[o29)]

G Model
JIEC 3043 1-22

Journal of Industrial and Engineering Chemistry xxx (2016) XxX—XXX

Contents lists available at ScienceDirect

Journal of Industrial and Engineering Chemistry

journal homepage: www.elsevier.com/locate/jiec

Review

A review of recent developments in tin dioxide composites for gas
sensing application

Q1 |.P. Cheng®*, Jiao Wang?, Q.Q. Li%, H.G. Liu®, Y. Li®*

2 State Key Laboratory of Silicon Materials, School of Materials Science & Engineering, Zhejiang University, Hangzhou 310027, China
b School of Materials Science and Engineering, Northwestern Polytechnical University, Xi'an 710072, China
€ Department of Metallurgical and Materials Engineering (MTE), The University of Alabama, Tuscaloosa, AL 35487, USA

ARTICLE INFO ABSTRACT

Article history:

Received 14 June 2016 Sn0, has been extensively investigated and used to detect a variety of gases for practical application.
Received in revised form 11 August 2016 SnO, nanomaterials with different morphologies and spatial assemblies have been fabricated in the last
Accepted 12 August 2016 few years in order to improve the gas sensing performances. Meanwhile, many reports on the fabrication
Available online xxx and gas sensing research using SnO,-based composites have been also published recently. In this work,

we reviewed the recent developments of conductivity type of gas sensors for various SnO,-based
Keywords: composites, including SnO,/inorganic metal oxide, SnO,/carbon nanomaterials, SnO,/noble metals,
zin diox.itde Sn0,/polymer, and SnO,/other materials in the last five years. Most of reports demonstrated that using a

omposite

composite the properties of the gas sensing material could be greatly improved, such as high sensitivity,
low working temperature, quick response, excellent stability or low detection limit. Each component had
its unique effect to influence the sensing properties of the composite. The possible development

Heterostructures
Q2 Carbon nanomaterials
Noble metal

Gas sensor directions were also discussed.
© 2016 The Korean Society of Industrial and Engineering Chemistry. Published by Elsevier B.V. All rights
reserved.

Contents

L o L Tt (oo PP 00
Gas sensing mechanism Of SO, . ... ..ottt e e e e e e e 00
SnO, composite gas SeNSING MAteIIAlS . . ... ... ittt et ettt e e e e e e e e 00
SNO,/iNOrganic Metal OXIdeS . ... ... ittt et e e e 00
Zero-dimensional heterojunctions or spherical heteroStrUCtUIeS . ... ... ...ttt ettt et ettt ettt et 00
One-dimensional NeterOSIIUCIUIES . . .. v .ttt et ettt et e et e e e e et e e e e e e e e e et et ettt ettt 00
Two-dimensional heterostructured COMPOSItE . . . ... ..ttt ettt et et et e ettt et e et e ettt ettt 00
Three-dimensional hierarchical ReteroStrUCtUIeS . . ... ... ... .ttt e e ettt et ettt 00
SNO0,/CarbOn MAtETIAlS . ..ottt e ettt e e e e e e e e e e e e e e e 00
CNTs/SnO;-based gas sensing MAaterials . ... .. ... u. ittt ettt ittt e e et et e ettt et ettt et es 00
Graphene/SnO,-based gas sensing Materials .. ... ... ...ttt ettt et et ettt e e e e 00
SnO,/noble metals sensSing MAterials . . .. ... ...ttt e et et ettt e 00
Pd/SNO; SENSING MaAteIialS . ..ttt e ettt e e et et e e e e e e 00
Pt/Sn0; SENSING MAteIials . .. ... u ittt e et et et e et e e e e e 00
Au/SNO; SeNSING MALETIALS . . ..t i ittt ettt ettt e et e et e e e e e e e e e 00
Other metals and their mixture With SO, ... ... . ittt et et ettt e e e e 00
SNO,/polymer SENSOT MAtEIIAlS . . .. oottt ittt ittt et e e e et e et e e et e e e 00
Composite of SN0z /0ther MaAterials ... ... ..ot e e et e et et et et ettt et e et e 00
Conclusions and OULIOOKS . . ... .t e 00
Y aXa S Lo )T e ] ' 1<) o L 00
RSl (=] <) el PP 00

* Corresponding authors.
E-mail addresses: chengjp@zju.edu.cn (J.P. Cheng), yuan.lil@northwestern.edu (Y. Li).

http://dx.doi.org/10.1016/j.jiec.2016.08.008
1226-086X/© 2016 The Korean Society of Industrial and Engineering Chemistry. Published by Elsevier B.V. All rights reserved.

