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Hydrogen (H,) has been considered as one of the cleanest renewable energy sources. However, it is still
challenging to use H, due to its hazardous flammable and explosive properties under mild conditions in
the event of leakage, and the difficulty to detect or sense it through human sensory organs because of
its colorless and odorless nature. Traditional detection methods are usually complicated and the testing
instruments are expensive. Thus, it is of significant importance to develop sensors for H, detection with
facile operation conditions, low costs, and excellent performance (ie., sensitivity, selectivity, and
stability). To overcome the problems and for practically detecting H, gas, metal oxide (MOx)
nanomaterials have become more crucial in such a gas sensor because of the simple preparation
method, high surface area, high sensitivity, and low costs. This review will focus on the recent state-of-
the-art advances in resistive H, gas sensors based on MOx nanomaterials, starting from a brief
introduction of resistive gas sensors. The following sections will focus on the synthesis of different
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structures and types of such MOx nanomaterials, including mono/binary/ternary/ternary or more
complicated MOx nanomaterials. Meanwhile, we highlight some regulation methods such as surface or
DOI: 10.1039/d0ma00880; inner decoration by noble or non-noble metals to improve the performance as well as summarize and

compare different structures (core—shell and heterojunction), and mechanisms in H, sensing. Finally, the
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1. Introduction

Energy plays a crucial role in promoting the development of
human society. With the severity of environmental pollution
and the increasing consumption of non-renewable resources, it
is urgent to find clean energies as an alternative to fossil fuels.
Among them, hydrogen is one of the most ideal choices."?
However, H, has a low explosion limit (~4%) and a wide
explosion range (4-75%) in air.” In addition, it may lead to
hypoxic asphyxia with the accumulation of H, in air.” In order
to detect H, leakage during storage and transportation in time
and to avoid large-scale social hazards, various H, detection
devices have been developed.”™ Of achievements so far, resistive
gas sensors are most favored by researchers.'*™
Semiconductor metal oxide (MOx) nanomaterials have extra-
ordinary physical-chemical properties in optical, electric, and
magnetic performances,"*® which have been widely used in
catalysis,'® > energy storage,” biosensors,** and gas sensors.>> >
There are a large number of active sites on the surface of MOx,
which is beneficial for the adsorption of gases and the occurrence
of chemical reactions.’* In particular, they are the key to the
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opportunities and challenges of MOx-based H, gas sensors are proposed in detail.

construction of gas-sensing platforms. Resistive H, gas sensors
based on MOx nanomaterials have been widely studied.***
A series of MOx nanomaterials with different morphologies and
structures have been prepared by a variety of methods for the
rapid and efficient detection of H,.**™** With the development of
nanotechnology, the response is much improved.** However, the
low selectivity, poor stability, and weak durability of H, gas sensors
still impede their practical applications.*™>'

Although several reviews related to H, gas sensors have been
published, if one is focused on chromic H, gas sensors,’>
others are focused on a single or a class of MOx nano-
materials.**>* For example, Luo et al.”>® and Mirzaei et al.>*
discussed the applications of noble-doped MOx nanomaterials
in H, gas sensing. Li et al.** gave a comprehensive summary of
resistive H, gas sensors based on TiO, and a review by Ren
et al.*® covered ZnO resistive H, sensors. However, there is a
lack of reviews that sum up MOx-based H, gas sensors from
synthesis to application comprehensively.

In this review, we summarize the recent advances in the
preparation strategies of MOx and the state-of-the-art applica-
tions of these nanomaterials in H, gas sensors comprehen-
sively. First of all, we give a brief introduction about the related
information of MOx nanomaterials gas sensors, including
structure, parameters, and mechanism of H, gas sensors. Then,

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Metal oxide nanomaterials structure for H, gas sensors
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Category
Mono-semiconductor metal oxide N type
nanomaterial P type

Metal@MOx nanocomposites Noble metal decorating

Other metal doping

Binary metal oxide nanostructures ~ MOx nanoscale heterostructures

MOx-carbon nanocomposites
Ternary or more complicated —
nanostructures

we summarize and discuss the synthetic strategy of different
MOx nanomaterials with excellent H, sensing performance.
Subsequently, we introduce MOx nanomaterials for H, gas
sensors and emphasize methods to enhance the sensor perfor-
mance by classifying mono-MOx nanomaterials, noble metal or
non-noble metal-decorated MOx nanomaterials, binary semi-
conductor MOx nanostructures (nanoscale heterostructures,
MOx-carbon nanocomposites), and ternary or more complicated
nanostructures. Finally, conclusions are drawn and the future of
H, gas sensors is prospected. Table 1 shows some major MOx
nanomaterials for H, sensing with different number of units in
structures.

2. Structure, property, and mechanism
of H, gas sensors

Similar to other chemical sensors, gas sensors are also composed
of sensing materials and signal transduction systems.’® During
the detection process, the target gas interacts with the surface of
the sensing materials and changes the physical or chemical
properties on the surface of the sensing material; then, the
signal transduction systems convert these changes into readable
signals and output.”>'°° Therefore, the choice of sensing devices
as well as the combination of materials and physical actuators
should be considered for the desired sensor performance. In this
section, the configurations and mechanisms of gas sensors
as well as the methods of integration of sensing materials are
introduced.

2.1 Sensor devices

Usually, there are two main types of prototype devices used in
MOx gas sensors, which are planar and tubular devices.'*! To
meet the working environments and deformation requirements of

Table 2 Comparison of various gas sensing devices

In,03,"* WO;,*° M00;,>® Sn0,,’° TiO,,”” Zn0>®

Cu0,”® NiO,*° Te0,**

Pt-In,0;,%* Pt-Nb,05,°* Pd-Zn0,** Pt-NiO,"” Ag-Zn0,** Au-In,0,,%
Au—ZnO,iz Pd—InZO%,W Pd-TiO,,°® Pd-V,05,%° Pd-W,40,0,”° Pd-WO;,”*
Pt-Sn0,,”* Pt-TiO,”"

Al-Zn0,”* Cd-Zn0,”® Co-Sn0,,”® Co-Zn0,”” Cr-ZnO,’® Eu-Sn0,,”°
Mg-In,03,% Nb-Ti0,,*! W-Zn0*

Cuo—Tioz,“Sgno—Snoz,“ C030,-Sn0,,** Ce0,-In,0;,**> Nb,05-Cu0,*®
Nb,O5-TeO,

CNT-C0;04,%® C-WO03,*° graphene-In,0;,%° rGO-NiO,”" CNF-ZnO®*
Pd-Al,0,-TiO,,”* Pd-Sn0,-MoS,,°* Pt-Pd-Zn0,*® rGO-Ni-Zn0,’®
Pt/F-MWCNTSs/TiO,°”

the equipment, flexible devices are gaining attention gradually.
The advantages and disadvantages of the three configurations are
shown in Table 2. Next, the structure of these three prototype
devices will be explained. The first is a traditional ceramic tube
device, which is composed of a ceramic tube, a signal electrode,
and a heating electrode, as shown in Fig. 1a. Its core is a small
ceramic tube of Al,O;, which greatly improves the consistency and
mechanical strength of the gas sensor. Beside Al,Oz; gold
electrodes on both the sides are used for testing. The sensing
material is smeared between the two gold electrodes and their
surfaces, and then sintered at a high temperature. In addition,
there are four other metal platinum wires welded to the gold
electrode, which are used as wires welded on the base. Finally, in
ceramic, a nickel-chromium alloy heating wire is inserted into
the tube as the heating electrode of the device. The preparation
process of the ceramic tube is simple and the cost is low; thus, it
can be directly commercialized.

The second is a flat-type device, as shown in Fig. 1b; the Ag-Pd
alloy electrode with excellent electrical conductivity is formed on
the bottom layer of the ceramic substrate. The prepared material
is coated or grown on the Ag-Pd alloy electrode, which has a
zigzag shape in the middle of the substrate.’®®> Compared with the
ceramic type, the flat type has a better performance because the
material is directly coated on the surface of the electrode sub-
strate. There are various preparation methods for the sensing
material on the flat substrate, including spray coating, drop
coating, electrospinning, and self-assembly. The last one is the
flexible device, which uses organic polymer as the substrate, as
shown in Fig. 1c.

In sensing applications, a variety of flexible substrates are
selected, including polyimide (PI), polyethersulfone (PES), poly-
carbonate, polyvinyl naphthalate (PEN), polyester resin, and
polyphenylene ethylene glycol formate (PET). As the substrate,
polymers have many advantages, such as high transparency,

Type Advantages

Disadvantages

Ceramic tube
Flat device
methods for sensing materials

Flexible device Flexible, light, transparent

© 2021 The Author(s). Published by the Royal Society of Chemistry

Simple preparation process, low cost, direct commercial conversion
Maintain the material morphology and structure, various preparation

Destruction of the material morphology and structure
Poor portability

Expensive, poor stability
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Fig. 1 Schematic diagrams of (a) the ceramic tube type gas sensor’® (Copyright 2018, Elsevier), (b) flat gas sensor device®® (Copyright 2020, Elsevier),

and (c) polymer gas sensor device® (Copyright 2018, Wiley-VCH).

excellent flexibility, and high abrasion resistance. The polymer
film can be attached on the glass and used in wearable devices
due to its high transmittance and flexibility. Kim et al.”® pre-
pared an Al,O;/TiO, thin film heterostructure using a 2D
electron gas (2DEG) on the polyimide (PI) substrate by ALD
without the use of epitaxial layers or single-crystal substrates,
which is promising for smart windows or other fields.

2.2 Integration of sensing materials

For MOx nanomaterials, three preparation techniques are
commonly used to modify the sensor components. The first
is the drop-casting process, which is extensively employed
during the sensor’s fabrication. In a nutshell, the sensing
materials are first made into a slurry by adding some solvents
such as ethanol or terpineol, and then drop-casted on the
sensor substrates.'®*'% This method is relatively simple but
the phenomenon of powder shedding will reduce the life of the
sensor and it is difficult to obtain the smooth sensing layers.
The second method is to use various deposition methods such
as atomic layer deposition (ALD), pulsed laser deposition (PLD),
or chemical vapor deposition (CVD) method. These methods
can deposit the target product on the surface of the substrate
directly.”>'% For this method, the combination of the material
and the substrate is relatively tight but the industrial production
is limited due to its high cost. The last one is the liquid-phase
chemical synthesis method, which has emerged in recent years.
The sensitive materials directly grow on the sensing components
and the morphology of the materials is regulated by the adjusting
conditions. % For example, Alev et al. 197 obtained TiO, nanorods
via the hydrothermal process, which were successfully grown on
the surface of the FTO conductive glass and had a certain response
to H,. The sensor prepared by this method has good compatibility
between the materials and the substrates. This method can
achieve large-scale preparation and has a broad development
space in the future.

