Chapter 7 ®)
One-Dimensional Nanowire-Based Check or
Heterostructures for Gas Sensors

Jun Zhang and Xianghong Liu

7.1 Introduction

Gas sensors with the ability to detect gaseous species in a quantitative and qualitative
manner play an important role in various aspects in our daily lives. They can
function as a feasible means to monitor air quality, environmental pollution, chem-
ical detection, control of chemical processes, food quality, and medical diagnosis
and so forth.

One-dimensional (1D) nanostructures at least one dimension in the range of
1-100 nm (nanowires, nanorods, nanoribbons or nanobelts, nanofibers) have long
been considered as promising building blocks for gas sensors [1-7]. The fascinating
features of nanowires for gas sensing include high surface-to-volume ratio, sensitive
surface, high crystallinity, high carrier mobility, low power consumption and ease
for device integration [2, 6, 8, 9]. In 2001 nanowires were initially employed to
fabricate gas sensors as proof-of-concept [2, 3]. Afterwards nanowires are drawing
fast growing interest in the field of gas sensing with an outcome of over 1200
publications in past 15 years from the Web of Science using the keywords nanowire
and gas sensor (Fig. 7.1). It is important to note that among these publications metal
oxide nanowires hold a dominant position, while other nanowires including organic
polymers, metals, and other semiconductors only register a small part (12.6%). It is
not strange that n-type ZnO and SnO, nanowires are the most extensively studied
materials for gas sensing because the electron mobility in ZnO and SnO, is very high
(160 and 200 cm® V™' 5!, respectively) with respect to that of other metal oxides
such as In,O;, WO; and TiO, (100, 10 and 0.4 cm® V' s7', respectively)
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[8]. Although p-type semiconductor metal oxides such as CuO, NiO, Co;0,4 with
low hole mobility only take part of lower than 10% for gas sensing, [10] they can
function in high-performance gas sensor by forming heteronanostructures or serving
as a catalyst.

1D metal oxide nanostructures were first utilized for gas sensor in 2002, when
Comini et al. [11] and Yang et al. [4] demonstrated respectively that single-
crystalline SnO, nanobelts (nanoribbons) prepared by thermal evaporation were
highly sensitive to NO,. Kolmakov et al. [12] were among the first to show SnO,
nanowires obtained by using AAO template method exhibited highly sensitive, fast,
stable, and reproducible reponses to CO. In 2003, the Zhou group [13] initially
reported In,O5 nanowires-based field-effect transistor (FET) as a gas sensor to detect
NO, and NHj; with significantly improved sensing performance in comparison with
the traditional thin-film based sensors. Later in 2004, Wan et al. [14] reported that
ZnO nanowire sensors exhibited a very high sensitivity to ethanol and fast response
time at 300 °C. Following these early works, research on nanowire sensors has been
attracting more and more interest.

In order to improve the sensing properties of nanowires, significant efforts have
been directed to sensitize the nanowire surface. By now typical strategies include
decorating nanowire surface with secondary-phase nanoparticles, [15-22] forming
core-shell structures, [23—-26] and elemental doping [27-29]. Among these methods,
surface functionalization of 1D nanowire with various nanoparticles (metals, oxides,
semiconductors) has attracted considerable interest because of synergistic benefits
induced by the coupling and the heterointerface between the host nanowires and
guest nanoparticles. Such a nanowire-nanoparticle heterostructure have been shown
to greatly improve the “4S” gas sensing parameters, e.g. sensitivity, selectivity,
stability, speed (response-recovery time), as well as the operating temperature.

In this chapter, we will specially focus on the progress made in the past 15 years
toward using the unique nanowire-nanoparticle heterostructures for achieving supe-
rior sensing performance. Since in the field of gas sensing there have been many
comprehensive reviews and chapters dealing with synthesis, modification and
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application of 1D nanostructure for sensors, [6-9, 30-38] we do not attempt another
chapter as such here. The major goal is to identify how one can optimize the above-
mentioned gas sensing characteristics through engineering nanowire-nanoparticle
heterostructures and contribute to the understanding of function mechanisms for
heteronanowire-based gas sensors.

7.2 Advantages of Nanowires for Application in Gas
Sensing

As a typical 1D nanostructure, nanowires can offer some essential advantages over
nanoparticles for gas sensing [8]. Conventional gas sensing film consists of a large
quantity of nanoparticles, which have a risk of grain coarsening induced by the high
working temperature. This might cause a decreased stability of the sensor device as
the polycrystalline sensitive layer might be sintered due to thermal effects after a
long working. This has been proved by Sysoev et al., [39] who carried out a
comparative study of the long-term gas sensing performance of single crystal
SnO, nanowires and SnO, nanoparticles (Fig. 7.2a, b). They showed that the device
made of nanowires demonstrated excellent sensitivity and long-term stability toward
traces of 2-propanol in air. Different from the nanowires, the nanoparticles exhibited
a superior initial sensitivity, but the sensitivity deteriorated during the first month of
operation and gradually stabilized at the level observed steadily in the nanowires.
The enhanced stability of the nanowire sensors is ascribed to the reduced propensity
of the nanowires to sinter under real operation conditions with respect to
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Fig. 7.2 HRTEM and SEM images of (a) SnO, nanoparticle layer and (b) SnO, nanowires, (c) the
change of sensor baseline resistance measured with SnO, nanoparticles and SnO, nanowires versus
time. Open and filled circles correspond to nanoparticles and nanowires. Experiments were initially
carried out in dry air and then (since day 26) in humified air. Reproduced from ref. [39], Copyright
2009, with permission of Elsevier
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Fig. 7.3 Scheme of gas
sensors based on (a) a single
nanowire transistor and (b)
multi-nanowires.
Reproduced from ref.

[40]. Copyright 2004
American Chemical Society

nanowire

(b)

Si/8i0; back gate nanowires

nanoparticles. Long-term working at elevated operating temperature facilitates
sintering of nanoparticles, leading to aggregation and encapsulation of nanoparticles
into larger agglomerates. This work also reveals that the humidity has very big
influence on the sensor stability of nanoparticles, while nanowires possess a relative
good resistance to humidity.

