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ABSTRACT: Real-time  and  sensitive  detection  of  methane  (CH4)  is  vital  to  the
safety  of  life  and  production  due  to  the  explosivity  and  greenhouse  effect  of
methane.  Currently,  metal  oxide  semiconductor  (MOS)-based  chemiresistive
sensors  are  considered  as  an  effective  approach  for  their  low  cost,  highly  tunable
structures,  and  easy  fabrication.  However,  disadvantages  like  high  working
temperature,  low  sensitivity,  and  unsatisfying  selectivity  limit  their  potential  wide
application.  In order  to achieve the goal  of  high-performance MOS-based methane
sensors,  in this review, from the basic mechanism of MOS-based gas sensing and
the  property  of  methane,  possible  strategies  of  improving  methane  sensing
performances  in  multiple  aspects  have  been  summarized  systematically,  including
sensitivity,  selectivity,  stability,  and  humidity  resistance.  Recent  progress  in  the
research  and  development  of  metal  oxide  semiconductor-based  methane  sensor
technology is also surveyed in this review. Finally, the future trends and perspectives
of MOS-based chemiresistive methane sensors are proposed.
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1    Introduction
Methane  (CH4)  is  the  simplest  alkane  with  the  highest  C/H  ratio
and widely used as fuel owing to its high calorific value. It is also an
important  raw  material  for  many  chemicals,  such  as  ethylene,
hydrogen,  and  chloromethane1.  In  recent  years  the  extraction  of
CH4-bearing  resources  such  as  shale  gas2,  natural  gas3,  coalbed
CH4

4,  and  CH4 hydrate  resources5 is  continuously  growing.
However,  CH4 is  also  an explosive  gas  with  an explosion range of
4.9%–15.4%6,  and  a  greenhouse  gas  equivalent  of  more  than
25 times of CO2

7. With the aim of utilizing CH4 resources safely as
well  as  monitoring  the  greenhouse  effect,  it’s  essential  to  develop
advanced  CH4 sensors  to  detect  the  concentration  of  CH4
accurately and quickly.

CH4 consists  of  four  identical  C–H  bonds  with  a  tetrahedral
symmetric structure formed by sp3 hybridization, where each C–H
bond energy is as high as 414 kJ·mol−1, and there is neither π bond
nor  non-bonded  electron  pair  in  CH4

9.  From  the  viewpoints  of
molecular  orbital  theory,  there  are  two  ways  to  weaken  the  C–H

bond in CH4:  to seize one electron from the bonding orbital  or to
inject  one electron into the antibonding orbital.  It  is  quite  difficult
to  weaken  the  C–H  bond  in  CH4 due  to  the  low  energy  of  the
highest occupied molecular orbit (HOMO) and the high energy of
the  lowest  unoccupied  molecular  orbit  (LUMO)10,  as  shown  in
Fig.  1.  The  low  intrinsic  reactivity  of  CH4 still  inhibits  the
development of CH4 sensing.

Up  to  now,  many  techniques  have  been  developed  to  sensing
CH4,  including  catalytic  combustion11,  spectroscopy12,
electrochemistry13, acoustics14, etc. Present commercial CH4 sensors
mainly  consist  of  the  infrared  spectroscopy  sensors  and  catalytic
combustion  sensors,  and  the  latter  is  in  majority15.  The  infrared
spectroscopy sensor relies on the spectral absorption of CH4 to the
light of specific wavelength, and has the advantages of low limit of
detection  (2  ppb),  high  selectivity,  and  fast  response  (<  30  s)16.
However,  the  high  fabrication  cost  of  the  optical  components
hinders  their  wide  application.  The  catalytic  combustion  sensor
realizes CH4 sensing by detecting the resistance change of sensitive
components  caused  by  catalytic  combustion  heat  of  CH4.  Despite
the low cost and fast response (< 30 s), catalytic combustion sensor
is  prone to  deactivate  due to  poisoning such as  coking.  Therefore,
manual calibration is required every 7–10 days in practical17. In the
interest  of  developing  next  generation  CH4 sensors,  metal  oxide
semiconductors  (MOS)  have  attracted  much  attention  owing  to
their  low  cost,  flexibility,  highly  tunable  structures,  and  easy
fabrication18, 19. MOS CH4 sensors undergo resistance change upon
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exposure to CH4 by electron transferring reaction between CH4 and
surface  chemisorbed  oxygen,  and  n-type  MOS  whose  majority
carrier is electron undergoes resistance increase while p-type MOS
whose  majority  carrier  is  hole  undergoes  resistance  decrease.  In
general,  n-type  MOS  is  more  used  in  CH4 sensing  since  their
conduction  band  electron  mobility  (SnO2:  160  cm2·V−1·s−1;  ZnO:
200 cm2·V−1·s−1; and In2O3: 15–100 cm2·V−1·s−1) is higher than that
of the positive holes of p-type MOS (NiO: 0.2 cm2·V−1·s−1)20, which
favors  the  CH4 sensing.  In  recent  10  years,  MOS-based  material
accounts for more than 50% in CH4 sensing material studies21, and
it is the most potential candidate for next-generation CH4 sensor.

O−
2

A brief CH4 sensing mechanism should be introduced for better
understanding  the  challenges  in  CH4 sensing.  Oxygen  adsorption
model  and  electron  depletion  layer  are  widely  accepted  in  present
CH4 sensing  mechanism.  Here  n-type  MOS  was  selected  as  an
example  for  mechanism  demonstration.  When  MOS  sensors  are
exposed  to  atmosphere,  the  electron  would  transfer  from
conduction  band  of  MOS  to  oxygen  molecules  adsorbed  on  the
surface  because  the  electron  affinity  of  oxygen  is  higher  than  the
work  function  of  metal  oxides,  causing  the  band  bending  on  the
surface of MOS. Then the adsorbed oxygen transforms to different
ionized species (< 150 °C: , and 150–400 °C: O−)22. The layer of
charged  oxygen  creates  a  region  depleted  of  electrons  on  the
surface. As illustrated in Fig. 2,  a core–shell structure formed with
depletion layer as shell.

When  CH4 is  introduced,  chemisorbed  oxygen  plays  the  main
role in CH4 sensing by CH4 oxidation23

CH4 (ad)+2O−
2 (ad)→ CO2 (ad)+2H2O+2e− (1)

CH4 (ad)+4O− (ad)→ CO2 (ad)+2H2O+4e− (2)

The  overall  resistance Rtotal of  the  MOS-based  sensor  is
determined by the resistance of both core and shell (denoted as Rcore
and Rshell,  respectively).  For  n-type  MOS  sensors, Rshell >> Rcore
because electrons are depleted in the shell. Thus, Rtotal is dominated
by Rshell.  In  CH4 sensing, the  generated  electrons  are  reinjected  in
the  conduction  band  of  MOS,  and  the  band  bending  is  therefore
decreased  with  the  narrowed  depletion  layer.  Thus, Rshell is
decreased  and  sensing  signal  is  generated  by  measuring  the
resistance of the MOS sensor24.

However,  MOS  CH4 sensors  still  suffer  from  problems  such  as
the  insufficient  sensitivity,  low  selectivity,  and  poor  long-term
stability,  as  illustrated in Fig.  3.  Compared with recent  reviews on
MOS-based  CH4 sensing23, 25, 26,  here  in  this  review,  we  mainly
focus  on  the  problems  in  recent  MOS  CH4 sensing  studies  in  the
aspects  of  sensitivity,  selectivity,  stability,  and  humidity  resistance
from the perspective of sensitive materials, and pay less attention on
the  sensor  fabrication,  data  processing,  or  the  hazard  of  CH4
emission.  Moreover,  we  have  also  summarized  the  corresponding
possible  solutions  on  the  level  of  materials,  including  recently
explored  breakthroughs.  Finally,  based  on  the  discussions,  the
future outlooks of MOS-based CH4 sensors have been put forward. 

