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Methane is an important gas for domestic and industrial applications and its source is mainly coalmines. Since methane is
extremely inflammable in the coalmine atmosphere, it is essential to develop a reliable and relatively inexpensive chemical gas
sensor to detect this inflammable gas below its explosion amount in air. The metal oxides have been proved to be potential materials
for the development of commercial gas sensors. The functional properties of the metal oxide-based gas sensors can be improved
not only by tailoring the crystal size of metal oxides but also by incorporating the noble metal catalyst on nanocrystalline metal
oxide matrix. It was observed that the surface modification of nanocrystalline metal oxide thin films by noble metal sensitizers
and the use of a noble metal catalytic contact as electrode reduce the operating temperatures appreciably and improve the sensing
properties. This review article concentrates on the nanocrystalline metal oxide methane sensors and the role of noble metals on
the sensing properties.
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1. Introduction

Over the past 20 years, a great deal of research efforts
has been directed towards the development of portable gas
sensing devices for practical applications ranging from toxic
gas detection to manufacturing process monitoring. For
coalmines most of the accident occurs due to the presence of
explosive and toxic gases like methane and carbon monoxide
in air. In underground coalmines there are many kinds of
ignition sources, such as electricity and frictions. Currently,
it is suspected that a large roof fall may also act as the
ignition source. This fall will compress air adiabatically and
produce air temperature, well above the degree necessary to
initiate a gas and/or coal dust explosion. So it is essential to
monitor continuously the concentration of hazardous gases
like CH4 and CO and alarm if the gas concentration level
is above a certain safety limit. Continuous research and
development activities are being pursued to explore a gas
sensor for detection of low concentrations of methane in
the coalmine atmosphere at substantially low temperature so

that the methane explosion is not further accelerated by the
prevailing high temperature in the Mines [1, 2].

Semiconducting oxides are the fundamentals of smart
devices as both the structure and morphology of these
materials can be controlled precisely and so they are referred
to as functional oxides. They have mainly two structural
characteristics: cations with mixed valence states and anions
with deficiencies. By varying either one or both of these
characteristics, the electrical, optical, magnetic, and chemical
properties can be tuned, giving the possibility of fabricating
smart devices. The structures of functional oxides are very
diverse and varied, and there are endless new phenomena
and applications. Such unique characteristics make oxides
one of the most diverse classes of materials, with properties
covering almost all the aspects of materials science and in the
areas of physics such as semiconductors, superconductivity,
Ferro electricity, and magnetism.

Since the demonstration almost 50 years ago [3] that
the adsorption of gas on the surface of a semiconductor can
bring about a significant change in the electrical resistance



of the material, there has been a sustained and successful
effort to make use of this change for the purposes of gas
detection [4]. Sensing toxic and flammable gases is a subject
of growing importance in both domestic and industrial
environments. Metal oxides such as Ga;0s, SnO,, WOs3,
TiO;, and ZnO [4-9] are stable physically and chemically
and are widely investigated for gas and humidity detections.
Sensing performance, especially response, is controlled by
three independent factors: the receptor function, transducer
function, and utility. Receptor function concerns the ability
of the oxide surface to interact with the target gas. Chemical
properties of the surface oxygen of the oxides are responsible
for this interaction in an oxide-based device and this
function can be largely modified. A considerable change
in the response takes place when an additive (noble metal,
acidic or basic oxide) is loaded on the oxide surface [8, 9].
Transducer function concerns the ability to convert the signal
caused by chemical interaction of the oxide surface (work
function change) into electrical signal. This function can
be realized by the measure of the current through a system
containing an innumerable number of grains and grain
boundaries, to which a double-Schottky barrier model can
be applied.

It has been observed by almost all researchers working
with oxide semiconductors for gas sensing that the operation
of such sensors with selectivity for a particular gas is
extremely difficult, especially when the changes in the
electrical properties are used as the sensor signal. Use of
sensor arrays and artificial neural network can normally solve
this problem. In fact today’s chemical sensors are much more
reliable with the implementation of ANN logic to improve
the selectivity [10].

The objective of the present review is to discuss the role
of noble catalyst metals to improve the functional properties
of nanocrystalline oxide gas sensors for methane sensing.

2. Different Types of Semiconductor
Metal Oxide Gas Sensors

Different structures of metal oxide gas sensors are innovated
through research and development for the last few decades
to improve the gas sensing performance. Some important
structures are discussed in the following section.

2.1. Resistive Type Metal Oxide Gas Sensors. The first est-
ablished and probably most well-known family of solid-
state gas sensors comprises the resistive type metal oxide
semiconductor sensors. This type of sensors are normally
operated at temperature where the main contribution
to variation of sensor signal originates from changes in
the electronic conductivity due to charge transfer during
chemisorptions and catalytic reactions at the surface and at
grain boundaries. The advantage of this sort of sensors is the
ease of fabrication and direct measurement capability. The
resistance is measured between the two contacts taken from
the top of the sensing (metal oxide) films deposited on a
nonconducting substrates like glass [11], alumina [12], SiO,
[13], and so forth.
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2.2. Schottky Type Gas Sensors. The functional characteristics
of sensors, for example, response magnitude and response
time were improved over the resistive type sensors by
adopting Schottky structures with catalytic metal electrode
contacts as reported. Since most of the catalytic noble metals
(Pd, Pt, Rh, etc.) make Schottky junctions with the semicon-
ducting metal oxides and provide the catalytic effect as well
as the collection of carriers, the metal layer serves as a gate
for the diode. In presence of reducing gases, the hydrogen
containing molecules suffers dissociative chemisorptions on
metal electrode to produce atomic hydrogen. The atomic
hydrogen diffuses into the metal/metal oxide junction and
reduces the catalytic metal work function. The Schottky
energy barrier changes due to the reduction of metal work
function and this change can be measured by I-V, C-V, or
any other electrical mode [14-16].