2.3 Key parameters of sensors

Under normal circumstances, sensitivity, speed (response-
recovery rate), selectivity, and stability are the evaluation
indices of the gas sensor, which are named as “4s8”.'*'*

1532 | Mater. Adv, 2021, 2,1530—-1569

According to the actual operation situation, the best working
temperature and the detection limit should also be considered.

2.3.1 Sensitivity. Sensitivity is used to characterize the
sensor’s performance to the target gas.'®® For resistive gas
sensors, it is usually expressed by the magnitude of resistance
changes.'® For different substrate materials, there are many
ways to express the sensitivity of the sensors. The most com-
mon is R./R, (for reducing gases such as H,),"*® which is often
used when the resistance changes sharply after contacting with
the target gas. As for the case where the resistance changes
little, the sensitivity is usually expressed in AR/R. In the actual
detection process, the ratio of the magnitude of the current can
also be used as a representation of the sensitivity, such as
L/I,"™ and AI/I,."'"? The sensitivity of the gas sensor is closely
related to the size of the effective area of the gas sensor and the
number of surface active sites.

2.3.2 Response & recovery time. The response time refers
to the speed of the gas sensor to the target gas at a certain
operating temperature. The recovery time refers to the speed at
which the gas sensor returns to its original state after the target
gas is removed at a certain operating temperature.'™

The response/recovery time reflects the reversibility of gas
adsorption and desorption on the surface of materials. Some
materials have baseline drift due to poor reversibility, which
affects the performance of the sensors. The shorter response/
recovery time, the better the sensor’s performance.'**"'*> Rapid
response is necessary for the detection of explosive gases,
especially for H,.

2.3.3 Selectivity. Selectivity refers to the specific recognition
of the gas sensor and the anti-interference ability of other gases
in the same environment."® The selectivity is very crucial for gas
sensors. Sensors with poor selectivity will exhibit an ‘“error
report” in an interfering gas atmosphere. Due to the sensing
mechanism of metal oxide nanomaterials based on the surface
reaction of materials, a variety of gases with similar properties
will produce a response during the detection process. Therefore,
improving the selectivity of the sensor by adjusting the sensing
materials has become a hot topic in current research areas.'*”*'®

2.3.4 Stability. Stability is a key parameter for the indus-
trialization and commercialization of sensors.'*® The stability
can be classified into two types. The first is the reproducibility

© 2021 The Author(s). Published by the Royal Society of Chemistry
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of the sensor during a certain period time under the working
state (at the optimal working temperature in the atmosphere of
the gas to be measured), which is also known as the active
stability. The other refers to the ability of the sensor to main-
tain its original sensitivity and selectivity after storage for a long
time in a relatively stable environment.'®® The stability of the
sensor is the premise of data authenticity.

2.3.5 Working temperature. Since the movement and
migration of conductive carriers in MOx nanomaterials are
closely related to the environmental temperature, the sensor
can work efficiently under certain temperature conditions
(mostly 200-400 °C)."° As the temperature rises, the movement
and migration of conductive carriers in the material will accelerate
and vice versa. The temperature will also influence the concen-
tration and types of oxygen anions on the surface of the material
and the thickness of the electron depleted on the layer; thus, the
sensing performance will be affected. However, the temperature
should not be too high because gas adsorption is an exothermic
reaction and high temperature will lead to gas desorption.
Furthermore, high temperature will accelerate the degradation
of the sensor."*" Therefore, choosing the right working tempera-
ture is primary for gas detection.

2.3.6 Detection limit. Detection limit is defined as the
lowest detection concentration that can be distinguished from
noise, ie., the lowest gas concentration that the sensor can
respond to."'® The corresponding value of the detection limit is
at least 3 to 5 times that of the noise.'** A lower detection limit
indicates that the sensor can respond to a trace concentration
of gas atmosphere. At present, H, sensors are gradually realizing
the transition from the ppm to ppb level detection.

These parameters are used as a reference for evaluating the
gas sensors’ performance. In actual applications, the specific
parameters are adjusted depending on the environment and
the purpose of the sensor.

2.4 Sensing mechanisms

Exploring the mechanism of the gas sensor helps us to get in-depth
insights about the sensor and also provides sufficient theoretical
support for the construction of the new gas sensing platforms in
the future.””® In addition, with the continuous development of
computational chemistry, the working mechanism of a gas sensor
is more intuitive to show in front of us by molecular simulation of
the desorption process of hydrogen molecules on the surface
of MOx.

At present, the mechanisms of gas sensing can be divided
into two categories. From the macro-perspective, the mechanism
refers to the analysis of the interaction between the material and
the target gas. Ji et al.'®* made a detailed analysis of the macro
mechanism of gas sensing. In this part, the gas sensing mecha-
nism will be concisely introduced from the micro-perspective by
the surface space charge model and the grain boundary barrier
model. These two models are widely applied in the explanation
of the gas sensing mechanism, irrespective of mono-MOx or
MOx composites. Furthermore, some simulation studies on MOx
for H, sensing are included.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Surface space-charge model.

The gas sensing mechanism of MOx nanomaterials is essentially
through the adsorption and desorption of the gas on the surface of
the material, and electron transfer occurs on the surface of the
material, resulting in a change in the resistance.'*>'2¢

Surface space-charge model: taking an n-type semiconductor
as an example, the gas sensing process can be divided into two
steps. As shown in Fig. 2, when the sensor is placed in an
air environment, a number of oxygen molecules are adsorbed on
the surface of the material and form different oxygen anions
(0,7, 07, 0*7) as well as a space charge depletion layer, which
reduce the electrons in the conduction band of the metal oxide
nanomaterials and increase the resistance.*> When H, is intro-
duced into the chamber, it reacts with the oxygen anion and
produces H,0, resulting in the charge transfer process from the
adsorbed oxygen species back to the conduction band of the
MOx nanomaterials and the space charge depletion layer on
the surface of the material is reduced; thus, the resistance of
the sensor is reduced.'”” For p-type semiconductors, the direc-
tion of charge transfer is opposite to that of n-type semiconduc-
tors but the basic sensing mechanism is almost similar. The
reactions for the formation of different oxygen anions are as
follows."*871%°

0,(gas) — O,(ads) (1
O,(gas) + e~ — 0, (ads) (T < 100 °C) (2

)

)

0, (ads) + e~ — 20 (ads) (100 °C < T < 300 °C)  (3)
O (ads) + e~ — 0> (ads) (T > 300 °C) (4)

)

H,+(0,7,07,0°) » H,O+e~ (5

Barrier model of grain boundary: this model is based on the
theory of the semiconductor energy band, which is suitable for
polycrystalline MOx.'>'*' The main content is that the semi-
conductor material is a polycrystalline structure composed of
many small grains and there is a grain boundary barrier

Mater. Adv., 2021, 2,1530-1569 | 1533
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between the grains, as illustrated in Fig. 3. For n-type MOX,
when in an air atmosphere, the oxygen molecule accumulates
and adsorbs on the grain boundary. Afterwards, the electron
transfers between the oxygen atom and the semiconductor
material. The oxygen atom gets electrons and becomes the
adsorbed oxygen ion with a negative charge, which causes the
potential barrier of the material surface grain boundary to rise
and the electrons can no longer transition between the grains;
thus, the material resistance increases.’** When the material is
in a reducing gas such as H,, it reacts with the adsorbed oxygen
ions and electron transfer occurs again. Electrons return to the
semiconductor material, the surface barrier decreases, and the
material resistance decreases.'*® A change in the resistance can
detect the change in the gas concentration.

The above two models are the most common gas sensing
mechanism interpretation methods; however, due to the variety
of gas sensing materials, there are differences in their gas
sensing mechanisms. The existence of molecular simulation
can make us better understand the gas sensing process of gas
molecules on the surface of MOXx at the atomistic scale.'?*'3

In gas sensing, density functional theory (DFT) calculation is
the most commonly used. DFT was originally a method to deal
with multi-electron systems and now it has gradually developed
into a powerful tool to explore the intrinsic properties of MOx
nanomaterials and the influence of MOx active sites on the gas
adsorption and desorption process.'*> The improvement of the
H, sensing performance caused by the defects and the selectivity
of H, for different exposed crystal faces can be calculated by
theoretical simulation.

For example, Zhang et al."*® studied the gas sensing char-
acteristics of H, on the TiO, surface with oxygen vacancy
defects by DFT calculations and found the best adsorption sites
of H, on the TiO, surface; also, it was further revealed by the
density of states (DOS) that the presence of oxygen vacancies is
beneficial for decreasing the adsorption energy of H, on the
TiO, surface and for the adsorption of H, on the TiO, surface.
In the same way, Umar et al.'*®> constructed four hydrogen
adsorbed systems and came to the conclusion that the oxygen
anion species significantly affects the electronic structure and
band gap energy of SnO,, thus ultimately affecting the performance
of the H, sensor.

H,+(0,,0,0%) o
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At the same time, we can also calculate the adsorption
energy of gas molecules on a certain exposed crystal face of
gas sensing materials and judge the ease of gas molecule
adsorption on a certain crystal face. In summary, theoretical
calculations and molecular simulation are highly instructive for
the study of the gas sensing mechanism of MOx H,.

3. Mono-semiconductor metal oxide
(MOx) nanomaterials for H, gas sensors

Mono-semiconductor metal oxide nanomaterials have the longest
application history in H, gas sensors since ZnO nanostructures
were first applied for flammable gases in 1962. Both the
morphology and structure of different materials can influence
the performance of the sensor. Mono-MOx nanomaterials are
favored by researchers due to the facile and inexpensive synthetic
methods as well as the aesthetically pleasing nano-/micro-
structure. In this section, both the fabrication strategies and
the application in H, sensing are detailed.

3.1 Structure effect

As mentioned above, the basic mechanism of gas sensors relies
on the change in the sensor resistance by the reaction between
the absorbed target gas molecules and the chemisorbed oxygen
species on the sensing material surface; thus, the gas sensing
ability of mono-MOx nanomaterials is closely related to the size,
structure, and morphology. The nano-/micro-structure with out-
standing porosity and tunable large surface-volume ratio could
overwhelmingly enhance the performance of sensors.