2    Challenges and approaches in MOS CH4
sensing
There are seven aspects to evaluate the performance of gas sensors:
(1) sensitivity, (2) selectivity, (3) response/recovery time, (4) energy
consumption,  (5)  reversibility,  (6)  adsorptive  capacity,  and  (7)
fabrication  cost.  All  these  factors  are  essential  for  a  successful  gas
sensor.  For  MOS-based  CH4 sensors,  we  chose  some  of  the  most
concerned factors to discuss in detail. 

2.1    Response/sensitivity/response and recovery time
Response  and  response/recovery  time  are  the  main  factors  to
evaluate  the  sensitivity  of  MOS  CH4 sensors.  Response  is  usually

 

Fig. 1.    Molecular orbital diagrams of CH4. Reproduced with permission from
Ref.8, © Shah et al. 2020.
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Fig. 2.    Schematic illustration of n-type MOS in CH4 sensing. a, electron depletion layer and b, corresponding energy band diagram.
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defined as R = (Ra − Rg)/Rg × 100% for n-type MOS, or R = (Rg −
Ra)/Ra × 100% for p-type MOS in CH4 sensing, where Ra and Rg are
the resistance of MOS in air and in CH4, respectively. In actual CH4
sensing, Ra is  not  a  constant  and  is  always  fluctuating  due  to  the
dynamic  atmosphere.  A  high  response  can  effectively  reduce  the
influence of Ra fluctuation, thereby improving the sensing accuracy.
Compared  with  other  gases,  response  of  MOS  CH4 sensors  is
relativity  low.  In  a  case  using  ZnO nanorods  as  sensing  materials,
the  response  to  40  ppm  NO2 is  30  times  that  to  40  ppm  CH4 at
300  °C27.  The  low  response  to  CH4 results  from  its  intrinsic  low
reactivity.  The  stable  response  to  CH4 comes  from  the  chemical
equilibrium  CH4 oxidation  reaction  and  oxygen  adsorption
reaction.  The low CH4 oxidation rate  led  to  a  small  change of  the
amount of chemisorbed oxygen, which determines the resistance of
MOS.  Thus,  the  response  to  CH4 is  usually  relatively  small
compared to other gases.

Response/recovery time is  defined as the time required for 90%
variation of  the resistance in the response/recovery progress.  Real-
time sensing of CH4 is  critical  considering its  explosiveness,  which
requires  short  response/recovery  time.  According  to  Chinese
standards on combustible gas detectors for household and industry,
the response time should be less than 30 s28.  Factors that influence
response/recovery time can be ascribed in two aspects.  The first  is
the  adsorption  and  desorption  kinetics.  In  the  response  process,  a
high  adsorption  rate  of  both  CH4 and  oxygen  would  shorten  the
time required to reach the aforementioned chemical equilibrium. In
the recovery process, it is proposed that the time-limiting process is
chemisorption of  oxygen.  Thus,  acceleration of  oxygen adsorption
would  also  shorten  the  recovery  time29, 30.  A  facile  way  to  shorten
response/recovery  time  is  to  increase  working  temperature  to
accelerate  the  adsorption/desorption  process.  At  high  temperature
around  300  °C,  the  typical  response  time  of  CH4 MOS  sensor  is
less  than  1  min31−33.  In  recent  years,  low  working  temperature
(<  150  °C)  and  even  room  temperature  MOS  CH4 sensors  have
been  developed.  The  low  adsorption/desorption  rate  at  low
temperature  led  to  the  prolonged  response/recovery  time,  usually
more  than  5  min34−36.  The  second  factor  is  the  charge  carrier
mobility. With a higher mobility, the local conductivity change can
be  quickly  spread  to  the  whole  material.  Thus,  the
response/recovery  time  is  also  shortened.  For  example,  increasing
electron mobility can be realized by reducing the electron scattering
caused  bulk  defects,  and  ZnO  nanorods  with  less  bulk  defects
showed a response/recovery time of  60 s/5 s  in ozone detecting at

room  temperature,  compared  with  the  response/recovery  time  of
220 s/35 s of ZnO nanorods with more bulk defects.37
 

2.1.1    Structure modification

As the  sensing  process  is  based  on the  catalytic  oxidation  of  CH4,
some  general  methods  in  catalysis  enhancement  could  also  be
applied in sensitivity improvement. One of them is porous structure
and larger  specific  surface  area.  Zhou et  al.  synthesized  zinc  oxide
nanobulk,  nanofibers,  and  nanorods  with  the  same  hydrothermal
route but different surfactant additions. The specific surface areas of
nanobulk, nanofibers, and nanorods are 19.7, 26.4, and 28.6 m2·g−1,
and  the  average  surface  pore  sizes  are  10,  16,  and  18  nm,
respectively.  Their response values to 200 ppm methane at  270 °C
are  62.38%,  88.27%,  and  100.49%,  respectively,  with  the  ZnO
nanofibers  showing the  greatest  sensitivity  (Fig.  4a)38.  Gas  sensing
reactions  occur  on  the  surface  of  sensitive  materials,  and  the
diffusion of gas molecules in the material and the adsorption on the
material  surface  are  the  basis  of  sensing.  The  microstructure  of
sensitive materials directly affects their adsorption performance for
gases.  A  high  specific  surface  area  is  beneficial  for  increasing  the
adsorption reaction active sites on the surface of sensitive materials,
while  a  porous  structure  is  conducive  to  the  diffusion  and
adsorption of gases in sensitive materials39.

The grain size also has a great influence on the sensing behavior
of  MOS.  As  described  above,  the  total  resistance  of  MOS Rtotal is
dominated by Rshell, because electrons are depleted in the shell. And
for  the  semiconductor,  the  length  of  the  electron  depletion  layer,
also called as Debye layer λd, is determined by Eq. (3)40

λd =

(
εkT
q2nc

) 1
2

(3)

where ε, k, T, q,  and nc represent  the  dielectric  constant,  the
Boltzmann  constant,  the  temperature,  the  charge  of  electron,  and
the carrier concentration, respectively. It could be derived that for a
certain  type  of  semiconductor  at  a  certain  temperature,  its  Debye
length is fixed. Therefore, if the grain size of a semiconductor is less
than twice the width of its Debye length, then the core is eliminated,
and  the  electrons  in  all  parts  of  the  material  could  be  affected  by
sensing reactions, enhancing the sensing performance, as shown in
Fig. 4b22. Alenezi et al. prepared ZnO nanosheets with a diameter of
~ 30 μm and thicknesses of 150, 100, and 50 nm, respectively. It is
found that the smaller the thickness of ZnO nanosheets, the better
its  response  to  ethanol.  At  300  °C,  ZnO  nanosheets  with  the
thicknesses  of  150,  100,  and  50  nm  showed  a  response  of  28,  45,
and  403  to  500  ppm  ethanol,  respectively.  When  the  thickness
approached  twice  the  Debye  length  of  ZnO  (46  nm),  the  gas
sensing performance was significantly improved41.

In  recent  years,  researchers  have  found  that  defects  in
semiconductor  oxides  can  affect  the  gas  sensing  performance  of
materials, with surface oxygen vacancy (OV) defects being the most
common. The presence of surface defects such as oxygen vacancies
not  only  affects  the  concentration  of  charge  carriers  in
semiconductor  oxides,  but  also  has  an  impact  on  their  gas
adsorption performance42, 43.  Hussain  et  al.  calculated  the  effect  of
oxygen  vacancies  on  the  methane  sensing  performance  of  ZnO
with  density  functional  theory  (DFT),  and  proposed  that  an
increase  in  oxygen  vacancy  concentration  is  beneficial  for
improving the methane sensing performance of ZnO44.  Firstly, the
surface  energy  at  the  oxygen  vacancy  site  is  high,  which  is
conducive  to  gas  adsorption.  Secondly,  the  oxygen  vacancy
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Fig. 3.    Advantages and existing problems of MOS-based CH4 sensors.
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increases  the  free  electron  concentration  of  ZnO,  which  is
conducive to the formation of surface adsorbed oxygen.