The double barrier Schottky junction in the metal-
insulator-metal (MIM) configuration is another popular gas
sensor device recently reported for hydrogen and methane
sensing. Two different metals are deposited on either side
of the oxide semiconductor to form back-to-back Schottky
junctions. The advantage of such devices is that the total
barrier is higher against the flow of free carriers. So, the
current is appreciably low in air and the difference in current
between the presence and absence of gas is quite high.
Therefore, the response is high, and due to vertical transport
of free carriers through the metal-semiconductor junctions
the response time is also shorter compared to the planer
sensor devices. The single Schottky barrier junction in MIM
configuration is also superior to the planer devices in terms
of response, response time, and recovery time. Basu and
his research group reported hydrogen and methane sensing
using ZnO MIM sensors [17, 18].

2.3. Metal Oxide Homojunction Gas Sensors. Normally metal
oxides are n-type semiconductors. There are few metal oxides
that also exhibit p-type conductivity such as CuO and NiO
[19-21]. Recently p-type conductivity was reported in ZnO
[19-21]. Thus the fabrication of semiconducting metal oxide
p-n homojunction could be materialized with ZnO. Hazra
and Basu [20, 21] showed that p-n ZnO homojunction is
sensitive to H, as there is a substantial shift in the forward
bias I-V characteristics on exposure to the reducing gases.

2.4. Metal Oxide Heterojunction Gas Sensors. Change in the
I-V characteristics (on exposure to the gaseous environment)
of heterojunction made of two dissimilar metal oxides with
different band gap has evolved another new kind of gas
sensor structures. Amongst these, ZnO/CuO is relatively
widely explored one [22, 23] for sensing CO. Hu et al. [24]
showed that ZnO/CuO also has good response towards H,S
and alcohol. The NO, and CO, sensing properties of a
heterojunction gas sensor formed between n-type ZnO and a
p-type composite based on a mixture of BaTiO3/CuO/La,03
were evaluated by Ling et al. [25] It was found that
the BaTiO3/CuO/La, O3 sensors showed an increase in
resistance when exposed to NO,. When exposed to CO,
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the BaTiO3/CuO/La,O3 sensor showed a small decrease in
resistance.

2.5. Mixed Metal Oxide Gas Sensors. Mixed oxides have
recently emerged as promising candidates for gas detection
[26-30]. It has been realized that such systems may benefit
from the combination of the best sensing properties of
the pure components. Formation of mixed oxides leads to
the modification of the electronic structure of the system.
This includes the changes in the bulk as well as in the
surface properties. Bulk electronic structure, the band gap,
Fermi level position, transport properties, and so forth
are affected mostly in the case of compounds and solid
solutions. Surface properties are expected to be influenced
by new boundaries between grains of different chemical
compositions. It is anticipated that all these phenomena will
contribute advantageously to the gas sensing mechanism.
The use of mixed oxides in gas detection (especially NO,, H,,
CO) has been tried successfully with the following systems:
SHOZ-TiOZ, SHOZ-WO3, and TiOZ—WO3 [30—36].

3. Methane Sensing Mechanism

It is well known that the performance of gas sensors can
be improved by incorporation of noble metals on the oxide
surface. SnO,-based gas sensors in the form of thick film,
porous pellets, or thin films, with Pt or Pd modifications,
are widely applied for monitoring explosive and toxic gases
in industry, urban and domestic life [37]. Such promoting
effects are undoubtedly related to the catalytic activities of
the noble metals for the oxidation of hydrocarbons. In case
of planar type resistive gas sensors two metal contacts are
taken from the metal oxide. A polycrystalline semiconductor
has the structure with a large number of grains and grain
boundaries. In contrast to the single crystalline materials,
polycrystalline materials give rise to local potential barriers
between the grains. The electrical properties of the surface
of a thin film and the surface boundaries between the
grains are affected by the adsorption and desorption of
gaseous molecules. Oxygen ions can be found at the grain
boundaries. At elevated temperature O, is chemisorbed by
gaining [38, 39] one more electron from the surface. Due to
this chemisorptions the resistivity of the material increases:

O+e” «— O™ [150°C-300°C], (1)

20 +e — 0;[30°C-150°C]. ()

Methane molecules react with the chemisorbed oxygen at
the grain boundaries. As a result negative charge carriers are
added to the bulk and hence the resistance decreases:

CH4 + 4O(ads) — Coz(air) + ZHZO + 4ea)ulk). (3)

Therefore, by measuring the change in the conductivity
of the semiconductor oxide thin films we can detect the
reducing gases [40].

In case of Schottky type gas sensors, catalytic noble
metals are taken as the electrode contacts to the oxides. At

an elevated temperature, the oxygen molecules are weakly
bonded with the catalytic metal atoms (Pt, Pd-Ag, and Rh).
The resulting complex subsequently dissociates and oxygen
atoms are produced [41, 42]:

M+ O, — 2Pd: O[M = Pd, Pt,Rh], (4)

Pd: O — Pd+0O. (5)

The oxygen atoms then undergo a spillover process and
finally form negatively charged surface ions by gaining
electrons from the oxide surface, yielding a high electrostatic
potential in the junction [43]. The space charge region, being
depleted of electrons, is more resistive than the bulk. The
hydrogen or methane response mechanism of gas sensors
with a noble metal/metal oxide Schottky junction is, so far,
the best understood and is illustrated in Figure 1. The first
step is the dissociative adsorption of hydrogen or hydrogen
containing molecules (like CHy4) to produce H or CHj; on the
noble metal surface that reacts with adsorbed atomic oxygen
to produce water. Further, the H or CHj3 spillover to metal
oxide surface and reacts with chemisorbed ionic oxygen to
produce water and free electrons that increases the current
through the junction. If the device is operated at an elevated
temperature ~ 100°C or above, which is normally the case,
the water molecules formed will rapidly desorb from the
surface:

CH4 — CH3(ads) + Hads)> (6)
CH; + H+40™ — CO; +2H,0 + 4e™, (7)

CH4 +40~ — CO; + 2H,0 + 4e” (Complete reaction).
(8)

The above diagrams clearly demonstrate the methane sensing
mechanism of noble metal/metal oxide Schottky junctions.
While Figure 1(b) shows a change in capacitance with voltage
in presence of gas, the same change can be recorded from I-
V characteristics of the Schottky Junction where current is
modulated in presence of detecting gas and thus there is a
shift in the [-V curves. The energy band diagram of a typical
Schottky junction is shown in Figure 2 and it clearly indicates
that there is shift in band bending in presence of the sensing
gas. As a result, the barrier height is modified and in fact
for reducing gases like methane there is decrease in barrier
height (n-ZnO) thereby allowing more current through the
junction and thus increasing the conductivity.