Different morphologies of MOx nanomaterials mean different
BET surface areas. High BET surface area is beneficial for
increasing the contact between the gas and the material surface
so as to improve the gas sensing performance.***3”

It was calculated from the free dimension in the spatial
dimension that was not constrained by the nanoscale that the
MOx nanomaterial can be classified as a one-dimensional (1D)
nanostructure, two-dimensional (2D) nanostructure, or three-
dimensional (3D) nanostructure.”® The unique advantages of
each structures are illustrated in Table 3.

- H,0+e

Variation of the
height of the
barrier change

. oo H,
In air

‘@’ H0

Fig. 3 Barrier model of grain boundary.
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Table 3 Comparison of MOx in different dimensions
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Dimension Representative structures Advantages

1D Nanofibers, nanowires, nanotubes High BET surface area, high density of reactive sites, high length-width ratio
2D Nanofilms, nanosheets Large surface to volume ratio, fast electron transfer rates

3D Nanourchins, nanoflowers, nanoclusters High specific surface areas, fast and effective gas diffusion

In addition, the porosity also has a crucial influence on the
gas sensing performance.®® The introduction of a porous
structure into the MOx will increase the porosity of the material
and the gas sensing properties of the material can also be
significantly improved because the pore size and pore size
distribution will affect the gas diffusion process on the surface
of gas-sensing materials."*® Among the various porous struc-
tures, hierarchical porous structures have their unique advan-
tages. Firstly, the hierarchical structure provided a large
number of surface reactive active sites, which effectively pro-
moted the reaction of gases on the surface of sensitive materials
and greatly improved the sensitivity of the sensors; moreover, the
porous structure offers many conveniences for the transport of
electrons and the diffusion of gases inside the pore channels,
which shortens the response time of the materials to gases.

3.2 Synthetic strategy

High-performance sensing materials can be obtained by con-
trolling the morphology and structure of the MOx nano-
materials,*>>*'*® especially in the atomic and molecular
dimensions. The synthetic methods have a great impact on
the morphology of the materials.'*'**

Some common preparation methods will be introduced in
this section, such as magnetron sputtering technology, CVD,
thermal evaporation method, sol-gel method, electrospinning
technology, and hydrothermal solvothermal method. The
details of the synthesis are listed in Table 4.

Magnetron sputtering, as a common physical vapor deposition
technology, is one of the important methods for the preparation of
high-quality MOx films."*® It can obtain high purity thin films by the
direct interaction of one or more target materials with the reaction
gas and the coating has better bonding strength with the substrate.

In the preparation process, the type of the target material, as well
as the composition and proportion of the carrier gases can be
adjusted to obtain a high-quality film. In the choice of the target,
the pure metal target or MOXx target can be utilized according to the
need. Meanwhile, pure Ar or the mixture of Ar and O, can be
introduced into the chamber in the sputtering process. The distance
between the target and the substrate, sputtering pressure, sputtering
time, annealing temperature, sputtering power, and other conditions
can directly influence the structure and properties of the formed
films."® For instance, Abubakar et al.'*® prepared nanostructured
NiO on ITO conductive glass by a facile but novel sputtering
oxidation coupling method. High-quality NiO thin film was obtained
by oxidizing the Ni thin films by a hot-dry treatment. Rahmani
et al™® also synthesized WO; nanosheets by the same technology.

Magnetron sputtering technology has the advantages of a
simple preparation process and low cost but the substrate or
film might be damaged as it is a high-energy process.

© 2021 The Author(s). Published by the Royal Society of Chemistry

CVD is another kind of technology in which the precursors
react with each other in a gas atmosphere and then the
materials are deposited on the surface of the heated solid
matrix. CVD has been widely used to prepare MOXx nano-
materials."®"'®> The CVD device is shown in Fig. 4e. In the
reaction process, the morphology and composition of the films
can be controlled by regulating the gas flow rate and the
reaction temperature.

Pradeep et al.'>® synthesized a series of MgO nanocubes by
CVD under different temperatures (800 °C, 900 °C, 1000 °C,
1100 °C); the SEM images are shown in Fig. 4a-d. With the
increase in the reaction temperature, the morphology of MgO
cubes gradually becomes uniform. In order to accommodate
more needs, some new technologies for CVD are emerging. For
example, Stoycheva et al.'*>® obtained WO; nanoneedles using
aerosol-assisted chemical vapor deposition technology (AACVD).
The TiO, thin films can be fabricated by metal-organic chemical
vapor deposition (MOCVD).*?

In addition, the thermal evaporation method is used to
vaporize the precursors in noble gases (or reactive gases) and
then form a thin film by collision, cooling, and condensation
processes. According to the precursors used in the preparation
process, the thermal evaporation method can be generally
divided into the direct evaporation of MOx powder, pure metal
powder thermal evaporation, and decomposition of MOx. Different
types of high-quality MOx nanomaterials can be produced simply
by thermal evaporation through a cheap deposition system. The
schematic diagram of its deposition equipment is shown in Fig. 4f.
In the preparation process of sensitive materials for H, sensors,
pure metal powder thermal evaporation is mostly used.

For instance, CuO nanocrystals were grown on copper foil by
thermal oxidation at 600 °C.""* Similar to other vapor deposi-
tion technologies, the morphology and structure of products
resulting from thermal evaporation are affected by the working
parameters such as temperature, carrier gas, evaporation
source, catalyst, and pressure. San et al™® prepared ZnO
nanorods with different morphologies by controlling the evapora-
tion temperature and growth time. The effect of temperature on
the structure of ZnO nanorods is shown in Fig. 4g-i. At the
evaporation temperature of 900 °C, the surface of ZnO nanorods
is smooth and uniformly distributed. When the evaporation
temperature rises to 975 °C, hexagonal nanorods with tips are
formed, and very short nanorods with diameters of 50 nm and
lengths of 100 nm are observed at the top of each ZnO nanorod.
When the temperature was further increased to 1050 °C, the
morphology of ZnO changed again and a hierarchical nanorod
structure with a decreasing diameter from top to bottom was
obtained. The effect of the growth time is shown in Fig. 4j-1. It
can be observed that the morphology of ZnO gradually improved
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Table 4 Details of mono-semiconductor metal oxide nanomaterial synthesis
Materials Method Morphology Size Temp, time Conv. cond. Ref.
ZnO Electrospinning Nanofibers d: 120 nm 15 kv, 0.07mL h™" 600 °C, 2 h 12
SnoO, Electrospinning Porous hollow L: 0.5-2 pm 15kv,04mLh™' 600 °C,3h 127
nanofibers d: 120 nm
ZnO Electrospinning Nanofibers Nanograins: 30 nm 15 kv, 120 cm, 0.05 600 °C, 0.5 h 131
mL h™
ZnO Hydrothermal Dumbbell-shaped L: 1-1.4 pm, ends: 300-400 nm, mid-section: 160 °C, 10 h — 41
200-300 nm
VO,(A) Hydrothermal Nanobelts L: > 20 mm, ¢: less than 10 nm 230 °C, 48 h — 144
In,05 Hydrothermal Mesoporous 5-20 nm 150 °C, 10 h 500 °C, 2 h 114
nanoparticles
MoO; Hydrothermal Nanoribbon J: 90 nm, L: 20 mm, W: 270 nm 220 °C, 12 h 300 °C, 2 h 132
TiO, Hydrothermal Nanoflower 2-3 pm 170 °C — 136
WO; Hydrothermal Urchin-like 0.5-2 pm 180 °C, 24 h — 141
MoO; Hydrothermal Nanoribbons W: 400 nm, L: 500 pm 260 °C, 24 h — 145
SnO, Hydrothermal 2D disks d: 1 um 160 °C, 12 h 450 °C, 2 h 135
Nb,Os  Hydrothermal Nanorod arrays W: 234 + 20 nm, L: 702 + 128 nm 175 °C, 15 h — 146
a-MoO; Hydrothermal Nanoribbon W: 200 nm 200 °C, 12 h — 147
Bi,0; Microwave irradiation Grape-like Rugged spheres 180 °C, 24 h 300 °C, 1 h 148
method Worm-like d: 1 pm, L: 5 pm 180 W, 15-20 strokes
SnoO, DC sputtering Nanofilms — 25 °C 450 °C, 1 h 143
WO, RF sputtering Nanosheets W: 50-500 nm, J: 10-50 nm 300 °C, 20 min 450 °C, 5 h 40
ZnO RF sputtering Nanotubes 0: 42.7 nm 40 min — 130
NiO RF sputtering Thin film W: 80-200 nm 150 °C, 60 min 550 °C, 2 h 149
NiO Sol-gel method Thin film J: 21 nm 25 °C 550 °C, 3 h 150
ZnO Sol-gel method Thin film Grain size: 75 nm RT, 48 h 350 °C 151
SnO, Sol-gel method Thin film J: 595 nm 70 °C, 8 h; RT, 24 h 500 °C, 2 h 152
SnoO, Sol-gel method Thin film Crystallite size: 33.19/33.20 nm 70 °C, 8/10 h 400/500 °C,2h 153
NiO Sol-gel method Thin film Porosity: 24% 25°C,2h 550 °C,3 hone 154
Grain size: 27 nm time
Porosity: 35% 25 °C,2h 550 °C, 3 h several
Grain size: 17 nm times
MgO CVD Nanocubes 100-200 nm 800/900/1000/ — 155
1100 °C
WO, AACVD Nanoneedles Grain size: 50-100 nm 350/450/500 °C — 156
TiO, MOCVD Thin films J: 71/103/381 nm 500 °C — 43
TeO, Thermal evaporation Nanowires d: 30-40 nm, L: 20 pm 330 °C, 1 h; distance: — 61
method. 2 mm
CuO Thermal evaporation Nanowires d: 120 nm 600 °C, 6 h — 111
method.
SnO, Thermal evaporation Nanorods d: 30 nm, L: several hundred nanometers 900 °C, 1 h — 157
method.
ZnO Thermal evaporation Nanorods d: 50-120 nm, L: 1-6 um 900/975/1050 °C, 5/ — 158
method. 10 min
SnO, Thermal evaporation Nanorods d: 30 nm, L: several tens to several hundreds 900 °C, 1 h 0, + Ar 143
method of nanometers
Nanowires d: 30-200 nm, L: several tens of micrometers 900 °C, 1 h Ar

with the growth time. It can be seen that the structure and
morphology of MOx nanomaterials can be adjusted by controlling
the evaporation temperature and growth time.

