Chapter 11

Metal Oxide Nanowire Sensors
with Complex Morphologies
and Compositions

Qiuhong Li, Lin Mei, Ming Zhuo, Ming Zhang
and Taihong Wang

Abstract Metal oxide nanowire sensors with complex morphologies and com-
positions have shown promising properties due to their high surface-to-volume
ratio and stable structures against agglomeration. In this chapter, a series of metal
oxide nanostructures modified via surface coating, morphology variation, doping
and appropriate energy band engineering have been investigated, and the sensing
mechanism is discussed. By using nanostructures with complex morphologies and
compositions in simple material synthesis routes, the structure of the sensitive
material is modified, the electronic transport of the sensor is regulated and the
sensing properties can be greatly improved, including enhancing the sensitivity
and selectivity, lowering the working temperatures, reducing the response time and
achieving long-term stability.

11.1 Introduction

Metal oxide nanowire sensors have been investigated extensively in recent years [1—
3]. They are promising in a wide range of applications including monitoring atmo-
sphere quality, detecting hazardous and poisonous gases in mining or at home,
diagnosing human health, among others. The metal oxide nanowires are usually n- or
p-type semiconductors and sensitive to oxidizing or reducing ambient conditions.
The chemical information about the ambient gas and its concentration can be turned
into an electric one such as resistance, which can be easily detected [4].
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In 2004 ZnO nanowire sensors were fabricated by a MEMS technology [5].
They had shown a sensitivity of 1.9 and 47 to 1 and 200 ppm ethanol at 300 °C,
respectively. The response time was about 5 s and the recovery time was about
10 s to 1 ppm ethanol. The properties were much better than thin or thick film
metal oxide sensors. This high performance has attracted much attention and more
different types of nanowire sensors have since been developed. Metal oxide
nanowires are usually crystalline structures with well defined chemical composi-
tions. Sensors made of these nanowires exhibit superior properties in sensitivity,
selectivity, and stability due to their high surface-to-volume ratio, high degree of
crystallinity and stability against agglomeration [2].

The sensors usually consist of a large number of sensitive nanostructures (when
arranged in nanowire mats) that contact each other to form a thin conduction layer.
As nano-sized structures, surface effects and contact barriers dominate their
sensing properties, and oxygen plays an important role in their sensing mechanism.
When the sensor is in air, oxygen molecules are adsorbed on the surface of the
nanostructure and deprive it of electrons, forming oxygen ions (O, 0>~ or O,").
If the sensing material is n-type, a depletion layer forms on the surface of the
nanowire’s conduction channel, and the potential barriers are built up between the
nanowires, thus reducing the sensor conductance. On the other hand, for a p-type
material, the extraction of electrons from the nanowire increases the major carrier
concentration and hence increases the conductance of the sensor. Therefore, when
the n-type sensor is put in an oxidizing gas, more electrons are deprived, the
thickness of the surface depletion layer increases and the potential barriers are
raised. Thus the resistance of the sensor increases. While in a reducing gas,
electrons are transferred from the preadsorbed oxygen ions back to the metal
oxide, the depletion layer becomes narrower, the contact barrier is reduced and the
conductance of the sensor increases. With a similar mechanism, the conductance
of a p-type sensor increases in an oxidizing gas and decreases in a reducing gas.
The contact between the sensitive nanowires and electrodes may play a role as
well in the transport and sensing mechanism, but it is less important than that of a
single nanowire sensor since the electrodes are in parallel connection with a large
number of nanostructures.

The surface depletion and contact barriers all contribute to the sensor resistance
[6-8] that can be enhanced or reduced in adsorption and desorption processes,
whereas which one dominates the sensing mechanism mainly depends on the size
of the nanowires. If the diameter of the nanowire is much larger than the depletion
width, surface depletion does not greatly affect the density and mobility of the
carriers of the nanowires but significantly modifies the potential barrier of the
contacts between the nanowires. When the size of nanowires is comparable to
the space charge layer 2L4 (L4: Debye length), surface depletion greatly affects the
density and mobility of the carriers of the nanowires and these effects becomes
much more dominant in the corresponding sensing mechanism. Metal oxide
nanowire sensors have shown ultra high responses as the size of the nanowire is
close to or smaller than 2L4 [8—10].
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With rapidly growing demands for better sensors, sensors from simple metal
oxide nanowires need to be improved and better functional sensitive materials are
under development to further increase the sensitivity, quicken the response, lower
the working temperature, and enhance the selectivity. Therefore, materials with
complex morphologies and composition are receiving more and more attention.
The addition of noble metals has been reported to improve the selectivity and
stability of thin film sensors which has been adopted in nanowire sensors in the
current research [11-15]. Coating or doping is proven to be an effective method to
improve the sensing performance. By using coating and doping technology or
fabricating sensors from hierarchical-structure nanomaterials, the contact between
sensitive materials can be modified, the adsorption and desorption process can be
accelerated and the sensor properties are greatly improved. The sensing properties
for some nanostructures are summarized in Table 11.1.