Further due to its high solubility in catalytic metal and
its rapid diffusion through the metal, hydrogen reaches
the catalytic metal/metal oxide interface and produces an
interfacial dipole layer as shown in Figure 1(c). The electri-
cally polarized potential at the catalytic metal/metal oxide
interface lowers the work function of catalytic metal and thus
reduces the barrier height which is shown in the Energy Band
Diagram (Figure 2). The hydrogen at the interface acts as a
shallow donor to metal oxide (e.g., ZnO) and thus the barrier
height is further reduced. Also, the adsorbed hydrogen atoms
passivate the interface states between noble metal and metal
oxide sensors, preventing them from charging and pinning
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FIGURE 1: The schematic of hydrogen or methane sensing using
catalytic metal on metal oxide film. (a) A typical noble metal/metal
oxide Schottky junction. (b) When exposed to hydrogen or methane
a voltage shift occurs in the capacitance—voltage characteristics. (c)
Diffusion of hydrogen through the noble metal and formation of
dipole layer across the noble metal/ metal oxide junction.

the fermi level. The passivated interface thus causes an
improvement in the barrier height. Due to this lowering
of barrier height, the current through the junction further
increases in presence of the gas [5, 18, 44, 45], thereby
yielding a high response.

4. Factors Related to the Improved
Performance of a Gas Sensor

4.1. Grain Size Effect. Nano crystalline is a single phase
or a multiphase of reduced size (1nm to 100nm) of at
least one dimension. When the crystal size is decreasing,
more and more surface is exposed. So fraction of atoms
at the grain boundary increases and the grain boundaries
contain a high density of defects like vacancies, dangling
bonds, which can play an important role in the transport
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Vacuum level

FiGUrE 2: Band diagram of the Schottky Junction explaining the
sensing mechanism. The barrier height reduces upon exposure to
the reducing gas. Yua, Ymc are the work function of M in air and in
gas respectively. s, Opg are the barrier height of the junction in air
and in gas, respectively. Ec, Ecg are the conduction band in air and
in gas, respectively. Ey, Eyg are the valence band in air and in gas,
respectively. Eg, Frg are the fermi level in air and in gas, respectively.
M is Pt, Pd, or Rh.

properties of electrons. Xu et al. [45] proposed a model to
explain the dependence of depletion layer, due to adsorption
of oxygen on the crystal size and to explain the high
response of nanocrystalline metal oxide gas sensors. Later
Rothschild and Komen [42] showed that the conductivity
increases linearly with decreasing trapped charge densities
and that the response to the gas-induced variations in the
trapped charge density is proportional to 1/D, where D is
the average grain size. Figure 3 shows a schematic of few
grains of nanocrystalline metal oxide thin films and the
space charge region around the surface of each grain at the
intergrain contacts. The space charge region, being depleted
of electrons, is more resistive than the bulk. When the
sensor is exposed to reducing gases, the electrons trapped
by the oxygen adsorbate return to the oxide grains, leading
to a decrease in the potential barrier height and thus the
resistance drops. The crystallites in the gas sensing elements
are connected to the neighboring crystallites either by grain
boundary contacts or by necks. It was reported that [45]
the higher response is obtained when grain size is much
lower than twice the depletion width. The depletion region
extends throughout the whole grains and the crystallites are
almost fully depleted of electrons. As a result the conductivity
decreases through the junction, and so the change of
conductivity is very large in presence of reducing gases,
thereby yielding a high response. Figure 3 demonstrates the
three situations schematically.

Further, nanocrystalline metal oxides can reduce the
operating temperature of the gas sensors. Zhang et al. [46]
reported that the surface or interfacial tension decreases
with decreasing particle size because of the increase in the
potential energy of the bulk atoms of the particles. Smaller
particles with increased molar free energy are more prone
to adsorption per unit area of molecules or ions onto their
surfaces in order to decrease the total free energy and to
become more stable, and therefore, smaller particles have
higher adsorption coefficient for gases. Thus, the adsorption
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FIGURE 3: Schematic of few grains of nanocrystalline ZnO thin films and the space charge region around the surface of each grain at inter
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FIGURE 4: Schematic view of gas sensing reaction in (a) compact layer and (b) porous layer.

of oxygen or reducing gases takes place relatively easily onto
the nano crystalline metal oxide surface.

4.2. Porosity and Thickness of the Metal Oxide Films. In
compact metal oxide sensing layer, gases cannot penetrate
into the layers and the gas sensing reaction is confined to
the surface. In the porous layer, gases can access to the entire
volume of the sensing layer and the gas sensing reaction can,

therefore, take place at the surface of the individual grains,
at the grain boundaries, and at the interface between grains
and electrodes as shown in Figure 4. Therefore, porous layer
is more suitable for methane sensing as compared to compact
layers which has been already reported [18, 47-50].

The thickness of the metal oxide thin films has a great
role to play on the response of the sensors. To get high
response of the metal oxide-based gas sensors the thickness



of the electron-depleted region, due to the chemisorptions
of oxygen, should be as close as the thickness of the metal
oxide thin films. Generally, it was reported that the response
is profoundly higher than resistive type gas sensors made of
thinner films [51, 52]. Babaei and Orvatinia [53] proposed
a model to establish a mathematical relation between the
steady-state response of the sensor and the thickness of the
sensitive film used. It was shown that the response drops
exponentially as the thickness of the sensitive film increases.
On the other hand, some groups reported that for certain
combinations of the structural parameters like porosity,
cracks, and so forth, the gas response of the sensors could
increase.