Another advantage of nanowires is that they can be directly employed as the
sensing element in a single nanowire form (Fig. 7.3a) [40]. In a single nanowire
sensor, the nanowire must be carefully positioned on electrodes. Compared to
nanowire films (Fig. 7.3b), fabrication of sensor devices based on a single nanowire
requires the use of more complex and multiple processes, as well as high fabrication
cost.

However, single nanowire sensors afford the opportunity to fully utilize the
unique features of 1D nanostructure, e.g., the very thin diameter, large surface-to-
volume ratio, and high crystalline quality. Kolmakov et al. [12] demonstrated that for
SnO, nanowires with a diameter of 60 nm the surface adsorption of molecules could
alter the bulk electronic properties of the nanowire, not merely the surface region.

Furthermore, in a single nanowire device, the effects coming from nanowire—
nanowire interfaces are avoided, which plays an important role in conventional
sensors based on polycrystalline nanoparticle and nanowire films. The absence of
such crystallite interfaces ensure the successful realization of a conductivity switch,
the bulk conductivity of which is fully determined by the surface sensing behavior.
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This offers the base for researchers to study the intrinsic sensing mechanism arising
from the surface chemistry occurring on a nanowire.

7.3 Nanowire-Nanoparticle Heterostructures and Gas
Sensing Mechanism

Nanowires can function as a sensing element in many sensor configurations [38]
such as chemiresistors, Field-effect transistors (FET), optical sensors, surface acous-
tic wave sensors and quartz crystal microbalance sensors, among which the
chemiresistor whose conductance is altered by charge-transfer processes occurring
at their surfaces and FET whose properties is controlled by applying an appropriate
potential onto its gate are commonly used for investigation of sensing features of
nanowires [0, 7].

The fundamental operating principles of gas sensing have been explained in
many publications. Briefly electrical conductivity or resistivity of materials is mod-
ified by the sensing reactions between ionosorbed oxygen species and gas mole-
cules. The gas sensing reactions induce charge transfer, which alters the conductance
or resistance of the materials. The sensing reactions taking place on material surface
usually involve mainly three processes, i.e. adsorption, reaction, and desorption.
Take n-type metal oxides such as ZnO, SnO,, and In,O; for example (Fig. 7.4a),
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Fig. 7.4 Formation of (a) electron depletion layer in n-type and (b) hole accumulation layer in
p-type oxide semiconductors. Reproduced from ref. [10], Copyright 2014,with permission of
Elsevier
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Fig. 7.5 The sensing mechanism of SnO, nanowires involves (a) a completely depleted and hence
nonconductive state under an oxidizing ambient and sharply increased conductance due to electron
transfer from surface states back into the nanowires interior when a reducing gas (CO) is admitted.
(b) The response of the nanowires toward O and CO pulses. The CO concentration in the flowing
gas was reduced from pulse to pulse. Reproduced from ref. [12] with permission of Wiley-VCH

oxygen molecules adsorb onto the surface of semiconductors and ionize into
chemisorbed oxygen species such as O,~, O, and O>~ by drawing electrons from
the surfaces of the semiconductors [41, 42]. In general, it is believed that the
chemisorbed oxygen species of O, , O, and O~ are dominant at <150 °C, between
150 and 400 °C, and at >400 °C, respectively [42]. This process creates an electron
depletion layer and turns the semiconductor into a high resistive state [42]. While for
p-type metal oxide semiconductors (Fig. 7.4b), this leads to the formation of hole
accumulation layer near the surface. Exposure to reductive gases such as ethanol will
result in an increase in the conductivity for n-type semiconductors and a decrease for
p-type materials, whereas the effect of oxidative gases is reversed.

1D metal oxide nanowires with a typically high length-to-diameter ratio are
regarded as promising candidates for high-performance sensor. Based on the well-
known grain size effect [43], sensor sensitivity is critically related to the grain size
(D) of nanoparticles when D is comparable to 2 L (L is the thickness of electron
depletion layer or space charge layer). When D is larger than 2 L, only the grain
boundary is subject to formation of electron depletion layer, meaning that the
sensing reactions do not change the sensor resistance very much. From this perspec-
tive the diameter of nanowires should have an important effect on gas sensing
performances. For example, Kolkamov et al. [12] stated that not only the surface
region but also the entire SnO,_ nanowire could be depleted of electrons if the
diameter is small enough, i.e. comparable to the Debye length (ca. 43 nm for SnO, at
500 K). In air rich of oxygen, the SnO, nanowires are non-conductive because the
nanowire is fully depleted of conduction electrons (Fig. 7.5a). Exposure to
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Fig. 7.6 Illustration of band bending in a wide bandgap semiconductor after chemisorption of
charged oxygen species on surface sites. E¢, EV, and Er denote the energy of the conduction band,
valence band, and the Fermi level, respectively, while A,;: denotes the thickness of the space-charge
layer, and eV g s.ce the potential barrier. The conducting electrons are represented by e~ and + rep-
resents the donor sites. Reproduced from ref. [22] with permission of Wiley-VCH

combustible gas such as CO switches the SnO, nanowires into conductive state
again. Their sensing properties shown in Fig. 7.5b are also consistent with this
mechanism.

The adsorption of the charged oxygen species leads to band bending (Fig. 7.6),
which generates a surface potential barrier eV;. The height (eV,) and depth (w) of the
band bending depend on the surface charge concentrations, [22, 44] which is
determined by the amount and type of adsorbed oxygen. The conductance of
nanowires can be defined as [31, 38, 42].