In this chapter, a series of representative metal oxide nanostructure sensors with
complex morphologies and composition are discussed, including nanoparticle and
nanowire systems, hierarchical nanostructures, metal doping in nanowires, and
multiple-composition oxide nanowires. We demonstrate that the sensor properties
such as sensitivity, selectivity, response time and stability can be greatly improved
via the aforementioned methods.

11.2 Sensors Packaging and Measurement Setup

The sensors in this chapter are fabricated in a commercial style as shown in
Fig. 11.1a. After material synthesis they are usually dispersed in a solution such as
water or ethanol to get homogenous paste for coating on a ceramic tube. As shown in
Fig. 11.1a, a ceramic tube is welded on a six-electrode basic stand to connect with an
outside electronic circuit. The tube has a diameter of 1 mm and length of 5 mm. The
platinum electrodes 1-4 on the surface of the ceramic tube work as measurement
electrodes connecting with sensitive materials. Sensitive materials are coated on the
surface of the tube to form the conductive route. Electrodes 5 and 6 are for heating
and are connected with a platinum resistor located in the hollow ceramic tube center.
By monitoring the voltage on the platinum resistor, the working temperature of the
sensor is controlled. Before measurements the sensors are usually aging at 300 °C for
1-48 h by applying a heating voltage on the resistor.

The sensor is then connected in series with a reference resistor R, as shown in
Fig. 11.1b. As a voltage V. (usually 5 V) is applied on the sensor and the reference
resistor, the voltage on the reference resistor V,, can be measured and the
resistance of the sensor R is then calculated as Ry = (V. — Vou)R/Vour. The
sensor is first put in air with the resistance defined as R, and then put into a
chamber in which a certain concentration of target gas mixed with air is already
prepared. Then the sensor is taken out of the chamber and put in the air atmosphere
again. The resistance in the detected gas is defined as RS. The sensitivity (S) of the
sensor is defined as S = RE/R: as RS > R: or S = RY/RE as RS < R:. The real-time
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voltage on the reference resistor V,,, while varying the ambient is recorded and the
sensor resistance is calculated. The equipment for the sensor measurement is a
highly precise sensor analyzer NS-4003 series made by China Zhong-Ke Micro-
nano IOT Ltd. R, will be chosen automatically by the equipment according to the
sensor resistance. A measurement of 256 sensors can be carried out simultaneously
with a time resolution of 107 s and the measurable resistance range 10°-10° Q,
current range 107'>-107> A, voltage range 107°—10° V, and capacitance range
107"2-107* F. The equipment also provides accurate heating on the platinum
resistor, including constant current and voltage power supply. Due to the accurate
(with error less than 0.09 %) and dynamic measurement across the whole range
the electric signals can be recorded precisely.

11.3 Tin Oxide Coated Multi-Walled Carbon Nanotube
(MWCNT) Sensors

The sensing materials were synthesized by coating of MWCNTs with SnO,
nanograins using an ultrasonic method [16]. The MWCNTSs were prepared by an
arc discharge method. The collected material was purified by reflux in H,O, and
then in a mixture of sulfuric and nitric acids to remove particles in the MWCNT
materials. The process facilitated the formation of functional groups (mainly
carboxylic acid groups) on the MWCNTs to act as sites for SnO, coating [17].
Such a material was sonicated in tin chloride solution with hydrochloric acid, and
the resultant solution was then stirred for 30 min. Products were collected after
filtration and rinsed in distilled water. High resolution transmission electron
microscopy (HRTEM) studies revealed that the SnO, nanograins were uniformly
distributed on MWCNTs with the size about 2—6 nm as shown in Fig. 11.2. Then
the material was pasted on the surface of the ceramic tube for gas sensing mea-
surement as described previously.