4.3. Incorporation of Noble Metals. The performance of gas
sensing can be improved by incorporation of noble metals
into the metal oxides. SnO,-based gas sensors in the form
of thick film, porous pellets or thin films with the inclusion
of Pt or Pd are widely applied for monitoring the explosive
and toxic gases in industry, in urban, and domestic life. In
fact, the catalytic metals do not change the free energy of the
reactions but lower the activation energy. The noble metals
can be incorporated as (i) electrode contact on metal oxide
and/or (ii) dispersed phase on the oxide surface.

4.3.1. Effect of Noble Metal Electrode Contact on Metal
Oxide. There are quite a few reports of the applications of
nanoporous noble metal thin films as the electrode contact
onto the metal oxides [54, 55]. Lofdahl et al. [56] studied the
role of noble metal gate morphology for sensing hydrogen
and some hydrocarbons. The metal gates were made with
different thickness gradients. It was observed that Pd shows
higher response at the thicker part of the film whereas Pt
gives more or less the same response for both the thinner,
and thicker part of the film. However, both Pd and Pt
metal contacts show poor stability with time after repeated
gas exposure. The Pd blistering at the thicker part of the
metal film was also reported [57] for repeated hydrogen or
hydrocarbon exposure. The change of response at the thicker,
thinner and blistered part of the Pd film can be explained
by water forming reaction. According to this report thick
compact Pd layer is suitable for improved gas sensing.

The reduction of methane on Pd is not so simple as that
of hydrogen. Recently Su et al. [58] proposed a mechanism
of CHy reduction on Pd surface. They worked on ZrO,
supported by Pd thin films. At an elevated temperature Pd
is oxidized and then PdO is reduced in presence of methane.
Very rapid oxidation occurs as a consequence of electric
field-driven transport of oxygen anions through the oxide
film. Once the film thickness exceeds about 15 nm, oxidation
occurs more slowly via diffusive transport of oxygen through
the oxide film. The reducing gases diffuse to the metal-
oxide boundary where reduction of the oxide occurs. After
the reduction of PdO continuous diffusion of H through
Pd to Pd/metal oxide junction takes place and a dipole
layer is formed. Dissociative adsorption of methane followed
by water formation occurs almost simultaneously due to
reaction of hydrogen with the chemisorbed oxygen.
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There are some drawbacks associated with the use of pure
Pd metal due to blister formation because of the irreversible
transition from the a phase of palladium to the § hydride
phase at low H, and at 300K [59]. To overcome these
problems Pd is alloyed to a second metal (13%-30% Ag) for
H, or hydrocarbon sensing. Pd-Ag alloy is also attractive for
use in gas sensors because of a numbers of other properties
[60] reported as follows.

(1) The rate of hydride formation is very low for Pd-Ag
alloy than for pure Pd.

(2) The solubility of hydrogen is actually greater up to
about 30% Ag and the diffusion of hydrogen is not
hindered by the Ag atom.

(3) Alloy at the higher Ag concentrations (up to 45%)
was reported to have higher rates of hydrogen
adsorption in the temperature range 30°C-100°C.

(4) The OH formation barrier energy is higher in
presence of Pd-Ag alloy.

(5) The mechanical properties of polycrystalline Pd-Ag
alloy are better than Pd.

4.3.2. Effect of Noble Metal Dispersion onto the Metal Oxide
Surface. The gas response of the oxides is improved by
surface modification by using platinum group metals like Pt,
Pd, and Rh. These additives act as activators of the surface
reactions. Generally, surface modification takes advantage of
the following important options [61-63]:

(i) choosing a modifier that exhibits a catalytic activity
in the solid-gas interactions,

(ii) changing the reactivity of the material by changing
the modifier concentration,

(iii) the oxide semiconductor can affect the configuration
of d electrons of surface-localized transition metals
and change the surface activity by choosing a suitable
“cluster-matrix” pair.

The most promising catalytic approaches are based on the
“collective” and “local” site concepts. The “collective” site
approach along with chemisorptions theory proposed by
Volkenshtein [64] provides an idea of how the adsorbate
affects the overall band structure of the modified matrix.
It correlates the catalytic activity of the modifier directly to
the valence state of the dopants in the oxide matrix and
their influence on the charge carrier concentration in the
semiconductor. On the other hand, the “local” sites approach
is dealing with the concept of a nonuniform surface, which
deals with the interaction of a semiconductor oxide with the
gas phase to form a surface complex.

After noble metal deposition it is necessary to have sub-
sequent annealing in the temperature range 300°C-600°C
that improves the homogeneity and thus stabilizes the gas
sensing properties [65]. The dispersed noble metals actually
activate the spillover process as shown in Figure 5. Catalyst
particles should be finely dispersed on the metal oxide
matrix so that they are available near all the intergranular
contacts. In an open atmosphere the oxygen molecules
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FIGURE 5: Oxygen spillover process in Pd modified ZnO thin films.

/Pd/.—'—n

FIGuURrE 6: Nature of deposition of Pd modifier on the metal oxide
matrix.

are first adsorbed on the catalyst and then spillover to
the metal oxide matrix. At appropriate temperatures, the
reducing gases are first adsorbed on to the surface of additive
particles and then migrate to the oxide surface to react
with surface oxygen species thereby increasing the surface
conductivity. It was established that for attaining the optimal
effect, surface cluster size should not exceed 1-5nm [66],
and the optimal distance between the clusters should be
approximately equal to the oxygen surface diffusion length
[67—69]. Recent experimental work has suggested that the
noble metal clusters accumulate at the step edge of metal
oxide (Figure 6). The functional parameters such as gas
response, response time, recovery time, and selectivity have
been dramatically improved through surface modification
by noble metals. Further, the operating temperature can be
shifted to lower value by introducing suitable noble metals.