(D —2w)?
G= —_—

noepT—
where 7y is the concentration of charge carriers, e the electron charge, y the mobility
of the electrons, D and L are the diameter and length of the nanowire channel, w the
depth of electron depletion layer which is related to the Debye length of materials.
The Debye length is obtained in Schottky approximation [42].

ev,
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v kT
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where Vg is the band bending induced by chemisorption of charged species, &, the
absolute dielectric constant, ¢ the relative dielectric permittivity of the structure, k the
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Bolzmann’s constant, T the temperature. The change in conductance induced by the
surface sensing process can be expressed as

(D —2w)*
AG = Anyepm—— )
nyeun—

Therefore the sensor sensitivity (S, in some cases sensitivity is also named as
Response [11]) can be defined as

g 4G _an,

G no
where Ang is the change in concentration of charge carriers. The linear dependence of
S on An, reveals that a more measurable change in concentration of charge carriers
can enhance the sensor sensitivity. Great effort is thus focused on manipulating the
Ang through surface functionalization of metal oxide nanowires.

Although metal oxide semiconductor holds a dominant position in gas sensing,
they suffer from some critical drawbacks such as poor selectivity and high operating
temperature. The past 15 years has witnessed significant advance in sensor perfor-
mance propelled by sensor scientists. Numerous efforts have approved the effec-
tiveness of surface functionalization of nanowires by nanoparticles as a sensitizer or
promotor toward optimizing the “4S” sensor parameters, i.e., sensitivity, selectivity,
stability, and speed, as well as operating temperature. In the following section we
will mainly discuss the unique heteronanowires being composed of nanowires as the
host and guest nanoparticles, and their sensing mechanism. Based on the
functionalization materials, the guest phase are classified as metal nanoparticles
and metal oxide nanoparticles.

7.3.1 Metal Oxide—Metal Heteronanowires

To date, great success has been achieved in employing noble metal nanoparticles as a
promotor to sensitize the surface of metal oxide semiconductors for enhanced gas
sensing. Metal nanoparticles can be loaded onto metal oxides to give the
heterostructures by various physical or chemical techniques [45, 46]. Table 7.1
summarizes some typical gas sensors based on 1D Metal oxide-Metal
nanostructures.

From Table 7.1, it is seen noble metals such as Au, Ag, Pd, and Pt have been
widely used as a promotor. However the promotion mechanisms are quite different
based on the used metals. According to Yamazoe, [43] the “promotion effect” by
noble metals can be classified as “‘chemical sensitization” or “electronic sensitiza-
tion”, depending on whether the noble metals change the work function of the
semiconductor or not. The chemical sensitization (Fig. 7.7a) takes place via a
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Table 7.1 Properties of gas sensors based on 1D metal oxide-metal nanostructures

209

Materials

Test gas

Concentration
(ppm)

Sensitivity (S)/
Response (R)

Detection
limit (ppm)

Temperature
O

Pd/ZnO
nanowires
[21]

H,S

10

732.1

<1

265

Pd/ZnO
nanowires
[47]

Ethanol

500

61.5%

<5

230

ZnO/Au
nanowires

[48]

(60)

50

60%

<5

250

ZnO/Pt
nanowires

[49]

NO,

0.1

1.08

<0.1

100

Pd/ZnO
nanowire

[50]

Acetone

500

153.8

300

ZnO/Au
nanowires
[51]

Ethanol

100

33.6

<2

380

Au/ZnO
nanorods
[52]

H,S

475

<1

25

Au/ZnO
nanowires

[53]

Benzene

10

6.275

<1

340

Au/ZnO
nanowires

[54]

H,S

38

25

Au/ZnO
nanorods
[55]

Ethanol

100

52.5

<1

310

Au/ZnO
nanowires

[56]

Ethanol

1.33

<5

325

Ag/ZnO
nanowires
[57]

Ethanol

10

280

Au/ZnO
nanorods
[58]

NO,

16 (S)

500 ppb

150

Pt/ZnO
nanowires

[59]

Ethanol

50

32.6

250 ppb

265

Pd/ZnO
nanorods

[60]

CcO

1000

4.6

300

(continued)



210

Table 7.1 (continued)

J. Zhang and X. Liu

Materials

Test gas

Concentration
(ppm)

Sensitivity (S)/
Response (R)

Detection
limit (ppm)

Temperature
O

Au/ZnO
nanorods
[61]

CcO

200

3.4 (S)

150

Pt/SnO,
nanowires

[62]

H,

100

13

150

Pt/SIlOQ
nanorods
[63]

Ethanol

200

39.5

<10

300

Pt/SnO,
nanowires

[64]

Toluene

40

<1

300

Pt/SnO,
nanowires

[65]

CcO

400

400

Pd/Sn0O,
nanorods
[66]

Ethanol

500

59

300

Pd/SIl02
nanofibers
[67]

Formaldehyde

100

18.8

160

Rh/SnO,
nanofibers
[68]

Acetone

50

60.6

<1

200

Ag/Sn0O,
nanowires

[69]

NO,

>1000

300

Pd/Sn0O,
nanorods
[70]

H,

10

2.85

350

Au/, Sl’lOZ
nanowires
[71]

NO,

60

10

0.1

300

Pd/SIl02
nanofibers
[72]

H,

2.57

20 ppb

160

Pt/Inzo 3
nanofibers
[73]

H,S

600

1490

200

Pt/II’l203
nanowires
[74]

0O,

15

1.04

50

Au/In, 05
nanowires
[75]

CO

104

<0.2

Room temp.

(continued)
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Table 7.1 (continued)
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Materials

Test gas

Concentration
(ppm)

Sensitivity (S)/
Response (R)

Detection
limit (ppm)

Temperature
O

Au/In203
nanorods
[76]

Acetone

50

40

10 ppb

250

Pd/Il'l203
nanowires

[16]

NO,

30

<3

300

Au/ In203
nanowires
[77]

(€(0)

100

2200

500 ppb

Room temp.