Please cite this article in press as: J.P. Cheng, et al., A review of recent developments in tin dioxide composites for gas sensing application, J. Ind.
Eng. Chem. (2016), http://dx.doi.org/10.1016/j.jiec.2016.08.008



mailto:chengjp@zju.edu.cn
mailto:yuan.li1@northwestern.edu
http://dx.doi.org/10.1016/j.jiec.2016.08.008
http://dx.doi.org/10.1016/j.jiec.2016.08.008
http://dx.doi.org/10.1016/j.jiec.2016.08.008
http://www.sciencedirect.com/science/journal/1226086X
www.elsevier.com/locate/jiec

66

67
68
69
70

G Model
JIEC 3043 1-22

2 J.P. Cheng et al./Journal of Industrial and Engineering Chemistry xxx (2016) XXxX—xXX

Introduction

Gas sensing technology is receiving much attention in the
practical applications including industrial and academic fields. It
chiefly involves discriminating and monitoring the concentration
of gases in the industrial processes as well as in everyday life [1]. Its
potential application areas can be industrial production, automo-
tive industry, medical application, indoor air quality supervision
and environmental monitoring, etc. [2,3]. Thus, various materials
such as inorganic semiconductors, conjugated polymers and
carbon nanomaterials have been explored to fabricate gas sensors
that can be used to detect combustible, flammable and toxic gases,
and/or oxygen depletion [4,5]. Among them, inorganic semicon-
ducting metal oxides are currently being intensively investigated
because of their low cost, flexibility in production, easy usage and
various gases validation. Many metal oxides are suitable for
detecting combustible, reducing, or oxidizing gases by the
conductive measurements [6]. A lot of papers about metal oxide
gas sensors have been published in recent years.

Due to the high demand for reliable and robust gas sensing
devices, academic research continues to play an important role in
this field. Meanwhile, with the rapid development of nanoscience,
the superior control over the shape and the size of the nanocrystals
enable sensors with an enhancement in sensitivity and selectivity
[7]. Small size, lightweight and high surface-to-volume ratios of
these nanostructures are the best choice for improving the
capability to detect gas species. Tin dioxide (SnO,) is one of the
most commonly used gas sensing materials and it is n-type
semiconductive material whose electrical conductivity is depen-
dent on the density of pre-adsorbed oxygen ions on the surface. Its
excellent electrical and optical properties and well chemical
stability make SnO, as a suitable material for gas sensors. The basic
detection principle of its sensor is still the change of the resistance
of the sensing layer with gas adsorption, where target gases have
red-ox reactions with the surface of SnO,. The resistance of SnO,
changes with the variation of target gas concentration [2]. Thus,
nanostructured SnO, materials can offer great potential for
environmental applications including gas sensing [8-10].

By now, many kinds of SnO,-based materials with good sensing
characteristics have been obtained, including nanofibers [11-14],
nanowires [15-19], nanotubes [20,21], hollow spheres [22,23],
hierarchical structures [9,24-27], nanoslab [28,29], etc. However,
in addition to precisely controlling the size and morphologies of
SnO, materials [30], there are also other efficient strategies to
improve their sensing properties such as elemental doping,
composites assembly, noble metal function. There have been
many published review papers related on SnO- and its gas sensors
[9,10,31-40], but few of them paid special attention to its
composite. This is the main motivation of this review paper.