By changing the gas categories including NO, NO,, C,H,, and ethanol with
certain concentrations, the resistance was measured in real-time. The standard
working temperature was about 300 °C and the resistance in air was about 130 kQ.
In oxidizing gases including NO and NO,, the resistance increased, while in
reducing gases, the sensor resistance decreased, which was in accordance with the
above discussion. The sensitivity to different gases and concentrations is shown in
Fig. 11.3a, b. The resistance increased to about 2.8 MQ and 1.4 MQ in 50 ppm of
NO, and NO, respectively. And the resistance decreased to about 46.3 kQ and
62.8 kQ in 50 ppm of ethanol and C,H,, respectively.

The sensing performance of the SnO,-MWCNT material can be understood in
terms of the aforementioned receptor-transduction mechanism. Namely, when the
sensor is in air, oxygen molecules are adsorbed on the tin oxide grains and extract
electrons from them, leaving with depletion layers between the grains and thus
forming barriers for electron transport. When the sensor is put in oxidizing gases
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Fig. 11.1 a Typical photo of the sensor. /—4 working electrodes, 5—6 heating resistor. / and 2 are
both ends of one platinum wire, and 3 and 4 are both ends of one platinum wire. b Measurement
circuit configuration for the sensor. Vi heating voltage, V. voltage applied on the sensor and the
reference resistor, V,,, voltage on the reference resistor, R, reference resistor

Fig. 11.2 High resolution transmission electron microscopy (HRTEM) image of the sensitive
material for SnO, nanoparticle coated MWCNTs. The tin oxide nanocrystal grains can be seen
clearly. Scale bar 10 nm

such as NO and NO,, the molecules are directly adsorbed on SnO, grains and
further extract electrons, so higher barriers are formed between them and the
sensor resistance rises. The oxidizing response can follow the reaction path (11.1).
When the sensor is taken out of the target gas and set in air again, NOy (x: 1 or 2)
gas molecules are desorbed from SnO, nanograins, and electrons are released. The
sensor resistance then recovers. On the other hand, when the sensor is put in
reducing gas such as ethanol or C,H,, these molecules react with preadsorbed
oxygen ions and release the trapped electrons, so the barriers are lowered and the
sensor resistance decreases. A representative reaction can be described as (11.2):

NO + e — NO~ (11.1)
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Fig. 11.3 The sensitivity in different gas concentrations for the sensors in a reducing gases of
ethanol and C,H,, b oxidizing gases of NO and NO,

C>HsOH + 60~ — 2C0; + 3H>0 + 6e™ (11.2)

The sensors exhibit high selectivity to NO, gases. SnO, is a typical n-type sen-
sitive material and MWCNTs are highly conductive. The sensor resistance is dom-
inated by the barriers between SnO, nanograins on the MWCNTs, and the barrier
height is controlled by the adsorption and desorption of gas molecules, which extract
or release electrons. Because the work function of the MWCNTs is approximately
equal to that of SnO,, the Schottky barrier between them is very low [18-20].
Electrons can travel through the tin oxide grains into the MWCNTs, and then conduct
in MWCNTs with low resistance. The sensor exhibits rather good stability. After
3 months, the fluctuation of the sensitivity is less than £3 %, which indicates that the
network structure of the sensor is very stable. It is assumed that MWCNTs provide a
support for SnO, nanograins to avoid their aggregation that is a serious problem for
traditional gas sensors composed of SnO, nanograins. The metal oxide sensors
usually work at a high temperature (200-500 °C). In SnO, nanoparticles sensors, the
nanoparticles tend to aggregate at elevated temperatures with aging that leads to
structure instability [21, 22]. When the particles become larger and denser, gas
diffusion into the inner part of the sensing materials becomes much more difficult.
Under this configuration, a high sensitivity cannot be achieved because the resistance
change occurs mostly near the surface region and the inner part remains almost
inactive. Moreover, the sluggish gas diffusion through the aggregated nanostructures
slows down the sensor response time.

There is another advantage of SnO,-MWCNT system. The sensor resistance
increases upon oxidizing gases. In many sensors including SnO, nanograins and
SnO, thin films, the resistance is high in air. When exposed to oxidizing gases, the
resistance becomes even higher (on the orders of tens or even thousands of MQ),
which is hard to measure with common circuitry. The sensors with SnO, nanograins
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Fig. 11.4 a and b Scanning electronic microscope (SEM) images of the hierarchical
nanostructures. Real-time response of the measured voltage on the reference resistor V,, as
the ambient was switched between air, ¢ 0.5 ppm ethanol, d 100 ppm ethanol (Reprinted with
permission from [23], Copyright 2008, American Institute of Physics)

coated on MWCNT are in a suitable resistance range, which is favorable for the
matching amplifying electronic circuit commonly available in industry.