Ag/TiO,
nanobelts
[78]

Ethanol

20

6.659

200

Pd/TiO,
nanobelts

Ethanol

10

7.16

200

Pt/TiO,
nanowires

[79]

(6(0)

30

1.18

300

Pd/TiO,
nanowires
[80]

H,

1000

100

Pd/TiO,
nanowires
[81]

Chloroform

1000

0.65

200

Pd/TiO,
nanorods
[82]

H,

1000

250

30

Au/W! 03
nanorods
[83]

H,

50

6.6

290

Pt/WO;
nanorods
[84]

Ethanol

200

73

<1

220

Pd/WO;
nanorods
[85]

NH;

100

300

Pd/WO;
nanotubes
[86]

H,

500

17.6

<10

450

Au/WO;
nanowires

[87]

H,S

10

80

<5

291

Ru/WO 3
nanorods

[88]

H,S

192

0.2

350

(continued)
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Concentration | Sensitivity (S)/ | Detection Temperature
Materials Test gas (ppm) Response (R) | limit (ppm) | (°C)
Pd/WO; H, 1000 3 - 300
nanowires
[89]
Au/Fe, 05 Acetone 1 591 <1 270
nanowires
[90]
Au/Fe,03 Butanol 100 9.5 - 320
nanorods
[91]

I Metal

B snO, Electron depletion layer

Fig. 7.7 Schematic illustration of (a) chemical sensitization and (b) electronic sensitization of
metal promoters on SnO, surface. Reproduced from ref. [93] with permission of Wiley-VCH

spill-over effect, which is well-known in catalytic science. The metal promoter, such
as Pt, activates the test gas molecules to facilitate its oxidation on the semiconductor
surface. According to Barsan et al., [92] Au also doesn’t alter the bulk or surface
electronic properties of metal oxide support, hence belonging to the “chemical
sensitization” via spill-over effect. In this case the metal promoter does not affect
the resistance of the semiconductor and the promoter increases the sensor sensitivity
by increasing the reaction rate of the chemical processes. Electronic sensitization
(Fig. 7.7b) results from a direct electronic interaction at the interface between the
promoter and semiconductor. Specifically, typical promoters (e.g., Ag and Pd) of
electronic sensitization are known to form stable oxides (AgO and PdO) in air, and
produce an electron-depleted space charge layer on the surface. The electronic
sensitization will decrease when the oxide form of metal promoters are reduced to
metal by reductive gases.

In another work, Kolmakov et al. [15] have reported that Pd nanoparticles could
sensitize the SnO, nanowires through spillover effect in addition to electronic
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Fig. 7.8 (a) Schematic depiction of the three major process taking place at a SnO, nanowire/
nanobelt surface: (1) ionosorption of oxygen at defect sites of the pristine surface; (2) molecular
oxygen dissociation on Pd nanoparticles followed by spillover of the atomic species onto the oxide
surface; (3) capture by a Pd nanoparticle of weakly adsorbed molecular oxygen that has diffused
along the tin oxide surface to the Pd nanoparticle’s vicinity (followed by process 2). Rg is the
effective radius of the spillover zone, and R is the radius of the collection zone. (b) Band diagram
of the pristine SnO, nanostructure and in the vicinity (and beneath) a Pd nanoparticle. The radius of
the depletion region is determined by the radius of the spillover zone. Reproduced from ref. [15]
with permission. Copyright 2005, American Chemical Society

sensitization. In contrast to the findings from Barsan et al. [92], they also observed a
reduction in conductance of SnO, nanowires after loading Au nanoparticles due to
formation of baroscopic depletion regions. The decreased conductance is caused by
the electron transfer from semiconductor to metal particles induced by nano-
Schottky junctions. Figure 7.8 shows both the “chemical sensitization” and “elec-
tronic sensitization” of Pd nanoparticles on SnO, nanowires. The “electronic mech-
anism” proposes the formation of depletion zones around the Pd nanoparticles and
attributes the improved sensing to the modulation of the nano-Schottky barriers (and
hence the width of the conduction channel) due to changes in the oxidation state of
the Pd (and therefore its work function) accompanying oxygen adsorption and
desorption. Furthermore, the Pd nanoparticles catalytically activate the dissociation
of molecular oxygen by spillover effect, “chemical mechanism”, whose atomic
products then diffuse to the metal oxide support. This process greatly increases
both the quantity of oxygen that covering on the SnO, surface and the rate at which
this dissociation process occurs, resulting in a greater (and faster) degree of electron
withdrawal from the SnO, (and at a lower temperature) than for the pristine SnO,
nanowires.

By either chemical sensitization or electronic sensitization, researchers are able to
optimize the sensors to selectively detect gas with higher sensitivity and faster
response time. In the following parts we will give a detailed overview of the current
progress.
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7.3.2 Metal Oxide—Metal Oxide Heteronanowires

Besides noble metal nanoparticles, various metal oxide nanoparticles also demon-
strate great success in improving the sensing features of semiconductors. An appro-
priate combination of different metal oxide semiconductors to produce
heterostructures can lead to enhanced charge transduction and modulated potential
barriers at the interface. For heteronanowires constituted by metal oxide nanowires
and metal oxide nanoparticles, of central importance is the interface between
nanowires and nanoparticles. When two metal oxide semiconductors with different
Fermi levels come into contact, the electrons at the higher level will transport across
the interface to the lower one until the Fermi energies reach in equilibrium. This
leads to a region depleted of charge carriers at the interface. Moreover, a potential
energy barrier is generated at the interface due to the band bending which is caused
by the difference in original Fermi levels of the materials. Electrons must overcome
this barrier in order to cross the interface. Based on the different conductivity type of
semiconductors, the coupling of metal oxides can give different heterointerface or
heterojunction, e.g. p-n, n-n and p-p. Since n-type metal oxide semiconductors are
much more widely used than p-type for gas sensors, [10, 94] within this chapter we
mainly focus on the heteronanowires containing n-type metal oxide nanowires as
the host.

7.3.2.1 P-N Heteronanowires

P-type metal oxides such as NiO, CuO, Cr,03 and Co304 are not popularly used for
gas sensors due to their low charge carrier mobility and structure instability, [94]
however, they can be used as a good promotor in combination with n-type metal
oxides to achieve better sensor properties by virtue of p-n heterojunctions. Table 7.2
surveys the gas sensing performances of 1D n-p heterostructures constructed by
p-type nanoparticles and n-type nanowires.