Moreover, Shen et al'*® achieved the synthesis of SnO,
nanorods to nanowires by using different types of carrier gas
and changing the location relationship between the evaporated
powder and the substrate. Because the environment of the
material prepared by the thermal evaporation method is relatively
closed and the carrier gas is only Ar or O,, the prepared MOx
nanomaterials are highly pure. Moreover, the method is easy to
operate, the system control of the instrument and the equipment
are simple, and the synthetic cost is relatively low. However, the
disadvantages of this method is also obvious due to the high
temperature and poor repeatability in the preparation process,
making it difficult to achieve controllable growth.

The sol-gel method could synthesize materials at low tem-
perature or even at room temperature,'® which is widely used

1536 | Mater. Adv, 2021, 2, 1530-1569

to prepare bulk materials, powder materials, fiber materials,
films, and coatings.'®* The process of preparing semiconductor
MOx films by the sol-gel method is relatively simple."®> Due to
the three-dimensional grid structure generated during the
aging process, the prepared film with a high specific surface
area is obtained,”®'®® which promotes the efficient and sensi-
tive detection of sensing materials for H,.

The precursors of the sol-gel method are roughly divided
into two kinds, metal alkoxides and metal inorganic salts. The
former are relatively mature in controlling the reaction process
but their costs are relatively high. In addition, the extremely
high activity limits their large-scale use. Conversely, the metal
inorganic salts are inexpensive and easy to industrialize.

In the process of sol-gel preparation, the hydrolysis and
polycondensation reaction of metal alkoxide(s) are the key to
the success of preparation; thus, the molar ratio of water to
alkoxide is crucial in the preparation process. Meanwhile, the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 SEM images of nanocubes grown at different temperatures (a) 800 °C; (b) 900 °C; (c) 1000 °C; (d) 1100 °C; (e) conventional approach for the

growth of nanocubes using CVD system®®® (

Copyright 2017, Springer Nature). (f) Schematic diagram of the apparatus used for the preparation of ZnO

nanostructures; FESEM images of ZnO nanostructures synthesized at different source temperatures: (g) 900 °C; (h) 975 °C; (i) 1050 °C; schematic
illustration of the growth process of ZnO nanostructures. The SEM image is for the product synthesized at 975 °C during different growth times: (j) 5 min;

(k) 10 min; () 1 h'°8 (Copyright 2015, Elsevier).

thickness of the film can be changed by changing the spin
coating speed.”®* In the last step of film formation, the pore
size and pore volume of the film can be controlled by control-
ling the calcination temperature, realizing the regulation of the
morphology and structure of the film. Compared with other
film preparation methods (CVD, PVD), the biggest advantage of
the sol-gel method is the low temperature of the preparation
process. Moreover, the sol-gel method belongs to solution-
phase synthesis; thus, it can obtain some unique structures
easily. A series of metal oxide nanomaterials have been pre-
pared for gas sensing by this method, such as NiO'° and
Zno."!

Electrospinning technology is considered as a significant
method to prepare ultrathin nanofibers."®” From the basic
principle, electrospinning technology can be seen as a special
form of electrostatic atomization or electrostatic spraying. In
the electrospinning process, the atomized ejected material is
not a tiny droplet but a charged liquid flow. In this process,

© 2021 The Author(s). Published by the Royal Society of Chemistry

liquid flow is greatly stretched under the high voltage electric
field, thus forming micro/nanofibers.'®*'%

In early 2007, researchers prepared the first SnO, nanofiber
gas sensor via the electrospinning technology. The sensor has a
sensitive response to water vapor and formaldehyde.'”® After
continuous development, the electrospinning technology has
been widely used to prepare morphologically and compositionally
controllable MOx nanomaterials.”* Kim et al.*> prepared ZnO nano-
fibers with a diameter of approximately 120 nm by the electro-
spinning technique. The specific preparation process is shown in
Fig. 5a. Firstly, 10% polyvinyl acetate (PVA) was mixed with zinc
acetate solution to obtain the electrospinning solution and then
the mixed solution was loaded into the electrospinning nozzle.
During the electrospinning process, a positive voltage (+15 kV)
and negative voltage (—10 kV) was applied to the needle and
aluminum collector, respectively. Electrospinning was carried
out at room temperature with a feed rate of the solution of
0.07 mL h™" and the calcination condition of 600 °C for 2 h to

Mater. Adv., 2021, 2,1530-1569 | 1537
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(Copyright 2019, Elsevier). (d) SEM images of the SnO, nanofibers; (e), (f) TEM images of the SnO, hollow nanofibers

Chemical Society).

remove the solvent and PVA in order to obtain the ZnO nanofi-
bers. The morphology of the films is shown in Fig. 5b and c.

As a newly developed method of nanofibers, electrospinning
has unique advantages, especially for the preparation of nano-
fibers with high porosity. Nanofibers prepared by the electro-
spinning technology have good interconnection and relatively
uniform pore size distribution. Hollow SnO, nanofibers have
been synthesized by a single nozzle electrospinning process
using phase-separated mixed polymer,'”> as shown in Fig. 5d-f.
The high specific surface area is beneficial for the adsorption of
gases and the formation of defects, which could exert a positive
impact on improving the performance of the sensors in all the
aspects. However, it is difficult to obtain nanofibers with fixed
orientation via electrospinning.'”?

There is no denying that hydrothermal or solvothermal
methods play an extremely important role in the synthesis of
MOx nanomaterials.'””* Compared with traditional materials
preparation methods, the hydrothermal method can greatly
control the nucleation process and the crystallinity of the
materials. Recently, the study of hydrothermal synthesis
through thermodynamic calculation provides an incentive for
material preparation development. A series of MOXx nano-
materials with different morphologies, such as nanorods,"*® nano-
ribbons,"*>'*” nanoflowers,"*® and nanoporous structures,"** are
obtained by the hydrothermal or solvothermal methods.

The essence of the hydrothermal method is the recrystalliza-
tion process, during which the nucleation and growth of grains
occurs in the autoclave. Zhang et al.'*! synthesized sea urchin-
like hexagonal WO; nanostructure via the hydrothermal method.
The growth process of WO; is shown in Fig. 6a. The capping

1538 | Mater. Adv,, 2021, 2,1530—1569

72 (Copyright 2014, American

agent K,SO, is added during the synthetic process to promote
the anisotropic growth of WOs;, resulting in a sea urchin-like
hexagonal WO; nanostructure with a large specific surface area.
The SEM images of WO; are shown in Fig. 6b-d.

The hydrothermal or solvothermal methods for MOx nano-
material synthesis are usually affected by a few factors such as
the reaction temperature, reaction time, the concentration of
reactants, and the ratio of structure-directing agents.'”> First,
the temperature can influence the activity of the substances in
the chemical reaction process, the types of products, as well as
the grain size of the products. Then, the crystallinity gradually
increases with the extension of the hydrothermal reaction time.
Last but not the least, the change in the reaction medium can
not only affect the solubility of the precursors and the growth
rate of crystal but also, more importantly, change the structure
of the growth unit in the solution, and ultimately determine the
structure and shape of the materials. Therefore, the choice of
appropriate conditions has a profound influence on the morphology
of materials and hence affects the H, sensing performance
ultimately.

The hydrothermal method is usually combined with the
annealing process, which can not only convert some hydro-
thermal precursors into MOx but also generate more oxygen
vacancies on the surface of MOx nanomaterials.'”® However,
the two-step preparation has a risk of contaminating the
samples and the energy consumption of high-temperature
annealing.

In this regard, further development of the hydrothermal
method is the “one-pot” method, known as the one-step direct
synthesis of MOx nanomaterials. By controlling the reaction

© 2021 The Author(s). Published by the Royal Society of Chemistry
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magnification; (d) TEM images of the sea-urchin-like WO3z'*! (Copyright 2019, Elsevier). (e) FESEM micrograph of dumbbell-shaped ZnO; (f and g) TEM

images of dumbbell-shaped ZnO** (Copyright 2020, Elsevier).

conditions, various materials with special morphologies can be
obtained. Kumar et al*' adjusted the pH of the precursor
solution to 10 by adding NH,OH and obtained dumbbell-like
ZnO structures. The morphology is shown in Fig. 6e-g. Sn0,,">
Mo0;,"*” Nb,0s,"*® and other MOx nanomaterials with good
morphology were prepared by the “one-pot method”. The MOx
nanomaterials synthesized by the “one-pot method” are simple,
low-cost, and eco-friendly. Moreover, they could avoid the impu-
rities and structural defects introduced by high-temperature
calcination. However, it can be easily found from Table 3 that
the MOx nanomaterials prepared by the “one-pot method” have
a higher reaction temperature and longer reaction time, which
puts forward higher requirements for autoclaves.

Despite the many obvious advantages of the hydrothermal
or solvothermal methods, the mechanism of the relationship
between the morphology, interfacial tuning, and the reaction
conditions are still obscure. In the future, the scale-up experiment
of the hydrothermal method in industrial production will require
continuous development scientifically and technologically.

In order to overcome some of the disadvantages of hydro-
thermal synthesis, several new techniques, for example,
microwave-assisted synthesis have been developed in recent
years. Microwave heating is internal heating, which has the
characteristics of high heating speed, uniform heating without
a temperature gradient, and no hysteresis effect, which can
reduce the reaction temperature and shorten the reaction
time."”” Shinde et al.**® obtained worm-like bismuth oxide nano-
structures by the microwave-assisted method.

© 2021 The Author(s). Published by the Royal Society of Chemistry

3.3 N-Type semiconductor metal oxide nanomaterials

N-Type semiconductor metal oxides are electronically conduc-
tive and have unique advantages in the field of gas sensing,
thus becoming the most widely used in mono-metal oxide
nanomaterials. Table 5 summarizes the details of some n-type
semiconductor MOx nanomaterials used for H, sensors.