5. Nanocrystalline Metal
Oxide-Based Methane Sensors

Continuous research and development activities are being
pursued to explore a gas sensor for detection of low
concentrations of methane in the coalmine atmosphere at
substantially low temperature so that the methane explosion
is not further accelerated by the high sensing temperature.
It has been realized that nanomaterials have great potential
for the technological development almost in each area.
The nanomaterials have some novel properties that attract
for fundamental and technological research and develop-
ment. The dots and wires in the nanoscale range develop

the unique electrical and optical properties of materials.
Quantum confinement effect due to the change of size
and shape of the nanoparticles can modify the energy
bands of the semiconductors and insulators. There are great
efforts towards the development of nanostructured ZnO and
SnO,, since the reactions at the grain boundaries and a
complete depletion of the carriers in the grains can strongly
modify the material transport properties of metal oxide.
The materials are characteristically n-type semiconductors
due to nonstoichiometry associated with oxygen vacancy
and/or metal excess in the interstices, acting as donor
states to provide conduction electrons. However, the overall
surface resistance of such films is greatly influenced by the
chemisorptions of oxygen from air as discussed above.

5.1. Nanocrystalline SnO,. Tin oxide (SnO,) is an n-type
semiconductor with a wide band gap (Eg = 3.6 V). Because
of its excellent optical and electrical properties, SnO; is
extensively used as a functional material for the opto-
electronic devices, gas sensors, varistor, ion sensitive field
effect transistors, and transparent conductive coatings for
organic light emitting diodes [70-73]. R.f. sputtering [74],
dc-magnetron sputtering [75], thermal evaporation 76, 77],
ion beam deposition [78], spray pyrolysis [79], and Sol-gel
[80] are the most studied methods for the preparation of
SnO;. Sberveglieri [81] presented a review of the techniques
applied for SnO, films deposition and it was shown that
most of the methods require high-temperature treatments
in order to fabricate good-quality polycrystalline films. High
temperature, however, damages the surface of the films and
increases the interface thickness, which has negative effect on
the optical properties, especially on the wave guiding. Pulsed
laser deposition (PLD) technique was successfully applied
for growing quality SnO; thin films [82, 83]. The film was
produced by ablation of either Sn target in oxidizing oxygen
atmosphere or SnO, target. PLD offered many advantages
of reduced contamination due to the use of laser light,
control of the composition of deposited structure, and in
situ doping. It is a versatile and powerful tool for production
of nanoparticles with desired size and composition, only by
varying the deposition conditions.

Carotta et al. [84] systematically studied the responses
of alkanes to SnO;-based materials and a solid solution
of Sn, Ti with particular emphasis to the dehydrogenation
mechanisms of surface reaction of these gases and eventually
to carbon oxides. The mechanism of interaction of the
sensors versus alkanes has been modelled on the basis of
previously reported studies on oxidation of alkanes via
heterogeneous catalysis of metal-oxide materials [85-87].
Also the sensing properties of SnO,-and TiO,-based oxides
versus alkanes were studied [88] under wet condition and in
presence of ethanol. It was observed that the response versus
alkanes is significantly high, when operating above 450°C. In
general, the response of the sensors versus alkanes increases
with the number of carbon atoms and with temperature
[89, 90]. This behavior is explained through alkane oxidation
via heterogeneous catalysis of metal-oxide materials [85-87].
O-species at surface (oxygen adsorbed on the sensor surface)
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trap hydrogen and an alkyl radical is being created. The rad-
ical reacts to give a second homolytic C-H bond dissociation
and to form an alkene and a second OH-bond on the surface.
Finally, the whole process yields an alkene, which then gets
oxidized to CO, CO;, and other subproducts The SnO, films
were found suitable for this purpose at 650°C.

Recently Vaishampayan et al. [91]. studied the response
of the pristine SnO; and Pd: SnO; towards different reducing
gases. The 1.5mol% Pd doping showed an enhancement
in response to 75% and 95% towards LPG at as low a
temperature as 50°C and 100°C, respectively, quite promis-
ing compared to pristine SnO,. Structural characterizations
revealed that Pd doping reduces the crystallite size of SnO,
and helps in forming distinct spherical nanospheres at a
calcination temperature of 500°C. Thus the increase in LPG
response can be correlated with the spherical morphology
and decrease in the crystallite size (11 nm) of SnO, due to
doping with Pd as compared with the pristine SnO; (26 nm)
and the role of Pd as a catalyst.

Cabot et al. studied [92] a correlation between the cat-
alytic activity and the sensor response of different modified
SnO, samples to CHy as target gas. It was found that the
catalytic oxidation of methane is more pronounced for Pd
than Pt. Recently Das et al. [93] observed that nanosized
(3.5-14.0nm) tin dioxide powders can be prepared by
sonication-assisted precipitation. Thick films prepared by
using such powders showed very good methane response
because the resistance of the films in air at an operating
temperature of 350°C was much less than that of the
films prepared by conventionally precipitated powder. Also
such sonication-assisted precipitated powder needs a lower
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amount of antimony doping for fabrication of real life gas
SEensors.

The undoped and 0.1 wt.% Ca-doped SnO, thin films
were deposited by ion beam sputtering and were covered
by 30-60A Pt layers that was annealed at 650°C. The
methane sensors made of this film were tested in the
temperature range 250-450°C. The best CHy4 response [94]
was obtained at 400°C for a film with an optimal Pt thickness
of45A (Figure 7). Further it was found that the humidity
dependence of CHy sensing up to 5000 ppm was relatively
small because of the dense film structures.

Recently it was reported that Fe doped SnO, thick films
also show response towards methane [95]. Quaranta et al.
[96] studied the methane sensing properties of osmium-
doped SnO; films that were prepared by Sol-gel technique
using SnCly and OsCls precursors. The experimental data
reported in this work show that Os doping improves the gas
sensitive properties of the tin oxide thin films by enhancing
the response to CH4 and simultaneously by lowering the
operating temperature that is shown in Figure 8. This is a
promising work for producing a low-cost methane sensor.
Probably, the role of Os is to act as a covalent site for
catalyzing the oxidation of CH,. Obviously, the reduction
in the optimum operating temperature could lead to a cross-
response effect, for example, response by CO. However,
by using sensor in an array configuration, in which the
interfering effects should not be a drawback, the problem
of cross sensitivity may be solved. However, further studies
are necessary to understand the true role of osmium in the
catalytic property, reactivity, selectivity, and ageing effect in
presence of interfering gases.
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Chatterjee et al. [97] reported methane sensing charac-
teristics of antimony-doped SnO; prepared by simultaneous
precipitation of tin dioxide and antimony (0-1wt.% as
Sb,03), tin dioxide and palladium (0-2 wt.% as Pd0), tin
dioxide with a fixed amount of antimony (0.5 wt.% as
Sb,03) and palladium (0-2 wt.% as Pd0). Figures 9(a) and
9(b) demonstrate the dependence of methane sensitivity
on antimony and palladium content in SnO, coating,
respectively.