The formation of p-n heterojunctions is equivalent to electron—hole recombina-
tion in the vicinity of a p—n junctions [103]. Electrons flow from n-type metal oxides
to the p-type one and holes flow from p-type metal oxides to the n-type one until the
build-up potential prevents such flow. This charge carrier transfer results in a
reduction of the hole concentration in the p-type metal oxide and electron concen-
tration in the n-type metal oxide, thus a space charge layer is formed at the
heterointerface. Figure 7.9 illustrates the corresponding band structure of
heterojunctions in p-Cr,O5; nanoparticles/n-SnO, nanowires [103]. The width of
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Table 7.2 Gas sensing performances of 1D p-n heterostructures
Sensitivity Detection
Concentration | (S)/Response | limit Temperature

Materials Test gas (ppm) R) (ppm) °C)
CuO/WO3 H,S 100 672.5% 1 300
nanowires

[95]

Co0304/WO3 H, 2000 6.1 - 200
nanowires (96,

Co0304/WO5 Acetone 100 5.3 <6 280
nanorods (97,

C0304/Zn0O NO, 5 454 - 200
nanorods [17]

NiO/ZnO Ethanol 5 29.04 0.05 450
nanowires

[98]

CuO/ZnO Ethanol 100 98.8 1 300
nanowires

[99]

CuO/ZnO Triethylamine 50 8 <10 40
nanorods

[100]

CuO/ZnO H,S 10 18.7 1 230
nanofibers

[101]

CuO/Sn0O, H,S 10 15 0.1 300
nanowires

[102]

Cr,03/Sn0, H, 10 41 - 300
nanowires

[103]

Cr,05/Sn0, Trimethylamine 5 9.87 - 450
nanowires

[19]

NiO/SnO, H,S 10 1372 1 300
nanowires

[104]

Cu,0/Sn0O, Benzene 10 12.5 <5 300
nanowires

[105]

CuO/Sn0O, H,S 1 23 - 200
nanofibers

[106]

CuO/Sn0, H,S 10 1.98x 10* - 300
nanofibers

[107]

CuO/In,03 H,S 5 1.16 x 10° 1 150
nanowires

[108]
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Fig. 7.9 Scheme of the band structure of p-Cr,O5/n-SnO, heterojunctions. Reproduced from ref.
[103] with permission. Copyright 2014, American Chemical Society

the space charge layers (X, and X)) induced by the p — n heterojunctions can be
calculated using the following equations [46, 103].

X — ZEnV() ]ﬁ 1
"\ ¢ \W.)\W,+N,
2,V (N) ( 1 )
X, = ) [——
g \N,)\N,+N,

where ¢, and &p, are the static dielectric constant, N, and N, carrier concentration of
n- and p-type metal oxide semiconductors, respectively, V, the contact potential
difference between n- and p-type metal oxides.

7.3.2.2 N-N Heteronanowire

Researches have shown that heteronanostructures containing two n-type metal
oxides are also quite promising for gas sensing. Table 7.3 lists some typical
examples of gas sensors based on n-n heteronanowires.

Unlike the p-n heteronanowires, whose interface at the p—n junction has far few
free electrons due to electron-hole recombination, increasing the resistance [45], the
interface at an n—n junction simply transfers electrons from the semiconductor with a
high Fermi level to the one with a low Fermi level, resulting in a depletion layer in
the former and an accumulation layer in the latter. The accumulation layer is further
depleted by subsequent oxygen adsorption on the surface, increasing the potential
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Table 7.3 Gas sensing performances of 1D n-n heterostructures
Sensitivity Detection
Concentration | (S)/Response | limit Temperature

Materials Test gas (ppm) R) (ppm) ©C)
Sn0,/ZnO H, 500 70% - 400
nanorods

[109]

Sn0,/Zn0O H,S 500 1.5 - 250
nanowires

[110]

ZnO/WO3 NO, 5 281% - 300
nanorods

[111]

Sn0,/ZnO NO, 500 ppb 13.4 <200 ppb | Room temp.
nanorods

[112]

ZnO/Fe,03 Butanol 100 54.4 - 225
nanorods

[113]

TiO,/WO; Acetone 200 7.6 <10

nanorods

[114]

7ZnO/Fe,03 Ethanol 100 17.8 <2 280
nanospindles

[115]

SnO,/Fe,03 Ethanol 100 27.45 <5 200
nanotubes

[116]

SnO,/WO; H, 1 137 - 300
nanowires

[117]

Fe,03/In,05 Acetone 10 298% - 200
nanowires

[118]

In,05/Sn0O, NOx 100 8.98 0.1 Room temp.
nanowires

[119]

Zn0O/Sn0O, NO, 5 30.84 0.5 300
nanotubes

[120]

In,05/Sn0O, Trimethylamine | 10 7.11 <1 260
nanofibers

[121]

La,03/WO5 Acetone 200 17.8 0.8 350
nanofibers

[122]

In,03/WO;3 Acetone 50 12.9 0.4 275
nanofibers

[123]

TiO,/Sn0O, Acetone 100 13.7 <10 280
nanofibers

[124]
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Fig. 7.10 Band structures of (a) a-Fe,O3 and ZnO and (b) a-Fe,O3;@ZnO heterostructures.
Reproduced from ref. [125] with permission of IOP Publishing

energy barrier at the interface. Therefore the sensor response can be enhanced.
Fig. 7.10 displays the band structure of a heterostructure based on n-type a-Fe,O3
and ZnO [125]. ZnO has a higher Fermi level than a-Fe,O5 (Fig. 7.10a), hence the
electrons migrate from ZnO to the a-Fe,O3 until their Fermi levels equalize, as
shown in Fig. 7.10b. The electron transfer leads to the formation of electron
depletion layer at the ZnO side. On the surface of ZnO, there is also an electron
depletion layer produced by ionized oxygen species. The two conjugated electron
depletion layers significantly decrease the carrier concentration in ZnO, making the
material highly resistive, and this finally enhances the sensor response.