11.4 Hierarchical Structures

With highly conductive Sb-doped SnO, nanowires as the backbone and SnO,
nanowires as the branches, three dimensional hierarchical nanostructures were
synthesized in a two-step vapor-liquid-solid (VLS) process [23]. Sb doped SnO,
nanowires were first grown at 800 °C for 1 h in a furnace with Sn and Sb powders
(20:1 in weight) as source materials and Au as catalyst. Then 5 nm-Au was
deposited on the Sb-SnO, nanowires as catalyst. Similar processes were used to
grow hierarchical structures with branched SnO, nanowires on Sb-SnO, nanowire
backbones. The scanning electronic microscope (SEM) image of the materials is
shown in Fig. 11.4a, b.
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The sensors based on hierarchical nanostructures demonstrated good sensing
properties as given in Fig. 11.4c, d. They could detect ethanol with the concentration
as low as 0.5 ppm and the corresponding sensitivity was about 2.3. The sensitivity
was 50.6—100 ppm ethanol with the response time about 2 s. The sensitivity vs.
concentration showed an almost linear behavior with the concentration between
0.5 ppm and 500 ppm, which was favorable for a wide ethanol detection range.

Sensors based on hierarchical nanostructures had stable three-dimensional (3D)
morphologies while maintaining the advantages of small size and high crystallinity
of the nanowire structures without scarifying large surface-to-volume ratio. Owing
to a large amount of porous space between the hierarchical structures in which gas
molecules could diffuse quickly, the sensor had short response and recover times.
Many paths for electrical conduction were offered by the branched nanowires
structure with metallic backbones and high sensitivity could be achieved. The
ability to detect ethanol down to 0.5 ppm level was probably related to the small
size and large surface of the active SnO, nanowire branches. Branched SnO,
nanowires were expected to be much more stable against agglomeration.

11.5 Nanoparticles Coated on Quasi-One Dimensional
Materials

Quasi-one dimensional metal oxides, such as ZnO and SnO,, demonstrate promising
sensing properties. However, the development of high quality sensors based on the
quasi-one dimensional materials still needs to be improved, including the sensitivity,
response time and selectivity of the sensors. The sensors based on nanoparticles have
very high surface-to-volume ratio and high sensitivity. However, since the sensor
usually operates at high temperatures, nanoparticles become easily aggregated into
larger size grains, which deteriorate the reliability and stability of the sensors. By
combining large surface-to-volume ratio nanoparticles deposited on to the surface of
stable quasi-one-dimensional crystalline nanostructures, one can expect to have
better sensing performance.

11.5.1 Gold Nanoparticles Coated ZnO Nanorods

The noble metals are well known to be good catalysts. There are many reports
where noble metal catalysts, including Au, Pt, Pd, and Ag have been used to
improve the gas sensing properties of nanowire sensors [14, 15]. For example, Au
nanoparticles are well known as active catalysts for e.g. CO oxidation, hydrogen
peroxide synthesis from H, and O, and hydrocarbon oxidation. Therefore, coating
nanowires with Au nanoparticles is an effective way to improve the gas sensing
properties of metal oxide nanostructures.
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Fig. 11.5 a Sensitivity of the sensor to different ethanol concentrations with/without Au
nanoparticles coating at 300 and 150 °C, b illustrations of chemical sensitization of the Au coated
nanorods, and real-time response of the nanorod, ¢ with and d without Au nanoparticle coating to
different ethanol concentrations at 150 °C. The concentration of ethanol is indicated in ¢ and d

ZnO nanorods were first pasted on the ceramic tubes and then Au nanoparticles
were deposited on the nanorods by sputtering [24]. The sensors were annealed at
700 °C in a muffle furnace for 1 h before measurement. The average diameter and
length of the nanorods were about 15 nm and 1 pm, respectively, and the diameter of
Au nanoparticles was about 4 nm. Figure 11.5a, c, and d show comparatively the
performance of the sensor with respect to various ethanol concentrations at 150 and
300 °C with or without Au nanoparticle coating. The sensitivity of ZnO nanorods
functionalized with Au nanoparticles could reach 89.5 to 100 ppm ethanol with a
response time of less than 2 s at 300 °C. Moreover, the sensor with Au nanoparticle
coating could work at low temperatures, specifically the sensitivity to 100 ppm
ethanol was 11.3 even as the working temperature was lowered down to 150 °C, and
the response and recovery times of the sensors at 150 °C were only about 10 and 20 s,
respectively. On the contrary, for the sensors without Au nanoparticle coating, the
sensitivity to 100 ppm ethanol was 7, and the response and recovery times were about
80 and 55 s, respectively, which are longer than the sensors with Au nanoparticle
coating.