As a simple review of Sn0O,-based gas sensor materials, the main
attention in this work will be focused on various composites
containing SnO, which have been published in the recent five
years. The discussion and contents involve the composites of
inorganic oxides/SnO,, carbon materials/SnO,, polymer/SnO,,
noble metals/SnO, and their potential uses as gas sensing
materials. By focusing on SnO, composites (excluding doped
Sn0,), we hope to provide readers better understanding on the
recent development in gas sensing, uncovering their possible
research in future.

Gas sensing mechanism of Sn0O,

Materials that can change their properties depending on the
ambient gas can be used as gas sensing materials. The most
common used sensing materials are semiconductive metal oxides,
which can provide sensors with several advantages such as low

cost and high sensitivity. The sensing material is very important for
sensors and is usually deposited as a polycrystalline film or layer on
a substrate with integrated electrodes and heating to make a gas
sensor. Some typical important properties for a gas sensor are its
sensitivity, operating temperature, selectivity and long-term
stability.

Though many metal oxides are suitable for detecting gases, the
most widely used semiconductor gas sensing material is SnO, with
n-type conductivity, high adsorption capacity, highly chemical and
thermal stability in air. Its band gap is 3.6eV (300K). The
mechanisms responsible for SnO, gas sensing are not completely
understood and subject to ongoing discussion. An empirical model
to explain the fundamental gas sensing mechanism is as follows.
According to this model, chemisorption of oxygen from the gas
phase creates extrinsic surface acceptor states that immobilize
conduction band electrons from the near surface region of the n-
type semiconductor. Thus a depletion layer is created at the
interfaces of the sensor material (e.g., SnO,) as a result of adsorbed
oxygen from air under ambient conditions. The presence of other
gases with either reducing or oxidizing properties will conse-
quently affect the density of charge carriers in the near-surface
region of each SnO, grain [40]. Reducing gases will abstract
surface-bound oxygen atoms, a process that release immobilized
some of the charge carriers (conduction electron). In contrast,
oxidizing gases will immobilize further conduction-band electrons
from the near-surface region by creating additional surface-
acceptor states. As a result, the foreign gases cause a decrease
(reducing gases) or increase (oxidizing gases) of the depletion layer
thickness by tuning the surface-state density of SnO,. Then, the
charge transfer between the surface adsorbed gaseous species and
Sn0, surface atoms leads to change in carrier concentration of
SnO, and widening or narrowing of the depletion layer [41].
Reducing gases in general increase the conductivity of SnO,
material, while the opposite is observed for oxidizing gases. A
simple schematic image for this process is depicted in Fig. 1. Some
more comprehensive discussion of the underlying principles can
be found elsewhere [2,40,41].

To greatly improve the sensitivity of SnO, materials, it is
important to develop active materials with large surface areas and
huge porosity, ensuring the easy reaction between SnO, and
analyte gases. Thus, it is generally accepted that a hierarchical SnO,
nanostructure with open porous features has a better performance
than the dense nanoparticles aggregates. So, three-dimensional
(3D) SnO, nanomaterials have received much attention recently. In
addition to this, SnO, composites also can have a large surface area
and provide effective diffusion of target gases, as well as additional
possibilities for further modification such as guest metal loadings.

Sn0, composite gas sensing materials
Sn0y/inorganic metal oxides

Heterostructured SnO, with other semiconducting metal
oxides will provide another promising strategy to develop novel
high-performance gas sensors. As mentioned above, gas sensors of
individual SnO, materials are attractive due to their high
sensitivity, quick response, and good stability but still have the
main drawbacks of large band gap (3.6 eV, which can only respond
to UV illumination) and high electron-hole recombination rate
[10]. However, these can be effectively modulated or overcome by
compositing SnO, with other metal oxides such as n-type TiO,,
Zn0O, WOs, In,03, CaO, MgO, V,0s, Nb,Os, etc., and p-type NiO,
Co304, Sby03, La05, Cu,0, Ag,0, CeO,, etc. (see Table 1 for more
details).

The heterojunctions formed between SnO, and these metal
oxides exhibit interesting electronic properties by coupling the
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