7.4 Gas Sensing Performances of Heteronanowires

The most important parameters of gas sensor are sensitivity, selectivity, stability and
speed (response-recovery rate), namely “4S” and operating temperature. In this
section we will overview the advances made in the literature to show how to improve
the sensor parameters by using heteronanowires as the sensing layer.
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Fig. 7.11 Detector responses of the (a) ZnO nanowire-based CO gas sensors; (b) responses to
50 ppm CO of different ZnO sensors at 350 °C. Reproduced from ref. [48] with permission of IOP
Publishing

7.4.1 Enhanced Sensing Performance of Metal/Metal Oxide
Heteronanowires

Numerous works have shown that functionalization of metal oxide nanowires can
lead to an enhancement of sensor sensitivity or response. For example,
Au-functionalized ZnO nanowires have demonstrated enhanced sensitivity or
response to CO, [48] NO,, [58] H,S, [52] ethanol, [51, 57] and benzene [53]. In
Fig. 7.11, Chang et al. [48] showed that at 350 °C the Au/ZnO nanowires possess a
significant higher response to CO than that of pure ZnO nanowire and Au/ZnO film.
Other heteronanowires such as Pt/SnO, nanowires [64],Pd/ZnO nanorods [60] and
Au/In,03 nanowires [75, 77], Pt/TiO, nanowires [79] are also reported to enhance
the sensor sensitivity or response to CO.

One of the main drawbacks of metal oxide semiconductor sensor materials is the
high working temperature, usually between 200 and 400 °C, which is not favorable
for obtaining long-term sensor stability. Through metal nanoparticle
functionalization, the working temperature of nanowires can be lowered in some
cases. For example, Katoch and coworkers [49] reported that the Pt/ZnO nanowires
can detect NO,, CO and benzene at 100 °C with high and fast responses. Lee et al.
[75] and Zou et al. [77] show that Au functionalization could result in CO response at
room temperature. The FET sensor based on Au/In,O; nanowires [75] is able to
detect distinct electrical changes for the CO gas concentration in the range of down
to 0.2-5 ppm at room temperature (Fig. 7.12).

For detecting H,S, Ramgir et al. [54] reported that Au/ZnO nanowires had a much
higher response and better selectivity than pure ZnO at room temperature (Fig. 7.13).
They also found that the content of Au nanoparticles was crucial to the sensor
response. A maximum response is obtained for 1.2 at% Au at room temperature,
and this could be attributed to the formation of Au islands ~5 nm size. A remarkable
16-fold increase in the sensor response toward 5 ppm H,S was obtained by Au
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Fig. 7.12 (a) Response plot for the Au/In,O3 nanowire FET (standard 60 min loading time), when
exposed to 5-0.2 ppm CO and inset shows a zoomed view of the I4-time plot for 5 ppm CO gas, (b)
sensor response plot for CO gas at room temperature for the same device as shown in the inset.
Adapted from ref. [75] with permission. Copyright 2011, American Chemical Society
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Fig. 7.13 Sensor performance of Au/ZnO nanowires at room temperature, (a) sensor response as a
function of Au (at%) to H,S, and (b) selectivity pure and Au (1.2 at%) modified ZnO nanowires samples
toward different gases. Reproduced from ref. [54], Copyright 2013, with permission from Elsevier

functionalization. Formation of nano-Schottky type barrier junction at the interface
between Au and ZnO has been proposed, and this was correlated with the obser-
vance of a higher resistivity and a higher work function (0.2 eV) for Au/ZnO. The
enhanced response was thus attributed to the alteration of barrier properties by the
adsorption or desorption of adsorbed gas molecules. Decrease in the operating
temperature of 1D metal oxide nanostructure-based sensors was also observed in
many other material systems such as Pd/SnO, nanofibers [72], Pt/In,O; Nanofibers
[73], Pt/In,O5 nanowires [74], Au/In,O3 nanorods [76], and Ag/TiO, nanobelts [78],
Pd/WOj3 nanowires [126] and Pt/WO3 nanowires [127].

The selective detection of gas molecules is essential for practical application of
gas sensors. Sensors based on semiconductor metal oxides often suffer from a poor
discretion among multiple gases. Studies have shown that the sensor selectivity
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Fig. 7.14 Selective sensing properties of metal-functionalized SnO, nanowires: (a) Pd, (b) Pt, and
(¢) Au; and TEM images: (d) Pd/SnO,, (e) Pt/SnO,, and (f) Au/SnO, nanowires. Reproduced from
ref. [64] with permission, Copyright 2016, American Chemical Society