Compared with bare ZnO nanorods, the sensing properties were greatly
improved not only in sensitivity but also in response time, which could be related
to the increasing rate of oxygen adsorption and desorption due to the catalytic
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Fig. 11.6 a Typical transmission electron microscopy (TEM) image of the SnO, nanobelt coated
with CdS, and the inset shows the corresponding selected area electron diffraction (SAED)
patterns, b Response curves of the SnO,-nanobelt and the CdS-nanoparticle-coated-SnO,-
nanobelt sensors to 100 ppm ethanolethanol at 400 °C (Reprinted with permission from [28],
Copyright 2004, The Royal Society of Chemistry)

action of Au nanoparticles. As shown in Fig. 11.5b, Au nanoparticles activate the
oxygen molecules, which could be more easily adsorbed on the surface of ZnO
nanorods. This adsorbed oxygen could diffuse faster to surface vacancies and
capture electrons from the conduction band of ZnO nanorods to become oxygen
jons (07, O* or 05). This catalyst decreases the working temperature of the sensor
and increases the quantity of adsorbed oxygen. The latter results in greater and
faster degree of ZnO nanorods electron depletion, which in turn defines its higher
sensitivity and faster response. With reduction of the size of Au particles, the
chemical sensitization effect of nanomaterials becomes much more remarkable and
the working temperature could be lowered further [25-27]. These sensors dem-
onstrated promising characteristics, especially on their low working temperatures,
which could be related to Au activation and small size effect. The method provides
an easy way to enhance the sensor performance.

11.5.2 SnO; Nanobelts Functionalized with CdS Nanoparticles

The sensing materials composed of CdS nanoparticles decorating SnO, nanobelts
were prepared by a sonochemical synthesis method [28]. First, single crystalline
SnO, nanobelts with 30-200 nm in width, 10-50 nm in thickness, and several
hundreds of microns in length were prepared by a thermal evaporation of Sn
powders at 800 °C. Then they were mixed in water with cadmium chloride and
thiourea in a sonication cell. The mixture was subjected to high-intensity ultra-
sonication for 1-3 h. After sonication the excess CdS nanoparticles were separated
from the rest of the mixture by centrifugation. Then the products were washed,
centrifuged and dried. The CdS nanoparticles were nearly spherical and had
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typical diameters in the range of 10-20 nm. The typical transmission electron
microscopy (TEM) image of the coated SnO, nanobelt was shown in Fig. 11.6a.

The SnO, nanobelt/CdS nanoparticle sensor had a high sensitivity to 100 ppm
ethanol (about 90) in air at 400 °C. As shown in Fig. 11.6b, the sensitivity of the
coated structure was much higher than that of uncoated nanobelts.

As we know, SnO, is a wide bandgap semiconductor with Eg = 3.6 eV, and
CdS is a narrow one with Eg = 2.4 eV. The energy band diagram of SnO, and
CdS heterostructures indicates that electrons would be transported from the coated
CdS nanoparticles to the SnO, nanobelts in a thermal equilibrium. An accumu-
lation layer of electrons is formed in the interface of SnO,/CdS. Thus, compared
with pristine SnO, nanobelts, the heterojunction offers an additional source for
electrons, that is, the CdS nanoparticles. Compared with general SnO, nanopar-
ticles and thin films, the sensor has a lower resistance about 16 kQ. In combination
with the large surface-to-volume ratio of CdS nanoparticles and stable nature of
SnO, nanobelts, the sensors are expected to have high sensitivity and to be more
stable. Other than the noble metal addition, CdS coating is a good way to improve
gas sensing properties toward specific gases.