Among them, ZnO nanostructures with wide bandgap (E, =
3.3 eV at RT) and high exciton binding energy (60 meV) are
favored by researchers due to the diverse preparation methods
and the controllable morphologies.'®”**® Moreover, at a high
temperature, the surface of ZnO particles will be reduced to
metallic Zn during the detection of H,, resulting in a sharp
decrease in the resistance. This semiconductor-to-metal transition
(Fig. 7) enhances the macroscopic resistance modulation ability of
ZnO and greatly improves the sensitivity of the sensor."*

The morphology and structure of the materials have an
important impact on the performance. By virtue of the exceedingly
rapid electronic transport characteristics, one-dimensional nano-
structures have shown great advantages in the field of H, sensing.
Sinha et al.''? prepared high-quality single-crystal ZnO nanowires
with diameters of 30-110 nm by the sol-gel method, which can
reversibly realize the efficient detection of 100 ppm H, at the
working temperature of 250 °C. Similarly, ZnO nanowires pre-
pared by the catalyst-free thermal evaporation method can also
realize the detection of H,.'*®

In addition, high BET-surface areas usually lead to excellent
sensing performance. The nanotube structure is demonstrated

Mater. Adv., 2021, 2,1530-1569 | 1539
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Table 5 The response of n-type semiconductor metal oxide nanomaterials to Hy

Materials Structure c T (°C) LOD Sensitivity Response time Ref.
Bi,03 Hierarchical worm 100 ppm 27 10 ppm 50% 42/83 s 148
In,0; Octahedra 4 ppm 200 4 ppm 14 — 15
In,0; Mesoporous 500 ppm 260 0.01 ppm 18.0¢ 1.7/1.5 s 114
In,0; Nanocubes 5 ppm 150 0.1 ppm 25° 67/143 s 178
-M0Oj; Nanoflakes 1 vol% 200 0.06 vol% 58%" 7s 55
MoO; Nanoribbons 1000 ppm RT 1 ppm 17.3° 109 s 132
MoO; Nanoribbon 2000 ppm RT — 11.2° 15/13.5 s 145
MoO; Nanoribbons 1000 ppm RT 0.5 ppm 90%"7 14 s 147
Nb,Os Nanorod arrays 6000 ppm RT 1000 ppm 74.3%7 28 s 146
SnO, Nanowires 1000 ppm 150 100 ppm 6.5° — 143
Sno, Disk-like 100 ppm 400 — 14.7 4/331 s 135
SnoO, Nano tetragonal 1000 ppm RT 150 ppm 2570%" 192/95 s 152
SnoO, Nanorods 3000 ppm 200 5.46 ppm 6.54“ — 157
Sn0o, Nanosheet 500 ppm 300 — 9.3¢ 4/42's 179
TiO, Ordered mesoporous 1000 ppm RT 100 ppm 298¢ 85/198 s 51
TiO, Thin films 1 ppm RT 1 ppm 4%° — 57
TiO, Nanotubes 1000 ppm 200 250 ppm 200% — 107
TiO, Nanoflower 500 ppm 400 — 26 10/13 s 136
TiO, Nanorod array film 1 ppm 25 1 ppm 18%"° 2/40 s 180
TiO, Nanowires 500 ppm 400 90 ppm 5.2¢ — 181
V,0s5 Hollow structure 200 ppm 25 10 ppm ~2.9" 30/5s 182
WO, Nanosheets 1 vol% 250 0.06 vol% 80%* — 40
WO, Sea-urchin-like 10 ppm 250 10 ppm ~4° — 141
ZnO Hollow particles 100 ppm 225 2 ppm 9.15¢ 139/2587 s 140
ZnO Nanofibers 10 ppm 350 0.1 ppm 150 — 12
Zno Thick films 300 ppm 250 — a4 95 58
ZnO Nanowire 100 ppm 250 10 ppm 98% 60/14 s 112
ZnO Nanowires 1000 ppm 200 — 5.3¢ — 158
Zno Porous nanotube 1000 ppm 250 10 ppm 139.11¢ — 130
ZnO Nanofibers 10 ppm 350 0.1 ppm 109.1¢ — 131
Zno Nanorods 100 ppm 250 5 ppm 5.03° — 176
ZnO Tetrapods 100 ppm 400 — 1.6° — 183
ZnO Thin film 1200 ppm 400 — 234 110 s 184
ZnO Nano lily-buds 80 ppm 180 — 1.78%° 1-2s 185
ZnO Holey nanosheets 100 ppm RT — 115%° 9/6 s 186

LOD: limit of detection; response with different definition a: R/Ry, b: Ry/Ry, ¢: Io/lg, d: AR/IR,, AR = (R, — Ry) OF (Ry — Ry), €: AR/Ry, AR = (R, — R,) or

(Rg — Ra), f: AllL,, AT = (I, — Ip) or (I — L), g: Alll, A = (I, — I) or (I; —

to be an excellent sensing material due to the hollow structure.
It has two effective aspects, resulting in the larger specific
surface area than that of the typical one-dimensional nano-
material; thus, the performance of the sensor can be predomi-
nantly improved. Park et al*° used ZnO nanotubes as the
sensing material and greatly improved the performance. It is
because the porous structures provide a large surface area,
which leads to more absorption sites on the surface.

Some special morphologies with high surface areas can also
improve the sensor response. Kumar et al.'®® prepared nano
lily-buds (NL-buds) garden-like ZnO nanostructure by a simple
single-step thermal decomposition method, as shown in
Fig. 8a. Three-dimensional structure enhances the contact
between the gas and the sensing materials, which contributes
to the improvement of the sensor performance, excellent
stability, and selectivity (Fig. 8b and c).

SnO,, as another wide-bandgap n-type semiconductor MOx
nanomaterial (E; = 3.6 eV at RT), has also been widely used in
H, gas sensing. Umar et al.'*® prepared discoidal SnO, by the
hydrothermal method, which has a good response to the low
concentration of H, but the working temperature of the sensor
is higher than 400 °C. Due to the higher working temperature,
the adsorption of H, on the surface of the material is relatively

1540 | Mater. Adv, 2021, 2, 1530-1569
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Fig. 7 The phenomenon of the semiconductor-to-metal transition of
ZnO¥! (Copyright 2015, Elsevier).

tight and the desorption process is slow; thus, the recovery time
of the sensor is longer than 331 s. Afterwards, Choi et al.'”®
used SnO, nanosheets as the sensing material to realize the
decrease in the working temperature; this is because the pre-
pared SnO, nanosheets are interconnected and these junctions

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 (a) FESEM images of NL-buds ZnO; (b) stability of sensor; (c) selectivity at 180 °C for 80 ppm gas concentration'® (Copyright 2019, Elsevier).
(d) Reproducibility and (e) stability of the sensor based on mesoporous In,Os for 500 ppm of H, at 260 °C; (f) response/recovery curves; (g) real-time gas
sensing curve of the sensor in the H, range from 50 ppm to 0.01 ppm (LOD); (h) response/recovery curves of the mesoporous In,Oz-based sensor to
different gases with a concentration of 500 ppm at 260 °C** (Copyright 2018, Elsevier).

as the channel for electron transfer accelerate the reaction
between the SnO, nanosheets and H,, and enhance the sensor’s
response capacity to H,. At the same time, these channels are
also beneficial for the reversible adsorption and desorption of H,
on the material surface, which shortens the response recovery
time of the sensor to 4/42 s.

Although SnO, and ZnO have been widely used in H, gas
sensing, other N-type semiconductor MOx such as Bi,03, In,03,
MoOs, TiO,, V,05, and WO; have come into researchers’ atten-
tion for achieving detection at low power and high selectivity.
Researchers have made achievements in the regulation of novel
architectures and surface functionalization of these nano-
materials. Li et al.''* synthesized mesoporous In,O; by the
hydrothermal method with a high surface area. The mesoporous
structure and large specific surface area are favorable for the
absorption/desorption of H,. Therefore, the reproducibility and
stability of the sensor are excellent (Fig. 8d and e), and the
response/recovery speed is very fast, which is only 1.7/1.5 s. As
shown in Fig. 8f, at the optimal operating temperature (260 °C),
the sensor could realize detection at the ppb level (Fig. 8g). The
selectivity of the sensor is also excellent as among several

© 2021 The Author(s). Published by the Royal Society of Chemistry

interfering gases, the sensor has the highest response to H,,
as shown in Fig. 8h.

Haidry et al.>" synthesized the ordered mesoporous TiO,
nanostructure by the evaporation-induced assembly method.
The sensing material can detect H, in a wide range from
100 ppm to 1000 ppm at room temperature and has a good linear
relationship. The sensor shows a high response to 1000 ppm of H,
in the environment. It has been reported that MoO; nanobelts
synthesized by Yang et al."** and Nb,O5 nanoarrays synthesized by
Zou et al."*® can also achieve the efficient detection of H, gas at
room temperature.

Some post-processing methods could lower the barrier for the
practical application of conventional mono-MOx nanomaterials;
high-energy radiation can greatly improve the performance of
the sensors. Herein, ZnO is taken as an example to introduce the
application of high energy radiation in the H, gas sensor.

Kim et al.'* placed ZnO nanofibers under the ion beams of
different illuminations for irradiation and investigated the effect
of electron beam irradiation on their sensing performance. As
shown in Fig. 9a-d, the morphology of the materials changed
under different radiation intensities. Through the irradiation of
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Fig. 9 FE-SEM images of ZnO NFs irradiated at doses of (a) O kGy; (b) 50 kGy; (c) 100 kGy; and (d) 150 kGy; (e) normalized dynamic resistances of ZnO NF
sensors irradiated at different e-beam doses to 0.1, 1, and 10 ppm H, at 350 °C; (f) corresponding calibration curves; (g) sensing mechanism of the

e-beam-irradiated ZnO NFs gas sensor'? (Copyright 2019, Elsevier).

high-energy electron beam, the physical and chemical character-
istics of the sensing material change, which provide more adsorp-
tion sites for the oxygen anion on the surface of the material
(Fig. 9g). The formed oxygen vacancies are of great significance in
enhancing the performance of the sensors. As seen from Fig. 9e
and f, the response of the gas sensor was improved greatly.

After electron beam irradiation, the structure of the material
could be changed and different types of defects could be
formed, such as interstitial atoms and vacancies.’*° Vacancies
play a key role in the electronic properties of sensitive materials
and the increase in the vacancies can enhance the concen-
tration of adsorbed oxygen on the surface, thereby improving
its sensing performance.

The advantage of using high-energy radiation to modify MOx
nanomaterials is that not only does it change the macro-
morphology of the original material but also modulates the
structural defects on the surface of the material due to the
strong penetration and decomposition efficiency. It affects the
excitation of the hole-electron pairs in semiconductor MOx,
increasing the width of the accumulating layer and decreasing
the width of the depleting layer, thus providing more adsorp-
tion sites on the surface of the material to improve the sensor
performance and selectivity. These principles are also applic-
able to other MOx nanomaterials, which provide a new idea for
the construction of a new sensing platform in the future.

Remarkably, the exposure position and area of the crystal planes
also influence the performance of the sensor.'®*"'* Different crystal

1542 | Mater. Adv, 2021, 2, 1530-1569

surfaces have different surface energies;'”' thus, the energy

required for gas adsorption on its surface also varies. Since
different exposure positions and areas affect the number of oxygen
vacancies in MOx, the more the oxygen vacancies, the stronger the
macroscopic resistance modulation ability of the material, and the
performance of the sensor will be enhanced.