could be optimized by noble metal functionalization towards detecting specific
analytes. Kim et al. [64] fabricated a serious of gas sensors based on SnO, nanowires
functionalized with Pd, Pt and Au nanoparticles using the y-ray radiolysis technique.
Their gas sensing tests (Fig. 7.14) demonstrated that the each noble metal provided
exceptional selectivity for a specific gas, i.e., Pd for C¢Hg, Pt for C;Hg, and Au for
CO. They attributed the selective sensing behaviors to the chemical sensitization of
noble metals. Briefly, the catalytic oxidation of CO on Au is efficiently improved,
the CgHg strongly interacts with Pd, and C;Hg tends to bond strongly onto Pt. In
another work, Liao and Ho and coworkers [77] designed a gas sensor based on
Mg-doped In,O5 nanowire FET arrays decorated with Au, Ag, and Pt nanoparticles.
This type of gas sensor exhibited a “one key to one lock™ selective detection to
reducing gases with distinguishable selectivity to CO, C,HsOH and H,, respectively.
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For metal nanoparticles functionalization, the loading of metals should be elab-
orately optimized in order to get the best response. Lee and coworkers [128] studied
the effect of the loading of Ag nanoparticles on the detection of ethanol of SnO,
nanowires. The sensor selectivity to ethanol against NH;, CO, and H, was investi-
gated for three discrete Ag loadings of the SnO, nanowires (Fig. 7.15a—d). An
optimum Ag loading (Fig. 7.15b, the SnO, nanowires were decorated with a high
density of 3-8 nm Ag nanoparticles) was observed in terms of both the sensor
sensitivity to ethanol and its selectivity for ethanol against the other three gases. In
Fig. 7.11f, at the optimum Ag loading, the sensor response to 100 ppm ethanol is
228, significantly higher than that (67) of pure SnO, nanowires. It is also seen that
higher loading of Ag nanoparticles degraded the sensor response. This might be due
to that larger Ag nanoparticles partially or completely connected with each other, as
a result, the sensor resistance is not governed by gas sensing properties of SnO,
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nanowires, but instead it is determined by the insensitive conducting Ag layer. In
another work, Kim et al. [69] also studied the NO, sensing properties of SnO,
nanowires as a function of the surface coverage of Ag nanoparticles. The surface
coverage (Sf) is defined as the ratio of the average surface area (A,p) of Ag NPs to
the unit surface area (A,) of SnO, nanowire. As shown in Fig. 7.16, the surface
coverage of Ag in the range of 0—1.76 has a large effect on the response to 1 ppm
NO, of the SnO, nanowires. At a S¢ of 0.88, the sensor exhibited the highest
response, while a further increase of Sy to 1.76 severely deteriorated the response.
These works suggest that optimization of S¢ or loading of metal is a key parameter in
metal nanoparticle—functionalized nanowire sensors.

Response-recovery speed is another important index for gas sensors. The
response and recovery times are usually defined as the time for the sensor to reach
90% of the final resistance of the sensor. Metal functionalization of nanowires can
also lead to an enhancement of the sensor response-recovery rate. Kim et al. [16]
investigated the effect of Pd functionalization on the response-recovery speed of
In,O3 nanowires for detecting 3 ppm NO,. In Fig. 7.17, it shows that the response
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Fig. 7.17 (a) Dynamic responses of bare and Pd-functionalized In,O3 nanowires for 3 ppm NO,.
Reproduced from ref. [16], Copyright 2011, with permission from Elsevier

time is decreased from 235 S to 60 S due to Pd functionalization, and the recovery
time is also greatly shortened.

7.4.2 Enhanced Sensing Performance of P-N
Heteronanowires

As shown in Table 7.1, the p-n heteronanowires consist of a variety of material
systems, which have demonstrated appealing features in gas sensing. Co30y4, NiO,
CuO, and Cr,05 are among the most widely used p-type promotors. The unique p-n
heterojunction formed at the interface of p-type and n-type semiconductors plays a
vital role in gas sensing. By virtue of the p-n heterojunctions, efficient gas sensors for
detecting H,, 96, acetone, (97, trimethylamine, [100] ethanol, [98, 99] CH,4 (110,
and NO, [17] have been reported. For example, Kim and coworkers [103] examined
the Cr,O3 nanoparticle-functionalized SnO, nanowires for detection of both reduc-
ing and oxidizing gases (Fig. 7.18). They found that both pure and functionalized
SnO, exhibited the highest response to NO, at 300 °C in the range of 200-400 °C.
The Cr,03/SnO, nanowires have a resistance of 5 to 10 times larger than those of the
pure SnO,. This indicates that the electron depletion layer of SnO, nanowires is
further expanded by the creation of Cr,O5/SnO, p — n heterojunctions. Notably the
Cr,05/Sn0O, nanowires showed greatly improved sensing capabilities to reducing
gases (Fig. 7.18c), however, the Cr,05 functionalization was found to deteriorate the
oxidizing gas sensing properties of SnO, nanowires (Fig. 7.18d).
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Fig. 7.18 (a) SEM and (b) TEM images of p-n Cr,O3/SnO, nanowires, and gas responses to
10 ppm of various gases (c¢) reducing and (d) oxidizing gas. Reproduced from ref. [103] with
permission. Copyright 2014, American Chemical Society

Hieu and coworkers [104] have applied NiO/SnO, nanowires to detect H,S. The
p-n heterojunctions were found to decrease the optimum operating temperature from
350 °C for pure SnO, nanowires to 300 °C. Significantly, the NiO/SnO, nanowires
have a response of 1372 to 10 ppm H,S, which is 351 higher than that (3.9) of pure
SnO,. Based on the NiO/SnO, nanowires, a low concentration of 100 ppb H,S is
also detectable. Such a giant enhancement of H,S response was attributed to the
unique sensing reactions. Upon exposure to H,S gas at elevated temperatures, the
NiO nanoparticles are primarily converted to metallic NizS,, which is an effective
electrical conductor. The formation of metallic NizS, can destroy the p-n junction,
thus causing a significant decrease in the electrical resistance. A similar mechanism
was also widely accepted for CuO-functionalized nanowires for H,S detection
[95, 101, 106, 108], where the formation of metallic CuS greatly altered the sensor
resistance during the sensing reactions. Consequently, this mechanism can be used
to design H,S gas sensor materials with a specific selectivity.
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Fig. 7.19 (a) Gas responses to 5 ppm C,HsOH and 5 ppm trimethylamine at 300-450 °C:
(a) pristine SnO, nanowires, (b) Cr,Oz-decorated SnO, nanowires, and (c¢) core—shell Cr,O3/
SnO, nanowires. Reproduced from ref. [129], Copyright 2014, with permission of Elsevier

Lee and coworkers [129] have shown that Cr,Os-decorated SnO, nanowires
prepared by thermal evaporation were highly sensitive and selective to
trimethylamine (Fig. 7.19). The authors found that at temperature of 450 °C the
SnO, nanowires functionalized with discrete Cr,O3; nanoparticles exhibited high
response to trimethylamine, when the temperature is below 400 °C, the Cr,03-
decorated SnO, nanowires are more sensitive to ethanol. They also revealed that if
the Cr,O; nanoparticles formed a continuous shell on SnO, nanowires, the
heteronanowires would lost the discrimination ability to both ethanol and
trimethylamine with a negligibly low response. According to the authors, the
selective sensing behavior to trimethylamine was attributed, apart from the p-n
junction, to the catalytic activity of Cr,O3 nanoparticles to promote the selective
detection of analyte gas.