11.5.3 p-n Junctions at the Interface Between CuQO
Nanoparticles and SnO, Nanorods

Band engineering is a very effective approach not only for microelectronic devices
but also for semiconductor sensors. As an example, by using the p—n junction in CuO-
SnO, nanostructures, we show that such sensors demonstrate ultra high sensitivity
and selectivity when exposed to H,S even at room temperature [29]. CuO and SnO,
are known to be a p-type and n- type semiconductors, respectively. Nanoscale
p-n junctions were formed by coating SnO, nanorods with CuO nanoparticles. The
SnO; nanorods were synthesized by a hydrothermal method, with a typical diameter
and length of 10 and 100 nm, respectively. They were added in ethanol solution with
Cu(NO3;),. 3H,0. After ultrasonic and stirring treatment, green products were col-
lected, filtered and dried at 75 °C. Then the products were annealed with a slowly
rising temperature to 800 °C and the final materials with CuO nanoparticles coated
on SnO, nanorods were finally collected. TEM inspection revealed that CuO
nanoparticles had an average diameter about 4 nm.

The gas sensing properties of this material were tested at 18, 60, 95, 180, and
300 °C and the sensitivity to 10 ppm H,S was shown in Fig. 11.7a. It could be as high
as9.4 x 10*at60 °C. The response time was about 30 s and the recovery time lasted
several hours at 60 °C. Raising the working temperature could shorten both the
recovery and response time in a large degree, but the sensitivity also decreased with
elevating temperatures. When the temperature rose above 103 °C, CuS converted
into Cu,S with lower conductivity, resulting in a decrease of sensitivity with
increasing temperatures. Also, the sensing properties to different gases including
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Fig. 11.7 a Sensitivity of the sensor at different temperatures to 10 ppm H,S, b energy band
diagram illustration of the CuO-SnO, PN junction sensor to H,S gas (Reprinted with permission
from [29], Copyright 2008, American Chemical Society)

ethanol, SO,, and H, had been investigated, and the sensitivity toward these gases
was found to be more than 1 order of magnitude smaller at room temperature. Such
good selectivity toward H,S can be used to avoid the interference of other gases.

The good performance in sensitivity and selectivity could be explained by the
presence of the p—n junction and small size effect. P-fype CuO nanoparticles were
coated on n- type SnO, nanorods uniformly along the rods, forming the network of
p—n junctions at the surface of the nanorod as shown in Fig. 11.7b [29]. When the
sensor was in air, the barriers at the junctions effectively blocked the electrons
flowing through the nanorods, resulting in a very low conductance. On the other
hand, when the sensor was exposed to H,S gas, the CuO nanoparticles reacted with
H,S following the chemical reaction:

CuO + H>S — CuS + H,O (11.3)

CuS was reported to have relatively high metal-like conductivity. Upon the reaction
(11.3) p—n barriers disappeared. Since the work function of CuS is lower than that of
SnO; as shown in Fig. 11.7b, the conductance of the sensing material become greatly
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Fig. 11.8 Real-time resistance of the SnO, nanorod sensors a with and b without La,O5 loading to
different concentrations of ethanolethanol (Reprinted with permission from [30], Copyright 2009,
Elsevier). ¢ Sensitivity of the sensor at different ethanol concentrations with and without La,O3 loading

enhanced. In addition to the reduction reaction with CuO, H,S being a reducing agent,
also reduced pre-adsorbed oxygen that increased the conductance further. Taking into
consideration the comparability of the diameter of SnO, nanorods to the depletion
width one can assume the conduction channel inside the nanorods could be very narrow
and the resistance in air could be very large. As aresult, a large resistance change could
be observed upon exposure of the sensor to H,S, which implied a super high sensitivity
aslargeas 10* Moreover, the reaction in (11.3) was effective for H,S gas but not for H,,
ethanol or SO,, therefore a high selectivity to H,S was achieved.

11.5.4 La,0;3 Loaded SnO, Nanorods

Another example of the surface functionalization of nanowire sensors is SnO,
nanorods loaded with La,03. SnO, nanorods with diameters about 5-20 nm and
length about 100-200 nm were synthesized by a hydrothermal method [30]. After
dropping La(NO3)3;-6H,O into SnO, nanorod solutions, stirring for 4 h, and
annealing the materials at 800 °C for 3 h, La(NOj3); was converted into La,O3, and
the La,O5 loaded SnO, nanorods were obtained.

The response of SnO, nanorod sensors with/without 5 % weight La,O5 towards
ethanol gas at a working temperature of 200 °C is shown in Fig. 11.8a, b,
respectively, and the sensitivity vs. concentration was shown in Fig. 11.8c. The
sensitivity was 213 to 100 ppm ethanol. As the temperature increased, the sensi-
tivity became smaller due to the decrease of resistance in air with increasing
temperature, closely related to a thermally activation mechanism.

