the diameter of the nanomaterials is close to or smaller
han the space-charge length (2Ld) [5]. Although the sensitivity
f SnO2 nanobelts is higher, the length of the nanobelts is up to
few micrometers and only a small fraction of the face contacts

eally works. In this article, we report fabrication and character-
zation of an ethanol sensor composed of ZnO nanorods with an
ligned and rather closely packed arrangement. When exposed

o 1 ppm ethanol the sensor response is ∼10, and as the ethanol
oncentration is raised to 100 ppm, the sensitivity increases to
100.

∗ Corresponding authors. Tel.: +86 731 8820385.
E-mail addresses: yangzao888@tom.com (Z. Yang), thwang@hnu.cn (T.-H. Wang).
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. Experimental

The preparation method of the precursor was simple and out-
ined as follows. Four chemicals of analytically pure zinc acetate (Zn
CH3COO)2·2H2O), citric acid (C6H8O7·H20), pure distilled water
H2O) and absolute ethanol (CH3CH2OH) were used. For the fab-
ication of ZnO nanorods with a vertically aligned arrangement,
he following experiments were performed. First, a 55 mL solu-
ion of citric acid (0.04 M) in ethanol was added slowly to a 15 mL
n (CH3COO)2 solution (1 M) in distilled water. After the addition,
he obtain suspension (pH ≈ 5.8) was stirred at 80 ◦C for 10 h to
et a precursor. The precursor was calcined in a muffle furnace
or 3 h at 400 ◦C. After calcination, the powder was cooled nat-
rally down to room temperature in air. The morphology of the
ynthesized ZnO nanorods was characterized by scanning elec-
ron microscopy (SEM) [JEOL-JSM-6700F]. The crystal structure of
he sample was determined by X-ray diffraction (XRD) using a
5000 X-ray diffractometer (SIEMENS, Germany) with monochro-
atic Cu K� (� = 1.54178 Å) radiation. The surface area of the ZnO

anorods was measured based on the principle of N2 sorption with
Brunauer–Emmett–Teller (BET) surface analyzer (SA3100, Coulter,
SA).
. Results and discussion

A typical powder XRD pattern of the product is shown in Fig. 1.
he diffraction peaks can be indexed as those from the known
urtzite-structured (hexagonal) ZnO (a = 3.249 Å, c = 5.026 Å, space

ghts reserved.

http://www.sciencedirect.com/science/journal/09254005
http://www.elsevier.com/locate/snb
mailto:yangzao888@tom.com
mailto:thwang@hnu.cn
dx.doi.org/10.1016/j.snb.2008.07.016


58 Z. Yang et al. / Sensors and Actuators B 135 (2008) 57–60

g
Z
Z
T
Z
s
m
t
n
a
o

s

i
w
s

Fig. 1. An XRD pattern of ZnO nanorods.

roup: P63mc (186)) and are in agreement with the JCPDS card of
nO (JCPDS 36-1451). No characteristic peaks of impurities, such as
n (CH3COO)2·2H2O and other precursor compounds, are observed.
hen the results show that the product is single phase hexagonal
nO. Fig. 2a is a low-magnification SEM image of the ZnO nanorods,
howing the uniformity of the microstructure. Fig. 2b is a high-
agnification SEM image of the ZnO nanorods. It is obvious that

he product consists of a large quantity of straight and smooth
anorods. The average diameter of the nanorods was about 50 nm,

nd their average length was about 0.5 �m. It is also seen that most
f the nanorods are highly oriented.

The N2 adsorption/desorption isotherms of the ZnO product are
hown in Fig. 3, which displays the nitrogen sorption of type IV

Fig. 2. (a) Low- and (b) high-magnification SEM images of ZnO nanorods.
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Fig. 3. N2 adsorption/desorption isotherms of ZnO nanorods.

sotherm with a hysteresis loop of H1 type. The specific surface area
as 8.667 m2/g, indicating that the ZnO nanorods have a fairly small

urface to volume ratio.
To investigate the ethanol sensing properties of the ZnO

anorods with a vertically aligned arrangement, a sensor was fabri-
ated by a method similar to that described in previous papers [3,6].
uring the measurement each sensor was connected in series with
standard resistor of 47 k� under a bias of 5 V (dc), and the volt-

ge across the standard resistor was measured at a temperature of
00 ◦C and a relative humidity of ∼50% (at 22 ◦C) to evaluate the
esistance of the sensors. The sensor response (S) is defined as the
atio of the sensor resistance in air (Ra) to that in ethanol vapor (Rg),
= Ra/Rg.

The response versus time curves at different ethanol concen-
rations are shown in Fig. 4a. At each concentration, five cycles
f measurement are given and the response in the later cycle
ecreases slightly compared with the preceding cycles. This is due
o the leakage of ethanol, which occurs when the sensor is taken
ut from the test chamber, so the data in the first cycles are taken
o represent the correct response. When exposed to 1 ppm ethanol,
he sensor response is ∼10. With increasing ethanol concentration,
he response increases significantly. For ethanol vapor at levels of
, 5, 10, 30, 50, and 100 ppm, the responses are about 10, 12, 16, 36,
0 and 100, respectively.