Yuan  et  al.  synthesized  hierarchical  ZnO  with  different  surface
oxygen  vacancy  contents  via  a  two-step  method.  They  first
synthesized  the  metal  organic  framework  (MOF)  material  ZIF-L
(ZIF = zeolitic imidazolate framework), and then decomposed ZIF-
L into ZnO under high temperature. By controlling the heating rate
in  the  high-temperature  decomposition  step,  ZnO  with  different
surface  oxygen  vacancy  contents  can  be  obtained.  The  ZnO
prepared by this method can respond to CO of ppb level at 300 °C,
and  the  ZnO  rich  in  surface  oxygen  vacancies  (prepared  at  a
heating  rate  of  10  °C·min−1)  has  a  much higher  response  value  to
447 ppb CO (24.9) than the ZnO with less surface oxygen vacancies
(14.5),  which  was  prepared  at  a  heating  rate  of  2  °C·min−1 (Fig.
4c)45.  Ahn  et  al.  prepared  ZnO  nanorods  with  different  surface
oxygen  vacancy  contents  and  investigated  their  NO2 sensing
performance. The results showed that the response performance of
ZnO  nanorods  to  NO2 was  positively  correlated  with  the  surface
oxygen vacancy  content  of  ZnO,  and proposed  that  the  enhanced
adsorption of NO2 on ZnO surface by oxygen vacancies was one of
the reasons for the improved response performance46. 

2.1.2    Electronic sensitization

When two dissimilar materials build a heterojunction, the electrons
at  higher  energy  state  will  flow across  the  interface  to  unoccupied
lower energy state until the whole Fermi level reaches equilibrium,
which  is  referred  as  electronic  sensitization47.  There  are  two  main
types  of  heterojunctions:  semiconductor–semiconductor  and
metal–semiconductor,  and  the  former  consists  of  p–n,  n–n,  and
p–p heterojunction48. A schematic explanation of charge transfer of
p–n  and  n–n  type  heterojunction  is  presented  in Fig.  5.  For  p–n
junction,  the  electron–hole  recombination  at  the  interface  would
increase  the  overall  resistance  since  the  free  charge  carrier  is
depleted.  The  increased  initial  resistance  favors  the  n-type  MOS

CH4 sensing more than p-type MOS because the resistance decline
(n-type  CH4 sensing)  was  more  dramatical  when  initial  resistance
was  higher48.  As  demonstrated  in  Zhang’s  work31, 49,  p-NiO
decorated n-ZnO (32.9 MΩ) and n-SnO2 decorated p-NiO (2.2 kΩ)
both showed higher initial resistance than pure ZnO (5.12 MΩ) and
NiO  (0.93  kΩ),  respectively.  ZnO/NiO  showed  four  times  higher
response (54.5%) than pure ZnO (13.5%) to 6000 ppm CH4,  while
NiO/SnO2 showed  three  times  higher  response  (48.9%)  than  pure
NiO  (15.4%)  to  7000  ppm  CH4.  For  n–n  junction,  since  charge
carriers  in  both  sides  are  electrons,  the  electron  transfer  is
determined by energy level. As demonstrated in Figs. 5c and 5d, the
electrons of  TiO2 migrate  to SnO2 due to higher conduction band
edge energy (ECB) of TiO2 than SnO2. Compared with the depletion
layer  at  the  interface  of  p–n  junction,  n–n  junction  forms  an
“accumulation layer” on SnO2 side  and “depletion layer” on TiO2
side.  The  electron  accumulation  facilitates  additional  oxygen
adsorption on SnO2 side48. Li et al. synthesized the graphite carbon
nitride  (g-C3N4)  modified  ZnO (ZnO/g-C3N4),  which showed two
times higher response (11.9) to 1000 ppm CH4 at 320 °C than pure
ZnO (5.3).  Because the Fermi level  of  g-C3N4 is  higher  than ZnO,
the electrons of g-C3N4 would migrate to ZnO, which facilitates the
formation of chemisorbed oxygen. Besides, on contacting of CH4, g-
C3N4 and ZnO both acted as CH4 reaction sites and the additional
electrons trapped on g-C3N4 because CH4 oxidation would migrate
to  ZnO  as  well,  which  further  reduced  the  resistance  of  ZnO  and
endowed  a  higher  response50.  Noble  carbon  materials  like  carbon
nanotubes  (single  wall51 or  multiwall52)  and  graphene53,  as  well  as
noble  two-dimensional  (2D)  materials  like  g-C3N4,  MXene54,  and
transition  metal  dichalcogenides55,  have  all  been  widely  applied  to
form  a  heterojunction  between  the  MOS  to  realize  the  electronic
sensitization of CH4 sensing.

It should be mentioned that the Schottky barrier at n–n junction
can  also  increase  the  initial  resistance  when  both  semiconductors
act  as  conduction  path.  In  the  work  of  Mondal  et  al.,  ZnO  and

 

a c

b

Fig. 4.    Strategies  for  improving  CH4 sensitivity  via  structure  modification.  a,  The  influence  of  morphology  and  specific  surface  area  of  ZnO  on  CH4 sensitivity.
Reproduced  with  permission  from  Ref.38,  ©  Zhou,  Q.  et  al.  2013. b,  Mechanisms  of  grain  size  dependence  of  conductance  in  semiconductor  gas  sensing  materials.
Reproduced with permission from Ref.22, © Elsevier B.V. 2018. c, Dynamic response of sensors with variant amounts of oxygen vacancies to different CO concentrations
at  300  °C,  and  schematic  diagram  of  gas  sensing  mechanism  of  oxygen  vacancy-rich  ZnO  nanosheets.  Purple  spheres  stand  for  oxygen  vacancies.  Reproduced  with
permission from Ref.45, © WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 2019.
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SnO2 both participated in construction of conducting channel, and
the  sensor  showed  higher  initial  resistance  and  response  (300  kΩ,
31.5%) than pure ZnO (200 kΩ, 24%) to 0.5% CH4

56.

O−
2

Electronic  sensitization  can  also  be  realized  by
metal–semiconductor  heterojunction.  Noble  metals  are  usually
used to  construct  such heterojunction considering  their  additional
catalytic  effect.  The  work  function  of  n-type  semiconductors Φs is
smaller than that of metal in their electrically neutral states57. Thus,
the  intimate  contacting  of  metal  nanoparticles  and  metal  oxides
forms  a  Schottky  barrier,  with  electron  transferring  from  valence
band of metal oxides to metal, and consequently the number of free
electrons in the bulk is reduced. Besides, these accumulated oxygen
atoms  then  capture  electrons  to  form chemisorbed  oxygen  anions
( , O−, and O2−) as mentioned before and spillover to the surface
of  MOS58.  Due  to  the  formation  of  Schottky  barrier  and
chemisorbed oxygen anions layer brought by the metal, the widths
of  local  depletion  layer  around  metal  nanoparticles  are  widened,
and  thereby  increasing  the  initial  bulk  resistance  to  endow  an
improved CH4 sensing performance59−61.

In addition to the heterojunction, electron sensitization can also
be  realized  by  light  illumination.  The  light  illumination  is  usually
introduced to lower the operation temperature due to their low heat
energy  cost.  At  the  illumination  with  energy  exceeding  the  band
gap of MOS, the electrons would be excited from the valence band
to  conduction  band  and  activate  the  surface  of  MOS62.  ZnO  is
usually  applied  in  photocatalytic  CH4 conversion  due  to  its  high
polar facet63, which induces the formation of internal electrical field
and  promotes  the  activation  of  C–H  bond64.  With  a  band  gap  of

O−
2

3.37 eV, ZnO can generate electrons under the light of wavelength
less than 380 nm. The photogenerated electrons can migrate to the
surface and lead to the formation of O−, which is more active than

65, 66.  From  this  point,  researchers  have  achieved  room
temperature  sensing  based  on  ZnO  under  visible  (VIS)  or
ultraviolet  (UV)-light  illumination  to  NO2

67,  ethanol68,  HCHO69,
etc. Still, there were few examples on CH4. By using ZnO nanorods
vertically  grown  on  Si  substrate,  Kimiagar  et  al.  reported  a
decreased optimal operating temperature from 225 to 100 °C under
UV excitation compared with that in the dark, and the response to
1000 ppm CH4 reached 68%, higher than that in the dark (~ 55%)
at  225  °C70.  However,  the  electron–hole  recombination  is  a  main
factor  that  limited  the  efficiency  of  the  light-assisted  reactions71,
since  the  survival  time  of  photogenerated  electrons  is  too  short  to
migrate to the surface and participate in redox reactions.