The high performance of the sensor can be interpreted by taking into account the
surface chemical properties of these two oxides. Generally the sensing mechanism is
based on the change of resistance when exposed to ethanol that reacts with the
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adsorbed oxygen species followed reaction (11.2) discussed above. The ethanol
molecules become oxidized to CO, and H,O. The reaction transfers electrons back to
the conduction band, and as a result the resistance of the sensors decreases. Inter-
actions of ethanol molecules with the oxide surfaces are quite complicated and the
sensor signal depends both on the density and nature of surface active centers.
Depending on the surface chemical conditions of oxides, the ethanol molecules can
convert to CO, and H,O through two kinds of reactions: (1) dehydration into C,H,4 in
the presence of acid surface groups as shown in (11.4), and (2) dehydrogenation into
acetaldehyde (CH3;CHO) in the presence of basic surface groups as given in (11.5).
The intermediates (C,H, and CH3;CHO) then react with adsorbed oxygen ions and
are turned into CO, and H,O followed as (11.6) and (11.7), respectively:

acid—surface

CoHsOH ““ " CoH, + H,0 (11.4)
CoHsOH "™~ CH,CHO + H» (11.5)
CHy + 60~ — 2C0, + 2H,0 + 6¢~ (11.6)
CHACHO + 30~ — 2C0; + 2H,0 + 3¢~ (11.7)

The surface of the SnO, nanorods contains many acidic centers such as Brgnsted
and Lewis type [31], and ethanol molecules mainly decompose to C,H, intermedi-
ates. On the other hand, La,0j3 is a typical basic oxide [31]. Therefore, the presence of
La, O3 at the surface of SnO, will reduce the amount of the acidic sites. The latter will
result in the formation of Lewis acid—basic pairs, which lead to a preferred dehy-
drogenation process, and more ethanol molecules will convert to CH;CHO. From the
thermodynamic point of view, reaction (11.5) is more favorable than reaction (11.4)
under the same conditions [32, 33], and this is the reason why SnO, shows a higher
response to CH3;CHO than C,H, with the same concentration and the La,O5 loading
enhances the sensitivity of the SnO, nanorod sensor.

11.6 Doping in Oxide Nanowires and Nanowires
with Multi-Compositions

Noble metal doping has a similar effect on the sensing properties to surface
modification by noble metal coating that has been discussed before. The con-
ductivity of the nanowires can be modulated by controlling the level of the doping
metal, and the surface reaction path could be also modified. It is very important to
control the doping level in the metal oxide nanowires during the process of their
synthesis to avoid a second phase formation. To enhance the certain property of
the sensor, doping with appropriate elements and levels is very promising strategy.
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Fig. 11.9 a SEM image of the Sb doped SnO, nanowires, b EDS of the Sb doped SnO,
nanowires, which inidicates the sample is composed of Sn, O and Sb (the peaks of Cu come from
the Cu grids) (Reprinted with permission from [34], Copyright 2005, The Royal Society of
Chemistry)

11.6.1 Sb Doped SnO, Nanowires

Sb doped SnO, nanowires were synthesized by thermal evaporation of Sn and Sb
powders (the weight ratio 10:1) at 900 °C in a constant flow of 1 % oxygen and
99 % nitrogen at a rate of 5 I/min [34]. Energy dispersive X-ray spectra (EDS)
revealed that the synthesized nanowires were composed of Sn, O and Sb and the
atomic percentage Sb in the synthesized sample was about 3.5 %. The SEM and
EDS images were shown in Fig. 11.9a, b, respectively.

The sensitivity of Sb-doped SnO, nanowire sensors was about 1.76 upon
10 ppm ethanol gas. The response and recovery time to 10 ppm ethanol were
about 1 s and 5 s, respectively.

Sb metal doping in SnO, nanowires could decrease the sensor resistance in air
and shorten the response and recovery time of the sensor. Presumably Sb doping
accelerates the ionosorption of oxygen on the surface of the SnO, nanowires,
which has a great significance to reduce the recovery times of the sensor.

11.6.2 Indium-Doped Tin Oxide (ITO) Nanowires
and ZnSnQ3; Nanowires

Besides modifying the materials from accustomed binary metal oxide nanowires, new
compounds composed of multiple elements such as ternary oxides have been also
explored to test their sensing properties. Indium-doped tin oxide (ITO) and ZnO-SnO,
compounds have a great potential for flexible transparent electronics, solar cells, light
emitting diodes and etc. Here we briefly review their gas sensing properties.