Wu et al.”® prepared three kinds of ZnO nanostructures and
found that with different exposure surfaces, the sensors exhibited
different performances. Among them, the tower-like structure ZnO
has the highest response to H,, which is due to the fact that the
(0001) crystal plane of the tower-like structure ZnO is exposed the
most. The (0001) crystal plane contains more oxygen vacancies
than the other planes, which means that on the (0001) crystal
plane, the number of adsorbed oxygens will be greatly increased,
which is conducive for the improvement of the sensor perfor-
mance. The defects on the surface of these three structures were
analyzed by XPS and PL spectroscopy, respectively, which also
proved that tower-like structure ZnO had the highest oxygen
vacancy concentration. The same is true for other MOx nano-
materials, for example, the (002) crystal plane of TiO, could
enhance the response of the sensor®'*> and the (004) crystal
plane of TiO, could realize the reduction of the response time.'**
Both the (001) crystal plane of the hexagonal WO;'®° and the (110)
crystal plane of Sn0,'® could enhance the performance of the
sensors. The regulation of the crystal plane engineering of
the sensing materials provides new a research direction for the
development of sensing materials in the future.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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3.4 P-Type semiconductor metal oxide nanomaterials

P-Type semiconductor metal oxides are a class of materials
whose conductivity decreases with the increase in the reducing
gas. The application of p-type MOx in the field of gas sensing is
more challenging because the main carrier of p-type MOx are
the holes. Hiibner et al'®* indicated that under the same
conditions, the response of p-type was equal to the square root
of n-type, as depicted in eqn (6).

Sp =5 )

The major p-type MOx nanomaterials in H, sensing are
CuO™"'%® and NiO,'*15%1% a5 listed in Table 6.

CuO demonstrates a promising p-type MOx nanomaterial
for H, sensing due to the hydrogen-induced metallization
phenomenon.'®® On the surface of CuO, the H, molecules not
only react with the oxide anions but also react with CuO to form
Cu,0 or Cu, based on the reactions (7) and (8)."*°

H'(ads) + CuO(s) — 1/2Cu,0 + 1/2H,0 (7)
H'(ads) + 1/2Cu,0 — Cu(s) + 1/2H,0 (8)

High-energy radiation is also widely available in the prepara-
tion of p-type MOx. Ultraviolet irradiated CuO nanowires can
detect H, at room temperature.'"" Pulsed laser irradiated NiO
nanofilms have higher response and faster recovery time."*

The choice of the sensing substrate will affect the perfor-
mance of the sensor. Abubakar et al."*® deposited a cubic NiO
film on the ITO conductive glass by RF magnetron sputtering
under the annealing process. The NiO film is relatively loose
due to the annealing treatment. Compared with a similar
compact film, the loose film means more voids. H, can not
only react on the surface of the material but also goes deep into
the interior of the material. By increasing the contact between
H, and the material, a lower concentration can be achieved and
a lower optimal operating temperature can be realized. Because
its loose surface can better realize the reversible adsorption and
desorption of H,, the response/recovery time of the sensor is
very fast, with a response time of 6 s and a recovery time of 0.5 s
with a temperature of 150 °C, which is the fastest among the
mono-semiconductor metal oxide nanomaterials.
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To sum up, mono-semiconductor MOx nanomaterials as sen-
sing materials realized the detection of H, with fast response, low
detection limit, and high sensitivity, which can greatly improve the
performance of the sensor by controlling its morphology and
structure as well as regulate the oxygen vacancies on the material
surface. However, the inherent limitations hamper their further
improvement; one of the most critical shortcomings is the high
working temperature, which seriously impedes the practical appli-
cation space of the sensor. Therefore, the realization of low-power
detection is spurring researchers to explore and design new
functional MOx. In the following sections, mono-semiconductor
MOx decoration by noble or non-noble metals and binary, ternary,
or more complicated nanostructures will be discussed in detail.

4. Metal@MOx composites for H, gas
sensor

Decorating metal nanoparticles into the MOx nanomaterials
can effectively improve the performance of the gas sensors,
which have received extensive attention from researchers.
Decorating with ideal elements can tune the surface defects
of the materials, which lead to more oxygen vacancies. More-
over, incorporating noble metal ions with high catalytic activity
onto the MOx nanomaterials could form the Schottky barrier,
which improves the selectivity and performance of the sensors.

4.1 Synthetic strategy for M@MOx nanocomposites

There are many methods for the synthesize of metal@MOx
composites, as summarized and listed in Table 7.

Electrochemical deposition is a ubiquitously useful method
for depositing a coating on the surface of the substrates.>'* The
application of electrochemical deposition nanocomposites is
more extensive and flexible for the morphology of the material
and the proportion of substances in the material can be easily
controlled by selecting different electrolyte solutions, different
electrochemical methods, potentials, and currents during the
deposition process.*'*

For example, Lupan et al.”" adopted a three-electrode system,
in which FTO conductive glass was used as the working electrode,
the deposition potential was —0.58 V, and the current density was
—64 C cm™ 2. At 91 °C, the Ag-ZnO nanoarray was obtained by

l. 64

Table 6 The response capability of the p-type semiconductor metal oxide nanomaterials to H,

Materials Structure c T (°C) LOD Sensitivity Response time Ref.
CuO Nano-bitter gourd 100 ppm 200 2 ppm 175% 10/1016 s 59
CuO Nanowires 100 ppm RT — 4.6%" — 111
CuO Nanowire 100 ppm 300 — 340° 60/2 s 195
NiO Nanoplates 100 ppm 200 — 90%? 180 s 60
NiO Thin films 30 ppm RT 30 ppm 310%"7 6/0.5 s 149
NiO Film 1000 ppm 175 — 32.4¢ 134/406 s 150
NiO Thin films 40 ppm 200 5 ppm 75%" — 196
NiO Nanosheet 150 ppm 250 10 ppm 191%° 150 s 60
NiO Nanowires 50 ppm 400 — 34%° 35/20 s (450 °C) 197
TeO, Nanowires 0.5 vol% 25/140 23 ppm 28%/57%" 100/250 s 61
LOD: limit of detection; response with different definition a: R/Ry, b: Ry/Ry, ¢: Io/lg, d: AR/IR,, AR = (R, — Ry) OF (Ry — Ry), €: AR/Ry, AR = (R, — R,) or

(Rg — Ra), f: AllL, AI = (I, — I) or (I — L), g Alll, Al = (I, — I) ot (Iy — L), h: I/l

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 7 Details about the synthesis of metal@MOx composites
Materials Method Precursor Solvent Temp. time Conv. cond. Ref.
Ag-ZnO  Electrodeposition ZnCl,, KCl, AgNO; H,O0 91 °C, 200 min 250 °C, 12 h 64
Au-ZnO  Electrodeposition ZnCl,, KCl, HAuCl, H,0 85/90 °C — 198
Cd-ZnO  Electrodeposition ZnCl,, KCl, CdCl, H,0 92 °C, 150 min 300 °C, 11 h 75
Pd-ZnO  Electrodeposition ZnCl,, KCl, PdCl, H,O0 90 °C 250 °C, 12 h 45
Rh-SnO, FSP Tin(u) 2-ethyl hexanoate, rhodium(m) acetylacetonate  Xylene — — 102
Pt-SnO, FSP Tin(u) 2-ethylhexanoate, platinum(ur) acetylacetonate ~ Xylene 0,:2.46 Lmin™!, — 199
CHy:
1.19 L min~"
Pt- FSP Zinc(n) acetylacetonate, tin(u) 2-ethylhexanoate, Xylene + methanol 5 mL min ™" — 200
Zn,Sn0, platinum(u) acetylacetonate (7 +3)
Pd-ZnO  Spray pyrolysis  Zn(Ac),-2H,0, PdCl, — — 400 °C,1h 201
deposition
Cr-ZnO SPT Zn(Ac),-2H,0 H,O0 350 °C 450 °C,1h 78
Cr(NO);-6H,0, HMT
Cu-CdO  SPT Cd(Ac),, Cu(Ac), H,0 300 °C — 38
Mg-ZnO  SPT Zn(Ac),, HMT, Mg(Ac), H,0 300 °C 200 °C 202
W-ZnO  SPT Zn(Ac),-2H,0, WClg EtOH, H,0 350 °C — 82
Pd-SnO, Solvothermal SnCl, 5H,0, PdCl,, NaOH DMF 160 °C, 15 h 400 °C, 1 h 203
Co-ZnO  Hydrothermal  Zn(Ac),-2H,0, HMT, Co(NO;), H,0 90 °C, 24 h — 77
Cd-ZnO  Hydrothermal  Zn(NOs),-6H,0, HMT, Cd(NO;),-4H,0 H,O 100 °C, 24 h — 204
Nb-TiO, Hydrothermal — TBOT, HCIO,, Nb(OCH,CH,); H,0 150 °C 400 °C, 20 205
min
Pd-In,0; Hydrothermal InCl;-4H,0, SDS, urea, PdCl, H,0 120 °C, 15 h 500 °C,2h 67
Rh-SnO, Hydrothermal RhCl;-3H,0, glucose, SnCl,-5H,0 H,O0 200 °C, 12 h 500 °C, 30 206
min
Rh/Rh,O;, PLD Rhodium rod target H,0 40 min — 207
Pd-SnO, EISA Pluronic F-127 (EO14sPO7oEO;06), SNCl,-5H,0, PACl,  EtOH RT, 24 h 400 °C,3h 208
In-ZnO  CVD Zn powder, In powder — Ar: 200 scem, Oy: — 209
10 scem
La-SnO, Electrospinning SnCl,-2H,0, PVP, La(NO;);-6H,0 DMF, EtOH 15 kv, 20 cm 600 °C,3 h 210
Mg-In,0; Electrospinning In(NOs);, PVP, Mg(NO3),-6H,O DMF, EtOH 15 kv, 15 cm 600 °C,3h 80
Pd-ZnO  Electrospinning Zn(Ac),, PACl, PVAc, IPA +15/—10 kv, 600 °C °C, 2 211
0.07mlh™?, h
20 cm
Ga-ZnO  Sol-gel method Zn(Ac),, Ga(NO3), MEA IPA RT, 12 h 550 °C, 3 h 212
Pt@NiO  Sol-gel method H,PtCls-6H,0, stearic acid, Ni(NO;),-6H,0, SDBS, EtOH pH =7, 60 °C, 500 °C,2h 47
(NH,),CO; 24 h

electrochemical deposition for 200 min. The diameter of the Ag—
ZnO nanoarray is about 100-400 nm and the length is about 4 pm.
By adjusting the deposition potential and electrolyte solution,
diverse metal-doped MOx structures such as Pd-ZnO,” Au-
Zn0,"® and Cd-ZnO” were also prepared for H, gas sensing.
The electrochemical deposition technique has broad application
prospects. It can not only realize the growth of semiconductor
MOx and doped particles simultaneously but can also achieve
surface doping and material functionalization simultaneously.
Moreover, for the preparation of materials with complex structures,
electrochemical deposition technology can reduce the technical
steps and achieve efficient and green synthesis.