The  construction  of  heterojunction  also  provides  a  solution  to
facilitate  the  separation  of  electrons  and  holes.  For  instance,  by
decorating  g-C3N4 on  ZnO,  the  photogenerated  electrons  would
migrate  to  ZnO  while  photogenerated  holes  migrated  to  g-C3N4
since  both  the  conduction  band  and  valence  band  of  ZnO  were
lower  than  those  of  g-C3N4.  Thus,  the  g-C3N4 decorated  ZnO
showed  room-temperature  CH4 sensing  with  higher  response  of
6.891  to  1000  ppm  CH4,  1.5  times  more  than  that  of  pure  ZnO
(Fig. 6a)72.

By  decorating  noble  metal  nanoparticles  on  MOS,  the  light
required  for  electronic  sensitization  is  extended  to  visible  light
region,  which is  safer  and more energy-saving than UV light.  The
additional visible light adsorption results from the surface plasmon

 

p–n
junction

n–n
junction

Fig. 5.    Schematics  explaining  band  bending  at  different  heterojunction  interfaces. a,  p–n  junction  about  to  form  between  p-type  Co3O4 and  n-type  ZnO.  The
available lower-energy valence band states (holes) stimulate electron transfer across the interface and the equilibration of Fermi energies (EF). b, Depletion layer formed on
both sides of p–n junction due to recombination, creating a potential barrier for electron flow. c, n–n junction about to form between n-type SnO2 and n-type TiO2. The
available  lower-energy  conduction  band  states  stimulate  electron  transfer  to  n-SnO2. d,  Depletion  layer  formed  at  n-TiO2 surface  due  to  loss  of  electrons,  and
accumulation layer formed at SnO2 surface due to added electrons. A potential barrier was also formed at the interface. EVB: valence band edge energy, and Egap: band gap
energy. Reproduced with permission from Ref.48, © Elsevier B.V. 2014.
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resonance (SPR) of the metal when the frequency of incident light
coincides  with  the  oscillation  frequency  of  free  electrons  on  the
metal  surface73.  Chen  et  al.  reported  the  room-temperature  CH4
oxidation  by  Ag-decorated  ZnO  under  visible  light  with  a
wavelength  of  470  nm.  The  addition of  Ag endowed a  broadened
absorption spectrum of ZnO in the visible light region (peaking at
~ 470 nm and extending to over 800 nm). The activated plasmonic
Ag  transferred  the  energetic  electrons  to  MOS  and  sensitized  the
surface  to  enhance  CH4 oxidation74.  Pd,  as  a  superior  CH4
oxidation  catalyst,  was  also  reported  to  exhibit  SPR  peaks  in  the
visible region75. We achieved room-temperature CH4 sensing by Pd-
decorated  ZnO/rGO  hybrid  illuminated  under  visible  light  with  a
wave length of 470 nm. The sensor showed a response of 63.4% to
1% CH4 and response/recovery time of 74 s/78 s. The photoexcited
Pd  transferred  the  excited  electrons  to  ZnO  and  led  to  the
formation  of  active  oxygen  species  (  and  O−).  Besides,  Pd  also
promoted the dissociation of CH4 and oxygen, which facilitates the
catalytic oxidation of CH4. Thus, both factors led to the exceptional
room-temperature  CH4 sensing,  as  shown  in Fig.  6b76.  Then  we

O−
2

further  employed  590  nm  visible  light  to  realize  CH4 sensing  at
80  °C  by  construction  of  Pd-decorated  oxygen  vacancy-enriched
ZnO with a response of 36.8% to 0.1% CH4. The Schottky barrier at
the  interface  between  Pd  and  ZnO  hindered  the  transferring  of
excited  electrons  from  Pd  to  ZnO.  The  introduction  of  surface
oxygen vacancy-related energy level lowered the barrier for electron
transferring,  thus the electrons excited by 590 nm visible  light  can
be transferred to oxygen vacancy to generate active  and O− and
improve CH4 sensing performance (Fig. 6c)77. 

2.1.3    Chemical sensitization

Chemical  sensitization  is  to  accelerate  CH4 oxidation  to  improve
the sensitivity. It is widely known that the low intrinsic reactivity is
due  to  the  difficulty  of  the  C–H  bond  activation78,  so  the  general
strategies  of  C–H  activation  could  also  be  applied  for  better  CH4
sensing performance.

Usually,  chemical  sensitization  is  realized  via  noble  metals
loading  owing  to  their  catalytic  ability  on  CH4 oxidation.  Pd  is
mostly  employed  in  MOS CH4 sensors  due  to  its  highest  catalytic
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Fig. 6.    Strategies for improving CH4 sensitivity via electronic sensitization. a, The gas-sensing schematic diagram and energy band structure diagram of ZnO/g-C3N4

exposed to air and CH4. Reproduced with permission from Ref.72, © Elsevier Ltd. 2023. b, Schematic illustration of the mechanism for photocatalytic oxidation of CH4, the
improved electron transfer,  and the multiple heterojunctions formed in the ternary rGO/ZnO/Pd hybrid under visible-light illumination.  Reproduced with permission
from Ref.76, © Elsevier B.V. 2019. c, Schematic illustration of the mechanism of the photocatalysis-enhanced CH4 sensing performance over the OV ZnO/Pd hybrid and
the generation and transfer of hot electrons between Pd and ZnO. Reproduced with permission from Ref.77, © Elsevier B.V. 2019.
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activity  towards  methane  oxidation79−81.  Haridas  et  al.  loaded
multiple  kinds  of  noble  metal  as  well  as  metal-oxide  catalysts  (Pt,
Ag,  Ni,  Pd,  Au,  NiO,  and  Au2O3)  clusters  onto  SnO2 thin  film  to
find  that  Pd  loaded  SnO2 exhibited  the  best  sensing  response  for
200  ppm  CH4 in  the  temperature  range  of  80–220  °C,  with  the
highest response of 97.2% at 220 °C82. The same improvement was
also observed in Pd loaded ZnO-based sensor,  where the response
to  5000  ppm  CH4 increased  from  9.0  to  19.283.  Nevertheless,  in
addition to Pd, other noble metals have also been applied in MOS
CH4 sensors,  such  as  Pt84,  Au85,  and  Ag86,  all  of  which  showed
enhanced CH4 sensing performance.

It  has  been  revealed  that  PdO  (101)  plays  an  important  role  in
C–H  bond  cleavage  from  both  experimental  evidence  and
fundamental studies87.  Pd (100) tends to be oxidized to PdO (101)
in the presence of oxygen at elevated temperature88. The terminated
PdO  (101)  surface  consist  of  alternating  rows  of  threefold  or
fourfold  coordinated  Pd  or  O,  as  shown  in Fig.  7.  The  threefold
coordinated Pd atoms are coordinatively unsaturated and constitute
half of the surface Pd atoms. CH4, with two C–H bonds as electron
donor,  coordinated  with  cu-Pd  to  form  a  σ-complex.  The  σ-
complex formation weakens the coordinated C–H bond and lowers
the  activation  energy  for  C–H  bond  cleavage89.  A  calculation
conducted  by  Weaver  et  al.  predicted  that  the  energy  barrier  for
breaking  the  Pd-coordinated  C–H  bonds  is  lower  by  more  than

100 kJ·mol−1 than those uncoordinated90. After the cleavage of C–H
bond, the H or CH3 spillovers to metal oxide surface to react with
chemisorbed oxygen anions and CH4 is then completely oxidized91.
Compared  with  pure  metal  oxides  which  require  high  working
temperature  to  activate  C–H  bond,  the  utilization  of  Pd  lowers
C–H bond cleavage energy barrier with consequent lower optimal
temperature. The high CH4 oxidation rate means the high electron
injection  rate  and  more  chemisorbed  oxygen  participated  in  CH4
oxidation, thereby enhancing the response of MOS CH4 sensors.