ITO nanowires were synthesized by a thermal evaporation of In,O3, SnO, and
graphite powders (weightratio of 4:1:4) at 930 °C for 2 hin argon and oxygen mixed
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Fig. 11.10 a SEM image of the ITO nanowires, b Response of the sensor to different ethanol
concentrations, insert: sketch of the nanowire in air and in ethanol (Reprinted with permission
from [35], Copyright 2006, American Institute of Physics)

gases [35]. The ITO nanowires had diameters ranging from 70-150 nm and lengths
of several tens of micrometers as shown in Fig. 11.10a. EDS spectrum indicated
atomic ratio (In, Sn, and O) of the ITO nanowires was about 5.5: 31.6: 62.9.

The gas sensors based on ITO nanowires were very sensitive to ethanol gas as
shown in Fig. 11.10b, and the sensitivity was up to 40 upon 200 ppm ethanol at
400 °C. Both the response and recovery time were less than 2 s.

ZnSnO; nanowires were synthesized by a thermal evaporation of ZnO, SnO and
graphite mixture powders (weight ratio of 1:5:1) [36]. The mixture was heated to
700 °C as the pressure was kept below 4 Pa. Then a mixed gas of oxygen and
argon was introduced into the tube furnace till the pressure became 1,000 Pa and
the tube furnace was sealed. The mixture was heated at 990 °C for 2 h. The
nanowire product was collected and analysis showed that they had a composition
of ZnSnOj3. These nanowires had diameters ranging from 20 to 90 nm and lengths
up to several tens of micrometers. EDS spectrum showed that three elements
(Zn, Sn, and O) uniformly distribute over the whole nanowires, respectively.

Gas sensors based on ZnSnO3; nanowires had a quick response to ethanol. The real-
time response to different concentrations of ethanol at 300 °C was given in Fig. 11.11.
Both response and the recovery time were about 1 s to 1 ppm ethanol. The sensitivity
was about 2.7 to 1 ppm ethanol and 42 to 500 ppm ethanol, respectively.

ZnSnO; nanowires and ITO nanowires had been suggested to have higher
conductivity than SnO, and higher sensitivity to ethanol gas than bulk ZnO, SnO,
and Zn,SnO, [37, 38]. They were potential candidates for high performance
sensors and the sensing properties could also be improved by coating or doping
methods in the future.

11.7 Summary

A series of metal oxide nanostructures with surface functionalization, bulk doping,
and with complex morphologies or compositions are discussed and their sensing
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properties along with sensing mechanisms are briefly reviewed. The nanostructure
synthesis method is very simple and easy to be reproduced. It has been shown that
combining the merits of functionalization, doping and morphology tuning with
energy band engineering, the sensing performance of nanowires can be greatly
enhanced. Among the reviewed sensors we demonstrate that the response time can
be less than 1 s. The sensors exhibit high sensitivity, especially in case of SnO,
nanorods loaded with La,O3; which demonstrate a sensitivity of 213 to 100 ppm
ethanol even at a low working temperature of 200 °C. Alternatively very high
sensitivity to H,S has been observed for CuO-SnO, nanostructures which form
p-n junctions. The selectivity of such sensors is also largely improved. The results
indicate a number of guidelines to improve the sensor properties.

1. The hierarchical nanostructures possess a stable 3D morphology, and therefore
provide a large amount of open space for facile gas diffusion, adsorption and
desorption. In addition, the small dimension of nanostructured branches is
favorable for high sensitivity. Therefore a stable, quick response and highly
sensitive sensor can be achieved.

2. Nanoparticle coatings on the surfaces of quasi-one dimensional materials,
nanowires/nanotubes/nanorods, provide a stable support for nanoparticles to
prevent agglomeration that is usually the main reason for sensor deterioration
with aging. In addition, the small nanoparticle size offers large surface-to-
volume ratio and enhanced catalytic action which accounts for the high sen-
sitivity and fast time response. Besides, noble metal doping can also performs
as an effective catalyst and improve the sensor performance.

3. By choosing proper material combinations, the energy band, e.g. p—n junction,
heterojunction can be engineered appropriately. All these can be used to
enhance the sensitivity and selectivity of the sensors.

4. Rare earth oxides can “navigate” the intermediate reaction to a thermody-
namically favorable direction that can enhance the rate of conversion of
reducing gas and enhance the sensitivity of the gas sensor.
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