Spray pyrolysis is the process of forming aerosol from metal
salt solution under the atomization of the spraying device,
precipitating a solid phase due to supersaturation under high
temperature, and finally forming an ultrafine powder through
particle hydrolysis, sintering, or other processes.>'®> With con-
tinuous development in recent decades, spray pyrolysis technology
has become an important means to synthesize multi-MOXx.

Spray pyrolysis has the advantages of both gas-phase and
liquid-phase methods due to its special synthetic procedures.>'®
Spray pyrolysis uses a liquid phase solution as the precursor;
thus, the stoichiometric ratio of each component of the

1544 | Mater. Adv., 2021, 2,1530—1569

composites can be precisely controlled. In the synthetic process
of materials, the principle of vapor deposition is adopted, which
can ensure high purity of the product.

A large number of M@MOX nanocomposites films can also
be prepared by SPT.*>?°> For example, CdO films doped with
different concentrations of doped Cu were prepared on amorphous
glass substrates by the spray pyrolysis technology (SPT).*® In
addition, SPT can also be combined with successive ionic layer
deposition (SILD) to prepare noble metal-doped MOx. SILD can
realize the synthesis of noble metal clusters on the surface of MOx
by controlling the number of cycles of ion deposition and the
thickness of deposited nanoparticles can be controlled with high
precision, which is similar to ALD. Korotcenkov et al.®® prepared
Au-In,0; thin films by SPT combined with SILD and realized the
efficient detection of H,.

It is worthwhile to mention that flame spray pyrolysis (FSP)
is a promising technique to prepare MOx,>'” especially the
noble metal-doped MOx nanomaterials.>'® This is because the
vapor pressure of noble metals is generally higher than that of
MOx; thus, MOx are first produced in flames and then noble
metal nanoparticles grow heterogeneously on their surfaces
in situ. The synthesis of Rh-Sn0,"°? and Pt-Sn0,"*® composites
with different doping amounts via FSP have been reported.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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PLD, an emerging thin film preparation method, could
realize high-quality metal-semiconductor MOx nanocompo-
sites synthesis, whose working principle is that the plasma
directed local expansion deposits a film on the substrate.”™® It
has been reported that rhodium-doped nanocolloidal rhodium
oxide particles can be prepared in water by nanosecond pulse
excitation starting from high purity rhodium targets, which is
the first application of rhodium oxide/rhodium colloids in
resistive gas sensors.>”” However, the PLD technology can cause
micron-submicron particle contamination on the surface of
the film during the preparation process; thus, the uniformity of
the film is poor. Moreover, PLD is a high energy-consuming
method and so, it is not widely used in the preparation of
semiconductor MOXx.

Glancing-angle deposition (GLAD) focuses on film prepara-
tion with controllable morphology.>*° The schematic of glancing-
angle dc magnetron sputtering deposition is shown in Fig. 10a.
The morphology of Pt-WO; is shown in Fig. 10b. In addition to
the above synthetic methods, magnetron sputtering technique can
also realize the preparation of the doped MOx nanomaterials.>*!

Hydrothermal or solvothermal technology is widely used in
the preparation of metal-MOx nanocomposites. The target
products can be obtained by mixing different salt solutions in
the autoclave and treating them with high temperature and
high pressure. By controlling the reaction conditions, MOx
nanomaterials with different morphologies can be obtained.
As for M@MOX nanocomposites, hydrothermal or solvothermal
technology can be divided into two categories.

Wang et al.>**> developed a versatile two-step hydrothermal
method for noble metal-doped MOx composites. Briefly,
((NH4)10-Hy(W,05)6-xH,0) was used as the precursor and
organic acid was used as the solvent to assist the synthesis of
MOx nanomaterials. Then, noble metal nanoparticles were
modified in situ on the surface of the synthesized MOx using
iodide ion (I") as the strong adsorbent, polyvinylpyrrolidone
(PVP) as the capping agent, and N,N-dimethylformamide (DMF)
as the solvent. Meanwhile, I” is also a morphology control agent
during the synthetic process, which can realize the control of its
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morphology. The structure of the prepared Pd-WO; nanoplates
is shown in Fig. 11a-c. It can be seen from Fig. 11b and c that the
doped Pd nanoparticles are attached to the surface of WO;,
which play an important role in improving the performance of
the sensor. Liu et al**® and Xiao et al*** also successfully
synthesized Pd-WO; nanoparticles using this method.

The hydrothermal or solvothermal method can also realize
the “one-pot” preparation of M@MOXx nanocomposites. This
method not only shortens the reaction time but also has more
advantages in terms of the economic benefits and environmental
friendliness. Li et al.>*® obtained SnO, nanocomposite structures
loaded with Pd NPs by the “one-pot” method. Depending on the
different precursors added, Cd-Zn0,*** Co-ZnO,”” and other
nanocomposites can also be prepared by the “one-pot” method.
In the hydrothermal process, the added template plays a key role
in the regulation of the material morphology. Hong et al.*%°
synthesized porous coral-like Rh-doped SnO, nanostructures
using glucose as the template; the morphology is shown in
Fig. 11d and e. As seen from Fig. 11f and g, the addition of Rh
can alter the pore size of the materials.

In addition, the hydrothermal method combined with other
methods has been widely studied and used in the preparation
of M@MOx nanocomposites. The first strategy is to prepare
MOx nanoparticles by the hydrothermal method and then
deposit all doped noble and non-noble metal nanoparticles
onto the MOx surface through vapor deposition such as CVD**®
and sputtering technology.”*® Similarly, the liquid phase
chemical synthesis method can also be combined with it. In
this synthetic strategy, MOx obtained by the hydrothermal
method can be used as substrates and the dopants are directly
grown on the surface of MOx in situ by liquid-phase chemical
reduction in solution to obtain composite nanostructures.

The porosity of the materials is closely related to the gas
sensing properties; thus, porous structures usually exhibit
more excellent gas sensing performance than solid structures.
In recent years, solution template assisted methods including
soft and hard templates have produced MOx nanomaterials
with ordered large surface area.

(a) Schematic of the Pt-decorated WOz nanorod array fabricated by the glancing-angle dc magnetron sputtering deposition; (b) morphology of

Pt-WOj3 doped with different ratios?2° (Copyright 2014, American Chemical Society).

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 (a) SEM images of Pd—WOs; (b and c) TEM images of Pd—WO3??? (Copyright 2015, Royal Society of Chemistry). (d) SEM of Rh—SnO; (e

e) TEM of Rh—SnOy;

nitrogen adsorption isotherms and corresponding pore size distribution (inset) of (f) SN0, and (g) Rh—Sn0,2°¢ (Copyright 2017, Springer Nature). (h) Schematic of
the synthesis of 3DOM WOs; SEM images of 3DOM samples: (i) WO3; (j) Pd/WOs (2-1); (k) Pd/WOs5 (1-1); () Pd/WOs3 (1-2)"* (Copyright 2018, Elsevier).

In a typical synthetic process, Zhang et al’*® successfully

fabricated multilayer mesoporous Pd-SnO, thin films using
Pluronic F127 as the soft template by EISA. First, the Pd-doped
Sn sol was prepared, then the sol was spin-coated on the Si
substrate, and then the substrate was dried at room temperature
with a relative humidity of 70-80% for one week. Finally, the
substrate was annealed to obtain the mesoporous structure.
Interestingly, Wang et al.”* obtained three-dimensional ordered
macroporous (3DOM) WO; materials by liquid-phase reduction
using PMMA microspheres as the hard templates. The schematic
of the synthesis of 3DOM WO; is shown in Fig. 11h and the SEM
images with different ratios of Pd and WO; are shown in
Fig. 11i-1

4.2 Noble metal@MOx nanomaterials for H, sensing

Decorating noble metals onto MOx nanomaterials is one of the
most effective methods to improve the performance of H, gas

1546 | Mater. Adv, 2021, 2, 1530-1569

sensors. It can enhance the response capacity and sensitivity of
the gas sensor, reduce the optimal operating temperature, and
shorten the response/recovery time due to the unique nature of
the noble metal nanoparticles.

Noble metal nanoparticles have stronger oxygen adsorption
capacity due to the “spill-over effect”; noble metal-modified
MOx can adsorb more oxygen ions and form a thick electron
depletion layer on the surface of the material with higher
macro-resistance. When the modified material is placed into
the H, atmosphere, the H, molecules react with the oxygen
anion and the electrons are transferred back to the semicon-
ductor conduction band again, resulting in electron consump-
tion. It causes the electron depletion layer to decrease sharply.
This huge contrast between the background and the signal
exceedingly reduces the signal-to-noise ratio of the sensor, and
enhances the capacity of detection of trace H,. The high
catalytic activity of noble metals themselves can reduce the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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activation energy required by gas adsorption, reduce the barrier
required in the reaction process, and provide a possibility for
the reduction of the working temperature of sensors.
Furthermore, because of the high catalytic activity, the
selectivity of the sensors is considerably strengthened, espe-
cially Pd, which shows a unique property for H, adsorption and
dissociation. Finally, the modification of noble metal ions on
the surface of semiconductor MOx will accelerate the electron

Table 8 The details of noble metal@MOx nanomaterials H, gas sensors
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transport rate on the surface of the materials and shorten the
response recovery time.

The noble metal@MOx nanomaterials are widely used in H,
gas sensing, such as Ag, Au, Pd, Pt, Rh, and their details are listed
in Table 8. It is obvious that the performance of sensors in all the
aspects has been greatly improved after noble metal doping.