It was found that the antimony doping in small amounts
gradually lowers the sensor resistance and there is an opti-
mum antimony concentration (0.25%) where the response
for methane is maximum (Figure 9(a))

The response of undoped tin dioxide for methane is
maximum at 0.5wt.% palladium (Figure 9(b)), but no
such response saturation has been observed for palladium

concentration up to 2 wt.% for antimony doped tin dioxide
samples (Figure 10).

Kim et al. [98] prepared SnO, from SnCly by a
precipitation method using an aqueous ammonia solution
of SnCly. The response of this sensor to methane at 658 K
was higher than that with supported Pd, Pt, Rh, or Ni
catalyst. This sensor responded to methane in the range 500—
10,000 ppm with sufficiently high response and response
rates, though it also responded to many other gases. Such an
excellent promoting effect of the supported Pd (Figure 11)
catalyst is considered to originate from the high dispersion
of Pd (or PdO) particles supported in addition to the high
intrinsic activity of Pd for the catalytic oxidation of methane.

Urfels et al. [99] reported that Pt supported on high
surface area tin (IV) oxide appears as a superior catalyst
for the complete oxidation of traces of methane at low
temperature, being even significantly more active than
reference Pd/Al, O3 in the presence of large amounts of water
in the feed. This is due to the fact that the inhibition of water
on the catalytic activity is not as strong as for Pd/Al,Os.
Pt/SnO; [100] is however more severely deactivated than
Pd/Al, O3 upon steam ageing at 873 K and that would predict
a shorter lifetime compared to Pd catalysts [12]. The presence
of H,S induces a strong and irreversible deactivation of
Pt/SnO,. The activity is hardly restored by treatment under
oxidizing atmosphere below 773K due to the stability of
poisoning species.

Chakraborty et al. reported [101] a thick film methane
sensor that was fabricated from nanosized tin dioxide
powder containing antimony oxide and palladium. Thick
film sensors, prepared with such powders, showed good
methane response and nearly equivalent sensing properties
of imported Figaro (Japan) sensors. Han et al. [102] worked
on SnO, based-gas sensors and it was found that Fe,O;
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was a more effective additive than Pd or Pt. It showed high
response and high selectivity for H,, CHy, and C4Hj¢ and
a little cross-sensitivity to ethanol and smoke. Malyshev
and Pislyakov and his group [103] developed a production
process of thick-film semiconductor gas sensors. The sensors

were proved to be highly efficient for detection of methane,
hexane, hydrogen, carbon monoxide, ammonia, hydrogen
sulphide, and ethanol. Saha et al. [104] studied the role
of alumina on the methane response of the tin oxide thin
films and a good response was observed. Above 350°C, in
contrast to pure tin dioxide coatings, the methane response
of iron doped tin dioxide coatings drastically decreased. The
nanocomposites based on Sn, In, and Ti oxides were success-
fully derived by Chen et al. [105] with high response and
selectivity for methane through optimizing the preparation
parameters. Enhancement of gas-sensing properties of the
semiconducting methane sensor could be attributed to the
smaller crystallite size of SnO,, the adsorption behavior and
the chemical reaction of methane and O, on the composite
surface, and to the introduction of the additives. The sensing
behavior was directly related to the catalytic activity for
methane oxidation.

5.2. Nanocrystalline ZnO. ZnO is a promising material for
gas sensor. So far ZnO-based devices have attracted much
attention as gas sensors because of their chemical response to
different adsorbed gases, high chemical stability, amenability
to doping, no toxicity, and low cost. ZnO gas sensors can
be used not only for detecting the leakage of inflammable
gases and toxic gases but also for controlling domestic gas
boilers. Zinc oxide is a wide band gap semiconductor with
many important properties, which make it commonly used
in electronic and optoelectronic applications. Polycrystalline
ZnO has been widely used in electronic industry. Pure ZnO
is an intrinsic II-VI compound semiconductor with a band
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gap of 3.2 eV at room temperature (30°C) and high exciton
binding energy (60 meV). The nature of absorption shows
that ZnO is a direct band gap semiconductor. The creation
of native defects during preparation makes ZnO normally n-
type [106—108]. The nonstoichiometry arises due to excess
zinc interstitials or oxygen vacancies or both which make
ZnO n-type semiconductor.

ZnO films can be prepared by many methods, such as
thermal oxidation of Zn metallic films [109], sol gel process
[110], sputtering [111], chemical vapor deposition [112],
pulse laser deposition[113], evaporating method [114], and
electrochemical process [115, 116].

For the last couple of years investigations on the
development of a low-temperature methane detector using
nanocrystalline ZnO-based chemical gas sensors with noble
metals as the catalytic metal contacts have become quite
important. The challenge is to attain the high response of
low ppm testing gases, short response and recovery time,
selectivity, and long-range stability. Nanocrystalline ZnO
thin films demonstrate remarkable gas-sensing properties
when the crystallite size becomes comparable to Debye
length. Further, nanocrystalline and porous materials with
controlled composition are of increasing interest in gas
sensing because of their large surface to volume ratio that
enhances the reaction probability between the adsorbed
oxygen and methane gas.

Mitra and Mukhopadhyay [117] reported Methane
(CHy4) response of zinc oxide (ZnO) thin film. The catalyst
layer was formed on the surface of semiconducting ZnO
following a wet chemical process from palladium chloride
(PdCl,) solution. A reasonable response of approximately
86%, fast response time of less than one minute, and a
moderately fast recovery (approximately 3 minutes) are
observed at 200°C. Although the operating temperature of
200°C is relatively on the lower side, the maximum response
of 86% should be somewhat higher for application purpose.