The sensor response versus ethanol concentration is shown in
ig. 4b. The sensor exhibits a nearly linear response to ethanol in the
ange of 1–50 ppm. Such favorable characteristics indicate that the
resent sensor is very suitable for the detection of ethanol vapor at

ow levels.
ZnO nanorod gas sensors respond to the change of the carrier

oncentration, which is usually induced by oxygen adsorption on
he surface of the sensing materials [2]. The oxygen vacancy (VO)
n ZnO nanorods acts as an electron donor to provide electrons to
he conduction band of ZnO and makes the ZnO nanorods be an
-type semiconductor [7]. When exposed to air, the surface of the
nO nanorods will adsorb some oxygen molecules. The adsorbed
xygen will capture electrons from the conduction band of the
nO nanorods to become oxygen ions (O−, O2−, or O2

−), and O−
s believed to be dominant [8]. Consequently, depletion layers are
ormed in the surface area of the ZnO nanorods with an aligned
rrangement, causing the carrier concentration to decrease, so that
he resistance of ZnO nanorods in ambient air is higher than that
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Table 1
Contrast of ethanol sensors based on 1D mental oxide nanostructures

Material Size (nm) Concentration (ppm) Testing temperatures (◦C) Response Ref.
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nO nanowires 25 ± 5 100
nO nanorods 150 100
nO2 nanobelts 200 × 30 250
nO nanorods aligned 50 100

n vacuum. When the ZnO nanorods are exposed to ethanol, the
thanol molecules will react with the adsorbed O−, releasing the
rapped electrons back to the conduction band, and then the car-
ier concentration of ZnO will increase. Accordingly, the resistance
f the sensor decreases.

The response to ethanol of our sensor is much higher than those
eported by other authors [2,3,6] (Table 1). To understand the high
ensor response of our sensor, we speculate that the resistance (R) of
he vertically aligned assembly of ZnO nanorods is mainly due to the
ulk resistance of the nanorods (RN) and the contact resistance (Rc),

.e. R = RN + Rc. We first consider the surface depletion width is about
everal nanometers for ZnO in air. Because the diameter of each
od is as much as the depletion width, the surface depletion greatly
ffects the density of the carrier electrons in the rods. According
o the neck resistance in the neck-grain boundary control model
9], we deduce the following resistance equation for the aligned
ssembly of ZnO nanorods:

N = L

n�e[�bnbro2 + nd�d(rm2 − ro2)]
In this equation, e is the charge of electron, n is the number
f ZnO nanorods, mb is the electron mobility in the neutral layer,
d is the electron mobility in the depleted layer, nb is the free-

lectron density in the nanorods, nd is the free-electron density in

ig. 4. (a) Sensitivity response vs. time for ethanol concentrations of 1–100 ppm at
work temperature of 300 ◦C. (b) Sensor response vs. ethanol concentration.
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300 32 [2]
300 14.6 [3]
400 41.6 [4]
300 100 This work

he depleted layer, ro is the width of depletion layer, rm is the radius
f nanorods, and L is the length of nanorods. If we assume a ZnO
anorod as a resistance, the resistance of the ZnO nanorod assembly

s the parallel resistance of a mass of single ZnO nanorod resis-
ances. The total resistance is lower than the single ZnO nanorod
esistance. The ZnO nanorod assembly has a structure of arrayed
urface-depletion layers. The arrayed surface-depletion would be
tronger than the common surface-depletion.

We next consider the contacts between vertically aligned
anorods. The contact resistance of the ZnO nanorods is controlled
y the interrod barriers at the contacts. The barriers control the
ransport of electrons between the rods through the following
quation [10]:

c = Ro exp
{

− e�Vb

kBT

}

Vb is the change of the barrier potential defined as the potential
n air minus that in ethanol, Ro is a factor including the resistance in
ir and other parameters, e is the charge of electron, kB is the Boltz-
ann’s constant, and T is the absolute temperature. Accordingly,

he sensor response results partly from the barrier modulation at
he contacts by ethanol vapor.

Lastly, we consider pores. Between the nanorods there are a lot
f pores through which gas can percolate inside. We think that the
esponse of the present material is better than others due to these
ores which are absent in other cases. We measured the responses
o different gases like H2, CO, N2 and CO2 and found that the
esponses to the different gases were much lower than to ethanol;
he response values were 1.31, 1.47, 0 and 0 to 10 ppm of H2, CO, N2
nd CO2 at 300 ◦C. This result shows that the adsorption of oxygen
s responsible for the high resistance of the ZnO nanorods and sub-
tantiates that the structure of aligned arrangement is responsible
or the highly efficient detection of ethanol.

Furthermore, the large surface area of the ZnO nanorods with
n aligned arrangement provides more positions to adsorb oxygen
olecules. A larger quantity of (VO) induces higher adsorption sites

or oxygen without lowering the expansion level of depletion layer
or as-grown ZnO samples, which results in a further increase of
he gas sensitivity of ZnO nanorods.

. Conclusions

In summary, a high-performance ethanol sensor has been real-
zed by using aligned ZnO nanorods. The sensor response is as high
s 10 to 1 ppm ethanol. The high response is explained in terms
f the arrayed surface depletion layers and the entire surface con-
act between the aligned nanorods. Our results demonstrate that
n aligned assembly of ZnO nanorods is a very promising material
or fabricating gas sensors.
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