O−
2

Radical  sensitization  is  considered  as  another  possible  effective
approach.  Various  radicals  (·OH,  ·OR,  · ,  etc.)  could  easily
abstract  a  hydrogen atom from methane  in  a  fast  and exothermic
reaction, realizing the activation of CH4

93. Therefore, the generation
of  abundant  radicals  on  the  surface  of  MOS  could  lead  to  the
enhanced  sensitivity,  which  could  be  combined  with  the  above-
mentioned light-illumination. This method has not yet been widely
applied  in  CH4 sensing,  but  already  conducted  in  gas  sensing.
Wang  et  al.  prepared  Fe-doped  hexagonal  and  monoclinic  WO3
phase junction materials  to find their  response to 10 ppm acetone
to be 12 at  260 °C under  light-emitting diode (LED) illumination,
3 times more than pristine WO3. The proposed mechanism is that
the  formation  of  WO3 phase  junctions  benefited  the  carrier
separation,  and  Fe  doping  favored  oxygen  adsorption,  which
synergistically  promoted  the  generation  of  superoxide  radicals94.
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Fig. 7.    The adsorption analysis of CH4 on the PdO (101) surface. a, b,  The side (a) and top (b) views of the slab model of the PdO (101) surface. Reproduced with
permission from Ref.92, © The Royal Society of Chemistry 2019. c, Different charge density plot by DFT for the σ-complex by adsorption of CH4 on a cu-Pd site of PdO
(101). Reproduced with permission from Ref.89, © American Institute of Physics 2010.
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The  strategy  of  utilizing  the  water  in  the  environment  to  further
enhance the generation of free radicals has also been reported95. We
have  developed  a  photoactive  room-temperature  gas  sensor  based
on MoS2/Pt.  Under light-irradiation,  at  room temperature and the
humidity  of  60%,  the  MoS2/Pt  sensor  shows  a  significantly
improved response (87.4%) to 100 ppm CO, greater than that in the
humid,  dark  environment  (<  10%)  and  that  in  the  dry,  light-
illuminated environment (51.8%). It is confirmed that the MoS2/Pt
surface lowers the activation energy to convert  CO to CO2 via  the
free  radicals  (·  and  ·OH)  induced  by  the  synergy  of
photochemical effects and water vapor96. 

2.2    Selectivity
Selectivity  is  an  important  parameter  that  determines  the
practicability  of  a  sensor.  A  good  selectivity  means  the  specific
response  to  the  target  analyte  with  slight  or  no  response  to  the
interfering  gas.  However,  the  weak  selectivity  is  an  intrinsic
problem  of  MOS  gas  sensors,  because  any  oxidative/reductive  gas
can induce the electron transferring on the surface of MOS19. More
particularly,  MOS sensors usually generate a weaker signal to CH4
compared  with  other  active  molecules  like  CO,  NO2,  NH3,  and
ethanol  due  to  its  low  reactivity.  There  are  few  literatures
investigating  the  selectivity  of  MOS  CH4 sensors  for  now,  and  in
some MOS CH4 sensor researches the selectivity is not mentioned.
In some cases that claim a good selectivity to CH4, the response for
interfering  gas  usually  exceeds  10% of  that  for  CH4

97−100,  which  is
high enough to cause a detection deviation in practice. In a case that
uses  porous  three-dimensional  (3D)  hierarchical  SnO2
nanomaterials  as  sensing  materials,  the  ethanol  response  exceeds
50%  of  CH4 at  the  same  concentration,  and  the  response  of
formaldehyde  is  nearly  the  same  as  that  of  CH4

101.  Besides,  the
aforementioned  strategies  to  improve  the  sensitivity  such  as
electronic  and  chemical  sensitization  also  face  the  challenge  of
selectivity,  since  sensitization  of  MOS  surface  also  increases  the
sensitivity  to  other  gases.  Even  Pd  was  found  to  promote  the
dissociation  or  oxidation  of  CO102,  NH3

103,  and  H2
104.  Another

problem  in  recent  research  is  the  choice  of  interfering  gases.  As
summarized in Table 1, there are great differences in the choices of
interfering  gases.  Hydrogen,  ethanol,  acetone,  ammonia,  and
carbon monoxide are most commonly chosen in selectivity tests. Of

course,  the  choice  of  interfering  gas  for  selectivity  test  should  be
based on the actual application scenario to evaluate the practicality
of the sensor. 

2.2.1    Operation temperature control

Typically,  the  response  to  a  certain  gas  of  MOS  sensors  is  time
dependent  with  an  optimal  temperature  at  which  the  response  is
maximized.  The temperature dependence of  the response of  MOS
sensors is determined by several factors:

(1) Chemisorption of oxygen.
(2)  Adsorption  of  target  gas  (CH4,  CO,  NO2,  etc.)  and  their

reaction with chemisorbed oxygen.
(3) Desorption of target gas and chemisorbed oxygen.
(4) The intrinsic charge carrier concentration.
At low temperature range, increasing temperature favors the first

two  processes  more  than  the  last  two  and  the  response  to  endow
the  increasing  response.  However,  at  high  temperature,  the
desorption is accelerated with an increased intrinsic charge carrier,
making the resistance change caused by gas reaction less significant,
and  the  response  is  thereby  reduced.  Thus,  competition  among
these  processes  determines  the  optimal  temperature,  and  different
gases  have  their  own  optimal  temperature  due  to  their  distinct
adsorption/desorption and reaction kinetics, as shown in Fig. 8112.

Usually, CH4 needs high temperature to trigger its oxidation on
MOS surface  compared to  other  reducing gas.  For  example,  SnO2
quantum dots showed a maximum response to CO at 225 °C, while
at temperature above 375 °C the response to CH4 is much higher113.
Such dual selectivity can be further enhanced by supported catalyst
since  catalytic  enhancement  for  different  gas  differs.  Li  et  al.
demonstrated an enhanced dual selectivity for detection of CO and
CH4 via  PdPt  nanoparticles-functionalized  SnO2 nanosheets.  The
PdPt/SnO2 sensor showed a maximum response to CO and CH4 at
100  and  320  °C,  respectively.  The  enhanced  dual  selectivity  was
ascribed  to  the  significant  differences  in  the  activation  capacity  of
PdPt  nanoparticles  to  CO  and  CH4,  since  CO  oxidation  can  be
triggered by PdPt at 100 °C while CH4 oxidation required a higher
temperature105.  However,  one  should  admit  that  temperature
control  can only partially improve selectivity of  MOS CH4 sensors
for the temperature profiles of  the gas response are too broad and
there  might  be  gases  which  possess  similar  response-temperature
distribution. 

 

Table 1    Selectivity test in MOS CH4 sensing

Materials Operating temperature Response to CH4 Response to interfering gas Response/recovery time Ref.

PdPt/SnO2 320 °C 5a (1000 ppm) 1.8a (CO), 2a (H2S), 1.9a (NH3), 50 ppm for all 5 s/4 s [105]

Pd/SnO2/rGO Room temperature 5%b (4000 ppm) 0.5%b (CO), 0b (ethanol, NH3, CO2), 4000 ppm for all 5 min/7 min [106]

Au/SnO2 120 °C 8a (500 ppm) 1.95a (CH3OH), 2a (ethanol), 3.2a (CH2O),
2.9a (CO(CH3)2), 500 ppm for all > 500 s/> 300 s [107]

Au/VOx 25 °C 25%b (1500 ppm) 0b (NH3, ethanol, CO(CH3)2), 20%b (NO2), 500 ppm for all ~ 1000 s/~ 1000 s [108]

Pd/ZnO 200 °C 19.2a (5000 ppm) 4a (NH3, 40 ppm), 2.3a (C6H5CH3,1 ppm),
3a (CH2O, 1 ppm), 2.4a (CH3OH, 1 ppm) ~ 500 s/~ 300 s [83]

SnO2/rGO 150 °C 47.6%b (1000 ppm) 11.1%b (NH3), 8.8%b (CO2), 8.5%b (H2O), 1000 ppm for all 61 s/330 s [109]