Recently the methane sensing temperature between
210°C and 250°C is reported [118-120] depending upon
whether the ZnO sensing film was grown electrochemically
or by a sol-gel method, respectively. But these relatively high
temperatures for detection of methane are still not suitable
for applications in the coalmines.

The functional characteristics of the gas sensors, for
example, response, response time, and recovery time were
improved over the resistive Taguchi type sensors by adopting
Schottky structures with catalytic metal contact. The vertical
structure fabricated by growing metal oxides on the con-
ducting surface and depositing a catalytic metal on the oxide
improves the functional properties of the sensor devices
because the electrons generated in the catalytic metal-
oxide interface can be collected by the second electrode
in the back with minimum carrier annihilation in the
transport mechanism. Fonash [121] first studied the MIM
configurations. The basic principle of the current conduction
mechanism of an MIM sensor is that the electrons move
from the upper metal electrode to the lower one through
the active insulating layer vertically on the basis of back-to-
back Schottky barrierjunctions. In the MIM configuration
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since Zn contact to ZnO layer is ohmic by nature, only
noble metal/ZnO junction acts as the barrier against electron
flow. Room temperature hydrogen sensor using ZnO MIM
structure was first reported by Dutta and Basu [122]. There
are very few reports on Zinc oxide-based methane gas sensors
with high response and faster response time and recovery
time. So far the reported sensor structures on the oxide-
based semiconductors and operating in the resistive mode
at high temperatures showed longer response and recovery
time [118-127].

Bhattacharyya et al. [120] studied the sol-gel grown ZnO-
based gas sensors in the resistive mode. Pd-Ag and Rh
contacts were found to produce a relatively lower optimum
temperature of 250°C for sensing compared to 300°C for
Pt contact. Further, Rh contact showed the higher response
(83.6%) than Pd-Ag and Pt (Figure 13). It was further
reported that the response and recovery time are shorter for
Pd-Ag compared to Rh and Pt contacts, most probably due
to the fact that solubility and diffusivity of hydrogen obtained
from methane dissociation is higher for Pd-Ag compared to
both Pt and Rh [128-131].

Basu et al. [126, 127] have studied electrochemically
grown ZnO-based MIM Schottky gas sensors and the effect
of different catalyst metals (Rh, Pt, and Pd-Ag) on methane
sensing. The response versus temperature curves for different
noble metal catalysts in pure nitrogen is shown in Figure 14
and it is observed that Rh gives higher response than Pd-
Ag and Pt (Rh>Pd-Ag>Pt). In fact, the catalytic effect of Rh
for dissociation of methane or hydrogen is stronger than Pd
and Pt. In literature, it can be found that catalytic activity
of Pd and Pt on methane or hydrogen is more or less the
same [128-131]. But Figure 14 shows a higher response with
Pd-Ag than Pt and thus contradicts the reported results.
Figure 14(b) further shows that the response is somewhat
reduced in synthetic air. It was reported that the oxygen
is parallely chemisorbed on the noble metal and there is a
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competitive equilibrium between oxygen and hydrogen as
the adsorbates on ZnO. As a result it may well be depicted
that the adsorption sites for hydrogen are reduced and
chemisorbed hydrogen reacts with oxygen instead of getting
diffused into the noble metal/ZnO junction to produce H,O
molecules and thus reduce the current through the electrodes
[126, 127]. Therefore, a lower response to hydrogen is
obtained in synthetic air. The reactivity depends on the
catalytic properties of the metal surface and differs between
different metals. Since the OH formation energy barrier
is much lower on Pt than Pd-Ag, most of the hydrogen
produced by the dissociation of methane produces OH
molecule for Pt contact. Then the water formation needs
more than one step and thus the kinetics of sensing becomes
slower.

Therefore, the devices using Pt as catalytic metal exhibit
lower response and relatively longer response time than
Pd-Ag for all the cases. The OH formation energy of Rh
is higher than both Pd-Ag and Pt [128-131] and so Rh
catalytic metal contact gives higher response than Pd-Ag and
Pt. This corroborates the experimental results obtained by
Bhattacharyya et al. [120].

Recently Bhattacharyya et al. [125] reported a ZnO-
based resistive sensors with Au and Pd-Ag contact. The
ZnO thin film was deposited by Sol-gel method. The
crystal size of the films was in the range 45 nm-75 nm. The
surface morphology studies revealed randomly oriented
grains with hexagonal structure and a large number of

) B e
~ = 457 nm

% 48.2nm e

SEI 7kV  x50.000 100nm WD 7.5 mm

FIGURE 15: SEM images of the sol-gel grown nanocrystalline ZnO
surface annealed at 600°C for 30 minutes.

pores of an average diameter 56 nm (Figure 15) that is very
useful for methane gas sensing. It can be found that the
operating temperature of sensing with Au contact was 350°C
and it was reduced to 250°C (Figure 16) by using Pd-Ag
catalytic contact with a response 74.3% and a response time
~16 seconds.

The same group reported a Pd-Ag/ZnO/Zn MIM
methane sensor using sol-gel grown ZnO thin film, with
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FiGure 17: FESEM pictures of ZnO thin films grown electrochemi-
cally, with the magnification (x 30 000).

an operating temperature of 250°C and a response time
~11 seconds.

Basu [132] reduced the operating temperature of
methane sensing to 100°C or less by using electrochemically
grown nanocrystalline-nanoporous ZnO thin film and by
modifying the oxide surface with Pd. Two different device
configurations, for example, a planar structure and a metal-
active insulator-metal (MIM) sandwich structure, both
working on Schottky barrier mode were designed, fabricated,
and tested for methane sensing. Pd-Ag alloy was used as the
catalytic electrode (0.2 ym) contact for both the planar and
MIM configurations.

13

Figure 17 shows the FESEM picture of the electrochem-
ically grown nanocrystalline ZnO thin film. The crystallite
size obtained was below 10 nm with a uniform distribution
of the nanopores (size).

The variations of the response with operating tempera-
ture and with biasing voltage using 1% methane in nitrogen
and in synthetic air were studied. The maximum response
was obtained at 70°C and 100°C for the planar and the MIM
sensor structures, respectively, with 3 V forward bias for both
(Figures 18 and 19).