7.4.3 Enhanced Sensing Performance of N-N
Heteronanowires

In Table 7.3, it shows that the 1D n-n heteronanostructures can be used to detect H,,
NO,, [112] butanol, [113] acetone, [114] and ethanol [115, 116]. The n-n
heterojunctions can lead to enhanced sensor performances based on the chemical
or electronic sensitization. For example, Kaneti et al. [113] have demonstrated that
ZnO-decorated a-Fe,O5; nanorods exhibited excellent sensitivity, selectivity, and
stability toward n-butanol gas at a low optimum temperature of 225 °C. Without
ZnO functionalization the pure a-Fe,O3; nanorods are more sensitive at 250 °C. In
particular, the ZnO/a-Fe,O5; nanorods has a higher sensitivity compared to pure
a-Fe,O3 (4 times higher) and ZnO nanorods (2.5 times higher), respectively, as well
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as faster response times. In another work from Li et al. [120], it was reported that
ZnO nanoparticles improved the response of SnO, nanotubes to oxidizing gases,
while declined the response to reducing gases. Specifically, the response of
ZnO/Sn0O, sensor (1.44) to H, was almost nearly one-fifth of the pristine SnO,
(6.89). While for the oxidizing gas like NO,, the ZnO/SnO, heterojunctions present
remarkably enhanced response, being six times higher response (30.84) than that
(5.09) of pure SnO,.

Kuang et al. [110] fabricated a FET gas sensor based on a single SnO, nanowire,
which was selective to H,S detection. They showed that at 250 °C the ZnO
nanoparticle functionalization could improve the sensor sensitivity to 500 ppm
H,S from 1.26 to 1.50, but in contrast the sensitivity to CO decreased from 1.15 to
1.08, and negligible influence was observed for CHy.

An acetone sensor with much enhanced response was reported by Lee and
coworkers [118]. The good performance was derived from the Fe,O;
functionalization of In,O; nanowires. According to the authors the n-n
heterojunctions had no effect on the optimum operating temperature, as both pristine
and Fe,Oj; functionalized-In,O3 nanowires showed the best response at 200 °C.

Kim et al. [117] recently reported that a selective detection of reducing or
oxidizing gases could be realized by functionalizing n-type SnO, nanowires with
WO; or TiO, nanoparticles (Fig. 7.20). The key lies in the difference in the work
functions of the host nanowires and guest nanoparticles. Specifically, the authors
found that the WO53/SnO, nanowires exhibited greatly improved response to reduc-
ing gases including H,, CO, C;Hg, and C¢Hg. On the other hand, TiO, nanoparticles
enhanced the oxidizing gas-sensing properties of SnO, nanowires. These results are
closely associated with the electron flow caused by the work function difference,
leading to either compression or expansion of the conduction channel of SnO,
nanowires along the radial direction. This work intensifies the resistance modulation
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of nanowires selectively to either reducing or oxidizing gases, respectively. The
approach proposed in this study may contribute significantly to the design of more
sensitive nanowire sensors.

7.5 Summary

In this chapter, the utilization of metal oxide nanowires functionalized by metal and
metal oxide nanoparticles as the sensing layer for gas sensors has been reviewed.
Nanowires with some essential merits such as 1D structure, high crystallinity and
tunable diameter are ideal building blocks for gas sensing devices. Due to the large
amount of studies published with respect to nanowires and gas sensors, this chapter
doesn’t attempt to include all the papers to give a complete review. In contrast, a
brief overview of gas sensing mechanism and the concept that improve the sensing
performances of nanowires, i.e., nanoparticle functionalization, were present. It is
concluded that nanoparticle functionalization is an effective method to optimize the
sensor performances through either chemical sensitization or electronic sensitiza-
tion. However challenges are still remaining in this field.

Traditional gas sensing layers are formed by a large quantity of nanoparticles.
The nanoparticle units are readily sintered under a long-term working at high
temperatures, thus resulting in deteriorated sensor stability. In principle, nanowires
offer a better stability compared to the nanoparticle morphology, this should con-
tribute to an improved long-term stability However, it is noted that in most cases, the
long-term sensing stability of heteronanowires has not been examined or proved.
Thus future efforts are needed to characterize the long-term stability of
heteronanowires sensors, especially working in a real operation condition.

Another factor that adds the risk of instability of gas sensors based on
heteronanowires is from the nanoparticle promotors. Although the nanoparticle
functionalization, as reviewed in this work, could afford significant improvement
in sensor sensitivity, the small size of metal nanoparticles makes them unstable. For
most metal-functionalized nanowires, a thermal process is usually necessary to
stabilize the loading of metal on nanowires. This process is also required to decrease
the structural defects in order to enhance the stability of the metal oxides. Thermal
treatment or long-term working at a high temperature would lead to a coarsening and
aggregation of the metal nanoparticle, thus decreasing the efficiency of chemical
sensitization during gas sensing.

The uniform distribution of nanoparticles has a large influence on gas sensing
properties of nanowires. The synthetic methods to load nanoparticle are of great
importance to guarantee a uniform coverage of nanoparticles with a small size on
nanowires. Efforts are still needed to develop more reliable methods.

The understanding of gas sensing mechanism is a central task for sensor scien-
tists. For pristine metal oxides, the basics sensing mechanism has been established
and well-understood for decades. However, for a complex system composing of
more than two materials, the interactions between each constituents and gas
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molecules are also becoming complex. This greatly adds the difficulty for researcher
to clarify the gas sensing mechanism. It should be noted that even for the same
materials system quite different result can be obtained. As discussed in the context,
some works confirm the promotion effect of nanoparticle functionalization in
enhancing the sensing performance to reducing gas, but suppressing the sensitivity
to oxidizing molecules, while some works obtained an opposite result. Unfortu-
nately, the reasons for such contradictory results are still not clear.
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