Pt/Co3O4/MoS2 170 °C 12.2%b (3000 ppm) 3%b (C2H6, CO), 2%b (H2), 3000 ppm for all ~ 25 s/~ 20 s [110]

Pt/SnO2/MWCNTs Room temperature 28.5%b (100 ppm) 15.5%b (NH3), 4.6%b (CO2), 100 ppm for both 176 s/763 s [52]

Pd/SnO2 300 °C 4.88a (250 ppm) 1.30a (CH2O), 1.36a (C6H6), 1.23a (C6H5CH3), 1 ppm for all 3 s/7 s [111]

aThe response is defined as Ra/Rg.
bThe response is defined as |Ra − Rg|/Ra.
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2.2.2    Noble metal modification

In the previous Section 2.1, it has been introduced that noble metal
could  act  as  chemical  sensitizer  to  help  improve  the  sensitivity  of
MOS-based  CH4 sensors  due  to  their  ability  to  catalyze  methane
oxidation. For the same principle, noble metal could also be utilized
to improve the selectivity of CH4, as long as its promotion effect to
the  catalytic  oxidation  of  methane  is  stronger  than  that  of  other
gases.  Also  as  discussed  before,  noble  metal  such  as  Pd83,  Pt110,
Ag114,  and  Au107 as  well  as  noble  metal  based  bimetallic105, 115, 116

structures could all help increase the selectivity, but Pd has the best
effect for its capability to enhance C–H bond breakage. Wang et al.
prepared In2O3 microspheres loaded with 6 wt.% Pd. At 50 °C, the
response  values  of  pristine  In2O3 microspheres  to  5000 ppm CH4,

24 ppm CO, and 40 ppm NH3 were 7.2,  2.8,  and 2.5,  respectively.
Due  to  the  heterojunction  formed  between  Pd  and  In2O3 and  the
promoting effect  of  Pd on oxygen adsorption,  the  response  values
of the three gases increased to 22.7, 7.4, and 4.9, respectively. After
the  loading  of  Pd,  the  response  ratio  of  CH4 to  CO  and  NH3
increased from 2.57 and 2.88 to 3.07 and 4.63, respectively117. 

2.2.3    Filter

The additional filters incorporated into the sensor units or directly
combined with sensing materials are one of the most effective ways
to  improve  the  selectivity.  The  interfering  gas  can  be  hindered  by
the size selection or physical  adsorption, such as charcoal which is
applied in CO sensors to adsorb butane, heptane, and ethanol118, or
dense  SiO2 layer  that  allows  H2 molecules  to  pass  easily  while  the
penetration  of  large  molecules  such  as  ethanol  and  CH4 is
hindered119. In addition to physical barrier filters, catalytically active
filters  can transfer  some interfering gases  into  inactive  species  and
thereby reduce the interference, which are more used than physical
filters  in  CH4 sensing.  The  stability  of  CH4 can  be  utilized  to
improve  CH4 sensing  selectivity  since  most  interfering  gases  are
more  active  than  CH4.  Thus,  these  interfering  gases  can  be
pretreated via catalytic active filters. With a porous Ga2O3 catalyst-
filter  working  at  800  °C,  the  response  of  interfering  ethanol  and
acetone was reduced while the response to CH4 slightly changed, as
illustrated in Fig.  9a120, 121.  The same ethanol catalytically filtration
effect  was  also  reported  with  an  Al2O3 filtration layer  on Pd/SnO2
where  the  interference  of  ethanol  was  almost  eliminated  at  above
400  °C  while  the  sensitivity  to  CH4 remains  nearly  unchanged.
Filters  such as  Al2O3 and SiO2 containing noble  metals  such as  Pt
and Pd were also reported to reduce the interference of ethanol in
CH4 sensing122, 123. Moreover, the interference cause by CO can also
be  reduced  with  a  Pt-porous  filter  film  deposited  on  the  sensing
film124,  because  Pt  has  a  low  catalytic  activity  for  the  oxidation  of
CH4 at  temperature  below  500  °C125.  In  a  case  sensing  CH4 via
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Fig. 8.    Temperature dependence of conductivity response of SnO2 thick films
to  (1)  ethanol  (50  ppm),  (2)  H2 (500  ppm),  (3)  CO (300  ppm),  and (4)  CH4

(1000  ppm)  in  dry  synthetic  air. Reproduced  with  permission  from  Ref.112,  ©
Elsevier B.V. 2004.
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Fig. 9.    Strategies for improving CH4 selectivity via filter. a, Cross-section of the Ga2O3 catalytic filter and response curve of a pure Ga2O3 sensor and a sensor equipped
with Ga2O3 catalyst filter to methane, ethanol, and acetone at 800 °C. Reproduced with permission from Ref.121, © Elsevier Science S.A. 2000. b, Dynamic resistance curves
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Elsevier Ltd. 2024.
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Pt/SnO2 with Au/Ce-Zr catalytic filter, the filter was found to reach
nearly  100%  conversion  of  CO,  ethanol,  toluene,  acetone,  and
formaldehyde  at  400  °C,  while  CH4 conversion  is  relatively  low
(<  10%).  Thus,  the  sensor  showed  highly  selective  response  to
CH4

126.
Recently, the porous filters with a confined structure and definite

pore  diameters  have  been  adopted  in  MOS-based  gas  sensing  for
the  certainty  and  uniformity,  which  could  well  ensure  the
repeatability  of  filtering  effect  between  sensors,  and  is  helpful  for
designing  the  material  to  specifically  improve  the  selectivity  of  a
certain  analyte  against  a  certain  interfering  gas.  Two  types  of  the
most  representative  applied  filters  are  molecular  sieves127 and
MOFs. Zhou et al. coated ZIF (a kind of MOF) onto ZnO nanorod
arrays  to  form a  core–shell  structure,  therefore  ZIF  could  act  as  a
filter  to  hinder  the  diffusion  of  gas  with  the  dynamic  diameter
larger  than  the  pore  size  of  ZIF.  The  sensing  performance  turned
out  as  predicted:  The response  of  ZnO@ZIF to  gases  with  smaller
diameter  approximately  maintained  the  same  as  that  of  pristine
ZnO  nanorods,  but  suffered  a  significant  decrease  to  gases  with
larger  diameter128.  From  this  point  of  view,  CH4 has  the  dynamic
diameter of 3.8 Å129, so filters with pore size bigger than 3.8 Å could
be utilized to improve the selectivity of CH4. For example, ZIF-8 is a
potential  candidate  for  its  effective  aperture  of  4.0–4.2  Å129,  so  we
fabricated  core–shell  ZnO/Pd@ZIF-8  nanorods,  decreasing  the
response of NO2 with the dynamic diameter of 4.5 Å from 65.5% to
4.3%130.  Moreover,  as  the  gas  adsorption  capacity  and  property  of
MOF could be modulated by altering metal nodes131 or ligands132,
we further introduced Co nodes to replace the original Zn nodes of
ZIF-8  to  form  ZnO/Pd@ZIF-8/67  composites,  which  exhibited  a
response  of  12.2% to  500  ppm CH4 at  210  °C but  no  response  to
50 ppm CO, 50 ppm NH3, and 5 ppm NO2. The enhanced polarity
of ZIF by Co replacement favored the adsorption of polar CO and
NH3,  while  having  little  effect  on  nonpolar  CH4,  thereby  showing
excellent selectivity (Fig. 9b)133.

It should be mentioned that while the introduction of filters can
improve the selectivity, they also slow down the diffusion process of
CH4 and O2,  which may decrease the sensitivity as well as prolong
the response time. Also, both the physical filter and catalytical filter
have  the  possibility  of  invalidation.  The  physical  filter  may  reach
adsorption saturation at a high concentration of interfering gas, and
may lose  its  filtering  property  to  interfering  gas  when the  cell  was
saturated134. For the catalytical filter, the catalyst deactivation caused
by poisoning or other factors should also be considered. 