The Pd-modified nanocrystalline ZnO (below 10 nm)
enhances the oxygen spillover process on ZnO matrix,
resulting in a large amount of chemisorbed oxygen that yields
a high electrostatic potential across the Pd-Ag/ZnO Schottky
interface.

The change of current in presence of methane is relatively
higher for the planar structure that has two Schottky contacts
with double barriers compared to the MIM structure with
one Pd-Ag/ZnO junction. The performance was somewhat
reduced in synthetic air for both the sensor structures due
to a competitive equilibrium between oxygen (from air) and
hydrogen as the adsorbates on ZnO. As a result the adsorp-
tion sites for hydrogen and thus the amount of hydrogen
diffusing across the Pd-Ag/ZnO junction are reduced. The
temperature for maximum response was reduced to 70°C
for the planar and 100°C for the MIM structures for the
Pd-modified ZnO nanocrystals. The possible reason for the
response at substantially low temperature was mentioned as
due to increased surface free energy of the nanocrystalline
ZnO surface. Presence of dispersed Pd nano particles over
ZnO surface further reduces the adsorption energy. As a
result the sensors respond at considerably low temperature
and with short time of response. It is worth mentioning here
that imperfect structural orientation of the polycrystalline
sensing layer (ZnO) also modulates the gas adsorption
behavior and thus the sensing parameters.

Figure 20 demonstrates that the sensors using Pd modi-
fied ZnO thin films show temperature dependent selectivity
for methane and hydrogen in presence of each other. For the
planar sensors hydrogen response is maximum at 50°C where
the response for methane is very low. At 70°C both hydrogen
and methanerespond almost to the same extent. On the other
hand, MIM sensors show distinct selectivity for methane at
100°C where hydrogen response is almost zero.

Methane actually first dissociates to produce molecular
hydrogen that subsequently decomposes catalytically to
atomic hydrogen. The atomic hydrogen then takes part in
gas sensing reaction. Therefore, the temperature for sensing
methane is always higher than that of hydrogen.

The response time and recovery time were calculated
from the transient response curves for different concentra-
tions of methane and are shown in Table 1 .

Table 1 shows that the response and recovery times of the
MIM sensor are relatively shorter than the planar sensor. The
possible interpretation has been given that the separation
between two electrodes for the planar configuration is larger
(2mm) than the MIM (8 ym) configuration, resulting in the
rapid current flow kinetics for the MIM configuration.
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TaBLE 1: The sensing results of the planar structures at 70°C and MIM structures at 100°C for different concentrations of methane using

nitrogen and synthetic air as carrier gases.

% CH, Response Response time (s) Recovery time (s)
Planar MIM Planar MIM Planar MIM
Nitrogen Synilretic Nitrogen Synatﬁetic Nitrogen Synilretic Nitrogen Synatﬁetic Nitrogen Synatgetic Nitrogen Syn;;etic

0.01 21.2 9.2 18.2 6.5 16.2 19.2 10.2 13.2 33.2 34.2 18.7 20.3
0.05 254 14.6 22.3 11.4 13.3 17.4 6.7 9.3 30.3 32.8 17.2 19.2
0.1 39.3 18.3 23.2 16.8 11.1 16.4 6.03 8.2 27.5 29.6 16.8 17.3
0.5 42.2 21.6 25.2 17.2 8.4 15.2 4.02 6.9 25.7 27.4 16.1 17.1
1 47.5 25.7 32.2 20.4 4.6 12.6 2.69 4.2 22.7 23.4 16.0 16.2

The longer time of recovery was due to slower rate of
desorption being interfered by the presence of air after the
methane flow was cut off.

This investigation highlights the fact that the temperature
of sensing methane at 100°C using Pd-Ag/Pd: ZnO/Zn MIM
device configuration is suitable for practical applications as
due to minimum interference from humidity.

There are very few reports on metal oxide-based methane
gas sensors with high response and shorter response and
recovery time. So far the reported sensor structures based
on oxide semiconductors and operating in the resis-
tive mode at high temperature showed relatively longer
response (>10seconds) and recovery (>40seconds) time
for methane sensing. In this investigation, particularly the

MIM sensor showed good response (~32), shorter response
(~2.69 seconds), and recovery (~16seconds) times as com-
pared to the values reported by others [1-7, 91-105, 118—
127,133, 134].

Figure 21 presents the stability of both types of sensor
structures. For 1% methane in nitrogen as carrier gas the
study was continued for 33 days and showed a stable
performance. In synthetic air the stability studied for about
9 hours was appreciably good.

5.3. Other Metal Oxide-Based Methane Gas Sensors. Apart
from the ZnO-and SnO;-based gas sensors, there are few
metal oxides that give response towards the me-thane.
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Selective detection of methane in domestic environments
using a catalyst sensor system based on Ga,O3; was reported
by Flingelli et al. [133], and it was found that the use
of catalytic gas filters consisting of porous Ga,Os is very
efficient to eliminate cross sensitivities to ethanol and organic

solvents. This technique yields selective sensors for indoor
methane detection and this type of catalyst filter is very
promising in term of robustness. Moreover, no expensive
catalytic material like platinum is required. Recently, MoO3-
based CHy sensors were also reported [134]. However, the
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FiGure 21: Stability study of both types of sensor structures using nitrogen as carrier gases.

sensor was operated at 500°C and the sensitivity for methane
was quite poor.

6. Conclusion

This review article has focused on the recent achievement
on the research and development of methane gas sensors
using inexpensive metal oxides and the effect of noble metals,
either as catalytic contact electrodes or as the sensitizing
agents. Among them SnO; and ZnO sensors have been
widely studied and have shown most promising results on
gas response in terms of sensing temperature and voltage,
sensitivity, time of response and stability. Nanocrystalline
ZnO, after sensitization with Pd nanoparticles has shown the
lowest temperature of methane sensing so far reported. Gas
sensing mechanism has been briefly discussed from the point
of view adsorption-desorption activation and the influence
of noble metals.
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