2.3    Stability
Stability is one of the most important factors to determine whether
a  sensor  can  be  put  into  practice.  A  stability  within  30  days  is
commonly  seen in  literatures  to  demonstrate  the  stability  of  MOS
CH4 gas  sensors114, 135.  However,  it  is  difficult  to  investigate  the
stability  of  a  sensor  under  laboratory  conditions,  because  real
situation  is  too  complex  to  simulate.  For  example,  currently  the
most  used flammable gas  sensors  are  catalytic  combustion sensors
in  coal  mines,  which  generate  signals  from  the  resistance  change
caused by the heat of catalytic combustion136. The main problem of
this type of sensors is  the catalyst  poisoning and coking caused by
other environmental gas in coal mine, which led to unstable signals
and short device life17.

Factors  that  influence  the  stability  of  MOS  gas  sensor  have
already been discussed in detail in a previous review137. Here some
important factors especially for CH4 sensing are discussed. (I) High

temperature.  A  high  temperature  is  usually  required  (usually
≥ 250 °C) owing to low reactivity of CH4, together with a nanoscale
grain size to increase its response138−141. However, high temperature
leads  to  easier  structure  transformation for  metal  oxide.  The mass
transfer  from  smaller  grains  to  larger  grains  leads  to  grain
coarsening142.  The  structure  transforming  leads  to  the  change  in
electrical  property,  thus  resulting  in  the  baseline  drift  with  an
unstable  response  for  long-term  devices143.  (II)  Catalyst
deactivation.  Generally,  nanosized  noble  metal  nanoparticles  are
often loaded on metal oxide for CH4 catalytical oxidation to trigger
electron  transfer  for  CH4 to  MOS.  Despite  the  aggregation  of
nanoparticle  at  high  temperature,  deactivations  can  result  from
other factors such as poisoning. For example, the exposure of Pd to
SOx or  H2S  led  to  the  formation  of  palladium  sulfate  and  hinders
CH4 catalytic oxidation144.

Some engineering approaches to improve stability and reliability
of conductometric gas sensors have been reviewed137,  such as drift
compensation,  which  use  additional  processing  algorithms  to
compensate signal drift resulting from factors mentioned before145.
Recently,  machine  learning-assisted146 and  neural  network-
assisted147 signal  calibration  algorithms  have  also  been  adopted.
However,  despite  these  works  on  signal  processing,  it  should  be
noted that engineering approaches could improve stability, but just
within  a  limit.  The  main  efforts  should  lay  on  the  stability  of
sensitive  material  itself,  which  means  the  utilization  of  more
thermal  stable  materials.  However,  the  choice  of  stability  and
activity is always dilemma. On the one hand, to overcome the low
reactivity of CH4,  the surface of metal oxides is modified with rich
active  sites  to  react  with  CH4.  On  the  other  hand,  the  thermal
stability  of  materials  is  reduced,  causing  a  weak  stability.  For
example,  metal  oxides  with  oxygen  vacancies  enriched  surface  are
usually  utilized  to  enhance  sensing  properties  by  increasing  the
number  of  adsorbed  oxygen  molecules42, 148−150.  At  an  operation
temperature  of  200–500  °C,  the  diffusion  of  oxygen  vacancies
appeared  despite  its  rather  low  diffusion  coefficients151, 152.
According to the oxygen-vacancy model,  surface oxygen vacancies
control  the  surface  conductivity153.  Thus,  such diffusion can cause
signal  drifting  of  the  devices  in  the  long-term  running.  Another
dilemma is the choice of grain size. As mentioned before, nanosized
particles  endow  a  high  sensitivity  with  weak  structure  stability.  In
consideration of  stability,  the  use  of  particles  with  extremely  small
size  should  be  rejected,  which  means  a  reduced  sensitivity143.  The
tradeoff between good stability and high sensitivity may have to be
made in future research. 

2.4    Humidity resistance
One  of  the  biggest  drawbacks  in  MOS  gas  sensors  is  their  strong
dependence  on  atmosphere  humidity.  Usually,  researchers  will  set
humidity at a value as a background like nitrogen or oxygen when
conducting  gas  sensing  tests.  However,  unlike  nitrogen  or  oxygen
with  a  relatively  stable  concentration,  the  humidity  in  atmosphere
can vary at a wide range in practice due to many factors such as the
weather  or  the  ambient  temperature.  In  fact,  MOS  itself  can  be
applied as humidity sensor154, 155. The surface of most metal oxides
is covered with hydroxyl groups due to atmosphere humidity. H2O
molecule  splits  to  hydroxyl  and  neutral  hydrogen  atom156.  Then
hydroxyl  bonds to Sn atom (SnO2 as  an example) while hydrogen
atom bonds to the lattice oxygen to form “rooted” OH group. The
built up rooted OH group has a lower electron affinity and serves as
electron donor with an electron injection to conduction band.
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H2O+SnSn +OO ↔ (SnSn
+−OH−)+(OH)O

+
+ e− (4)

With  increased  humidity,  the  hydroxyl  group  would  further
adsorb  H2O  molecules  to  form  a  physiosorbed  layer  and  H2O
molecules layer, as shown in Fig. 10. In humidity sensing based on
MOS, H+ serves as charge carrier which hops between two adjacent
hydroxyl  groups  at  low  humidity  or  hops  between  two  H2O
molecules  when  continuous  water  layer  is  formed  at  high
humidity157, 158.  At  this  point,  the  influence  of  H2O on MOS CH4
sensing  can  be  summarized  as  follows.  Firstly,  the  adsorbed
hydroxyl conduces to a decrease in baseline resistance of gas sensor
due  to  electron  injection,  thus  reducing  the  response  to  CH4.
Secondly,  the  adsorption  of  H2O  reduces  active  sites  for  oxygen
chemisorption  which  is  the  key  to  CH4 sensing.  Besides,  the
hydroxyl  or  H2O layer  also  inhibits  CH4 adsorption.  Thirdly,  with
increased  humidity,  H+ transferring  is  accelerated  because  the
mobility  of  H+ in  continuous  H2O  layer  is  higher  than  hopping
between  hydroxyls  at  low  humidity,  thus  leading  to  a  decreased
response.

To the best of our knowledge, there are few reports on resistance
to humidity in MOS CH4 sensor. According to Licznerski et al., the
as-prepared  SnO2/Pt  showed  a  stable  response  to  CH4 in  the
humidity range of 7%–80% at an optimal temperature of 560 °C159.
This  is  mainly  because  physisorption  of  H2O  become  unstable  at
temperature above 100 °C, and surface hydroxyls start to desorb at
temperature  above  400  °C160, 161.  It  was  reported  that  the
chemisorption of OH group on the (110) facet was accompanied by
the localization of negative charge on it to a greater extent than that
in the case of OH group chemisorbed on the (101) facet of SnO2

162.
This  result  provided  a  method  that  one  can  decrease  humidity
effects  by controlling the morphology of  crystal  with proper facets
exposed.  Postica  et  al.  found  that  Ag  nanoparticles  may  act  as
hydroxyl absorbers since Ag-doped ZnO showed an improvement
in  stability  under  humidity  changes  than  those  undoped163.  In
addition to material modification methods, external approaches can
also  reduce  the  humidity  influence.  A  facile  way  in  practice  is  to
build a H2O filter to adsorb H2O before it reaches sensing layer164.
Another  way  is  to  integration  of  multiple  sensors,  for  example,  to
fabricate  temperature,  humidity,  and  gas  sensors  on  the  same
platform  together165, 166.  By  means  of  signal  processing,  the  signal
drifting  caused  by  humidity  can  be  compensated  to  improve  the
accuracy  of  gas  sensing.  It  should  be  noticed  that  some  strategies
can reduced the influence of external H2O, while CH4 oxidation can
produce  internal  H2O.  The  generated  H2O  can  desorb  quickly  at
high temperature as mentioned before while at  low temperature it
can  adsorb  on  the  surface  of  metal  oxides  and  hinder  subsequent

oxygen  and  CH4 adsorption,  thus  reducing  the  sensing
performances.  Currently,  there are few reports about the influence
of  the  produced  H2O  on  low  temperature  MOS  CH4 sensing.
Considering  the  hydroxylation  of  the  surface  and  consequent
physisorption  of  H2O  at  low  temperature,  further  investigation  of
low temperature MOS CH4 sensing should take the produced H2O
into account. 

3    Summary and perspective
At  present,  commercial  CH4 sensors  are  mainly  infrared  optical
sensors and catalytic combustion sensors. The infrared optical CH4
sensors are highly accurate with fast response (usually < 10 s) and a
ppb-level detection limit12. However, the high cost in fabrication of
the  sensors  limits  their  wide  application.  Though  catalytic
combustion CH4 sensors have the advantage of low fabrication cost,
high  sensitivity  to  inflammable  gas,  and  fast  response  (usually
< 20 s), the risk of high operation temperature (~ 600 °C) and weak
duration  because  of  catalytic  poisoning  also  hinder  their  further
development.  Compared  with  the  two,  MOS  CH4 sensors  with  a
low  fabrication  cost,  tunable  structures,  and  satisfied  stability  are
promising  sensors  in  construction  of  intelligent  CH4 monitoring
network  or  wearable  devices  in  the  future.  Still,  some  key  issues
remain to be solved.

The fatal  problem is the high working temperature required for
CH4 sensing.  Typically,  the  temperature  needed  for  MOS-based
CH4 sensing  is  above  150  °C,  which  increases  the  potential  safety
hazard considering the explosivity of CH4. Most ideally, the hazard
could  be  reduced  to  minimum  if  room-temperature  CH4 sensing
could  be  achieved.  In  fact,  the  issue  of  decreasing  the  working
temperature falls  into the same category as  the issue of  improving
the sensitivity,  as higher sensitivity enables the sensor to work at a
lower temperature while maintaining the same response to CH4 of
a certain concentration. However, current researches showed that at
lower  or  room  temperature,  sensors  will  suffer  from  a  long
response/recovery  time,  often  in  minutes,  which  fails  to  meet  the
requirement  of  real-time  CH4 monitoring.  Effective  electronic
sensitization and CH4 activation at room temperature are the keys
to fast, sensitive, and room temperature CH4 sensing, and enhanced
or novel strategies and methodologies might be proposed from this
perspective.

Another  problem  is  the  weak  selectivity  of  MOS  CH4 sensors.
Though  various  methods  have  been  applied  to  increase  the
response to CH4, few of them are specific to CH4 and the response
to  interfering  gas  is  also  enhanced.  It  seems  that  the  interference
caused  by  other  gases  can  only  be  partially  reduced  and  is
impossible to be totally eliminated in MOS sensors if only by means
of material  modification. With the development of electronics and
signal processing, an engineering approach is proposed to improve
the  selectivity  of  MOS sensors,  namely  sensor  array.  Based  on the
recognition  that  a  single  sensor  cannot  achieve  selective  sensing,
sensor  array  is  proposed,  which  means  the  integration  of  various
sensors with different gas detection sensitivity167, 168, as illustrated in
Fig.  11.  When the  mixed  gas  is  introduced and interacts  with  the
sensor  array,  each  sensor  generates  different  signals,  which  means
that  the  pattern  of  response  across  the  sensors  is  distinct  for
different gases.  By testing a large number of samples,  a database is
established for the sensor array. The unknown response pattern can
be  compared  to  the  database  and  the  unknown  gas  composition
can be analyzed by means of signal processing. In a work of Kang et
al., nanocolumnar films of metal oxides (pristine and Au-decorated
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Fig. 10.    Illustration of water vapor chemisorption and hydroxyl layers on the
surface of SnO2. Reproduced with permission from Ref.156, © Farahani, H. et al.
2014.
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SnO2,  In2O3,  WO3,  and  CuO)  were  deposited  with  a  high  batch
uniformity  through  glancing  angle  deposition.  With  this  sensor
array with 8 sensors  and signal  processing based on convolutional
neural network, the real-time recognition of 6 gases (air, CO, NH3,
NO2,  CH4,  and  C3H6O)  was  achieved  with  ~  98%  accuracy,  and
their concentrations could be estimated with the 10% error range in
real time169. Nevertheless, it’s worth noting that though sensor array
provides  a  powerful  solution to  selectivity,  the  effort  in  improving
single  MOS  CH4 sensing  is  still  significant  since  the  accuracy  of
sensor array relies on the high sensitivity of each sensor.

The  third  problem  lays  on  the  fabrication  process.  First  is  the
repeatability  of  MOS  sensors.  The  sensing  parameters  depend  on
the  microstructure  of  sensing  materials,  such  as  the  grains
connecting  patterns.  Present  preparation methods  of  MOS consist
of  spin-coating171,  drop  coating172,  magnetron  sputtering173,  and
screen printing174, which are all based on the connection of powder
samples  to  form  conduction  channels.  In  recent  years,
microelectromechanical  system (MEMS) sensors consisted of  both
mechanical  and electrical  structures  have been put  out  and widely
applied  in  practical  scenarios175,  and  their  repeatable  and  precise
manufacturing  process  could  help  improve  the  repeatability  and
consistency  of  each  sensor  fabricated176.  Though  the  problem  of
repeatability  is  barely  mentioned  in  literatures,  the  distinct  grain
connecting  patterns  in  each  preparation  lead  to  various  sensing
parameters  of  MOS  sensors  in  different  batches,  which  is  not
favored in practical production. Secondly, the additional cost might
be introduced by new strategies. A typical example is the utilization
of light-assisted MOS sensors,  which require the additional  optical
units  in  device  fabrication.  Since  the  low  cost  is  one  of  the
advantages of MOS sensors over other types of sensors, a trade-off
should be made between sensor improvements by introducing new
strategies and the additional costs.

And  the  fourth  problem  is  the  humidity  and  stability.  It  is
generally  recognized  that  the  existence  of  water  will  lead  to  the

decrease  of  response  of  sensors,  which  may  lead  to  a  lower
estimation of concentration under highly humid circumstances and
cause  safety  hazards.  From  the  aspect  of  sensitive  materials,  few
general applicable strategies are proposed to improve the humidity
resistance.  According  to  the  mechanism  how  humidity  affects
sensing, to modulate the adsorption of H2O molecule on the surface
of  the  material  might  be  a  possible  approach,  but  the  long-term
stability  of  the  modulation  under  working  conditions  is  yet  to  be
strenthened177.  And if  water  is  treated  as  another  interference  gas,
then the tactics  for  improving sensitivity  could also be suitable  for
improve  humidity  resistance.  The  method  similar  to  sensor  array
might  also  work;  another  independent  humidity  sensor  could  be
installed,  and  the  response  could  be  fabricated  or  analyzed
concerning  the  current  humidity178.  The  stability  issue  of  MOS-
based  gas  sensors  is  quite  common,  but  more  severe  for  CH4
sensors  due  to  the  high  working  temperature  and  noble  metal
loaded  for  improving  sensitivity.  The  contaminants  in  the
environment are also an important factor to be concerned, as they
might  lead  to  the  poisoning  of  the  noble  metal  and  the
deterioration  of  the  sensing  performance.  To  our  knowledge,  the
intrinsic  low  reactivity  of  CH4 demands  high  activity  of  sensitive
materials,  which  conversely  contradicts  the  requirement  of  long-
term  stability.  So,  a  proper  balance  should  be  established  between
high  sensitivity  and  satisfying  stability  depending  on  the  actual
situations.  Besides,  the  structural  design  and  modulation,  such  as
the  introduction  of  single  atom  catalysts116,  and  the  effective
filtering of contaminants might be able to further lengthen the life
cycle of CH4 sensors.

The  increasing  need  for  process  safety  and  the  development  of
CH4 applications  are  pushing  CH4 sensing  to  become  one  of  the
most important parts of environmental monitoring. Present studies
about  CH4 MOS  sensing  are  still  minor  in  the  whole  gas  sensing
field  and  far  from  practical.  Further  investigation  of  MOS  CH4
should still concentrate on the improvement of CH4 sensitivity and

 

Fig. 11.    Diagram illustrating the functioning of sensor array. Reproduced with permission from Ref.170, © Elsevier B.V. 2013.
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selectivity.  The  deeper  understanding  of  the  mechanisms  of  CH4
sensing  is  also  necessary,  which  helps  to  establish  bottom-up
fabrication of future sensors.
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