One of the significant advantages of noble metal doping is
the reduction of the working temperature, which achieves the

Materials Structure c T (°C) LOD Sensitivity Response time Ref.
Ag-ZnO Nanowires 100 ppm RT — 50¢ 22/11 s 64
Au-1In,0; Nanoneedles 1000 ppm 450 — 8.5¢ — 65
Au-In,0; Core-shell NPs 100 ppm 300 2 ppm 34.38 31 5/10 min 227
Au-SnO, Nanoparticles 100 ppm 250 1 ppb 25¢ 1/3's 49
Au-ZnO Core-Shell structure 100 ppm 300 0.5 ppm 103.9¢ — 50
Au-ZnO Films 1000 ppm 250 50 ppm 172°¢ 4/68 s 66
Au-ZnO Thin films 1000 ppm 150 — ~75%" — 151
Au-ZnO Nanowires 20 ppm RT 20 ppm 2.25¢ — 198
Au-ZnO Thin films 1200 ppm 400 75 ppm 73%° — 228
Pd-In,0; Flower-like 100 ppm 210 10 ppm 3.6“ 4/7 s 67
Pd-In,03 Nanoparticles 10000 ppm 250 150 ppm 3526 2/180 s 229
Pd-MnO, Nanowalls 100 ppm 100 10 ppm 11.4 £+ 0.7¢ 4s 37
Pd-SnO, Microspheres 1000 ppm 200 10 ppm 129.08 4s 203
Pd-SnO, Mesoporous film 1000 ppm 275 50 ppm 237.85¢ 44 s 208
Pd-SnO, Thin film 250 ppm 300 25 ppm 284 3/50 s 230
Pd-SnO, Nanofiber rods 100 ppm 160 0.25 ppm 284 4s 231
Pd-Sn(Sb)O, Nanoparticles 0.1 vol% 250 — 85.5%" 120 s 232
Pd-TiO, Pd: nanocubes 0.6 vol% 150 — 40.6%7 24/1 s 233
TiO,: nanowire
Pd-TiO, Nanotubes 8000 ppm RT 5000 ppm 92.05¢ 3.8/43.3 s 68
Pd-TiO, Nanorods 1000 ppm 200 250 ppm 31/ — 225
Pd-V,0; Thin films 100 ppm 100 2 ppm 5.7 4 0.3° — 69
Pd-W;50,9 Urchin-like 50 ppm 100 50 ppm 32¢ 60 s 70
Pd-WO; Ordered macroporous 50 ppm 130 10 ppm 382¢ 10/50 s 71
Pd-WO, Thin film 2 vol% 80 100 ppm 1.30 x 10*¢ <1/30's 234
Pd-WO; Nanoplates 0.1 vol% 80 — 169.3° 42.8/48.5 s 222
Pd-WO; Nanocomposites 1000 ppm RT . 34° 24 s 223
Pd-WO; Nanotubes 500 ppm 450 — 17.6“ 25's 235
Pd-WO; Nanoneedles 500 ppm 150 — 1670 — 236
Pd-ZnO “Nanosponge” film 2 vol% 80 0.1 vol% 580" 0.3/22's 36
Pd-ZnO Nanowires 100 ppm RT — 13100° 6.4/7.4 s 45
Pd-ZnO Nanowire 400 ppm RT 100 ppm 121¢ — 201
Pd-ZnO Nanofibers 100 ppb 350 0.1 ppm 74.7¢ — 211
Pd-ZnO Nanorods 500 ppm 350 — 3.6 — 226
Pd-ZnO Nanorod 1 vol% 80 100 ppm 79507 227/95 s 237
Pd-ZnO Nanowires 100 ppm 350 0.1 ppm 87.17¢ — 238
Pd-ZnO Nanorods 250 ppm 135 50 ppm 22.5¢ 26/5 s 239
Pd-ZnO Nanorods 1000 ppm RT 0.2 ppm 91.2¢ 18.8 s 240
Pd-ZnO Pd: nanocubes 10000 ppm 100 1 ppm 0.74¢ — 241
ZnO: nanorods

Pt-In,0; Nanocubes 15000 ppm RT — 20° 33/66 s 62
Pt-Nb,Os5 Porous ceramics 10000 ppm RT — 165“ 7/39 s 63
Pt-NiO Core-shell structure 5000 ppm RT 1000 ppm 4.25¢ 91/8 s 47
Pt-SnO, Nanosheets 100 ppm 350 0.08 ppm 56.5¢ 29 s 72
Pt-SnO, Thin film 500 ppm 110 2 ppm 168° <6/57 s 242
Pt-SnO, Thin film 250 ppm 200 25 ppm 51.6% — 243
Pt-TiO, Nanofibers 700 ppm — 100 ppm 400% — 73
Pt-TiO, Nanocomposites 1000 ppm RT 30 ppm 6000“ 10/20 s 244
Pt-TiO, Thin film 10000 ppm RT 300 ppm 1.58 x 107¢ 150/280 s 245
Pt-ZnO Thin film 75 ppm 300 75 ppm 60%" — 7
Rh-Rh,O, Film 50 ppm 200 75 ppm 23° 2/5 min 207
Rh-SnO, Nanoparticles 3 vol% 300 — 22170 6s 102
Rh-SnO, Coral-like 100 ppm 260 10 ppm 312¢ — 206

LOD: limit of detection; response with different definition a: Ru/Ry, b: Ry/R,, ¢: Io/lg, d: AR/R,, AR = (R, — Ry) OF (Ry — Ry), €: AR/Ry, AR = (R, — R,) or

(Rg — Ra), f Allloy AI = (I — L) or (I — L), g AIlly, AI = (I, — I) or (I —
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detection of H, at low temperature or even room temperature.
Because of the catalytic ability of noble metals, the activation
energy during the reaction between materials and H, is greatly
reduced, which could further reduce the activation barrier in
the reaction between the materials and H,, thereby reducing
the working temperature of the gas sensor. Vijayalakshmi
et al”>*" prepared Pd-ZnO nanowires to detect H, at room
temperature and the sensor responded to H, at 400 ppm up
to 121 (defined as Ry/R,). Ag-ZnO nanostructures prepared by
the electrochemical deposition by Lupan et al. could also
achieve efficient detection at room temperature.®*

The response of the sensor highly depends on the inter-
action between the target gas and the surface of the material.
Doping noble metal particles is quite a powerful method to
enhance the capacity of the surface of the material to adsorb
oxygen and it is extensively carried out to improve the response
of the sensor as well as to reduce the detection limit of the
sensor. Hong et al.>’° synthesized Rh-doped coral SnO, nano-
structures by the hydrothermal method. The sensor exhibits a
high response of 312 (defined as R./R,) to 100 ppm H, at the
optimum operating temperature, which is 26 times higher than
that of the undoped coral SnO, and the detection limit of Rh-
SnO, for H, is only 10 ppm. The composite can adsorb more
reactive oxygen molecules and improve the sensing response
owing to the high electron density of Rh.

Moreover, the sensor based on Pd-V,Os can realize the
sensitive and rapid detection of H,.®® Pd doping can generate
active centers on its surface, which has an advantage over the
adsorption of target gases and the improvement of electron

Oxygen ion /
species

e flow
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transport. Moreover, Pd has a higher work function and high
catalytic activity, which can bring electronic and chemical
sensitization on the surface of MOx, and improve the sensor
response capacity (as shown in Fig. 12a and b). In addition, the
prepared Pd-V,05 films have excellent stability and selectivity.
Pd-V,05 can maintain a high response capacity towards H, for
3 months. Compared with other interfering gases, Pd-V,05 has
the highest response value to H, under the optimal working
conditions, which is highly satisfactory.

After noble metal modification, the response/recovery time of
the sensor is also greatly improved. Chen et al.®” prepared flower-
shaped spherical Pd-In,O; nanostructures by the hydrothermal
method. The response speed is shortened and the sensitivity is
enhanced. It is because after Pd incorporation, a large number of
high active reaction sites and oxygen functional groups on the
surface of MOx are produced, and the activation energy is
minimized due to the high catalytic activity of the Pd nano-
particles, which accelerates the occurrence of the reaction.

Moreover, the effect of the morphology on the sensor
performance is also applicable to noble metal-modified MOx.
Tang et al.>®® explored the effect of Pd NPs with different
morphologies (Pd nanoparticles are cubical, spherical, and
octahedral) on the gas sensing performance of Pd-ZnO nano-
rods. From the test results, the cubic Pd-doped ZnO nanorods
have the highest sensing response capacity (shown in Fig. 12b);
thus, the morphology of the doped noble metal nanoparticles
will also have an impact on the sensing characteristics, which
has a certain guiding significance for the preparation of sensing
materials.
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Fig. 12 (a) Schematic illustration explaining the H, sensing mechanism of the Pd/V,Os thin film sensor®® (Copyright 2016, Elsevier). (b) Response curve
and response/recovery time of Pd—ZnO composites with different morphologies to the H, test chart?* (Copyright 2018, Royal Society of Chemistry).
(c and d) HR-TEM images of the Au/In,Os core—shell structure; (e) dependence of the sensor response of Au@In,Oz core-shell and In,Oz NPs at

different temperatures to 100 ppm H, gas; (f) dynamic response—recovery curves at an operating temperature of 300 °C and 100 ppm H, gas

(Copyright 2016, Royal Society of Chemistry).
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In order to enhance the performance of the sensors, the
manner of noble metal doping has gradually changed. In most
cases, noble metal particles are dispersed on the surface of
MOx but sometimes, noble metals may occupy the active sites
on the surface of MOx. Moreover, owing to the generally small
size of noble metal nanoparticles, the phenomenon of agglome-
ration on the oxide surface may occur, thereby attenuating the
sensor performance.

Designing core-shell structures can relieve this phenomenon
due to the unique structural advantages. The existence of the
core-shell structure can protect the noble metal core to the
greatest extent; furthermore, the characteristics of the three-
dimensional structure of the core-shell structure are more
conducive for the transmission of electrons between the inter-
faces and to improve the response of the sensors.”*® Chava
et al*”” synthesized the Au/In,O; core-shell structure by the
hydrothermal method, followed by the chemical bath method.
As shown in Fig. 12¢ and d, the performance of the Au/In,O;
core-shell structure is excellent at the optimum working tem-
perature, and its response value and selectivity are greatly
improved compared with In,O; (Fig. 12e). In comparison with
the other structures, the core-shell structure has the advantage
of working temperature, response, and so on. However, due
to the existence of its core-shell structure, complete H,
desorption on the material surface cannot be achieved. There-
fore, in the test process, the recovery time of the sensor is
sluggish (Fig. 12f); sometimes, the phenomenon of baseline
drift also occurs.

View Article Online
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High-energy radiation still plays an unparalleled role in
improving the performance of sensors based on noble metal-
decorated MOx nanomaterials. The principle of high energy
radiation for improving the performance of sensitive materials
has been discussed in Section 3.2.1; thus, it will not be repeated
in this section.

For instance, under high-energy radiation, the stability of
the gas sensors is improved and the response/recovery time is
shortened. Zhao et al.*® activated the prepared Pd-ZnO sponge-
type films under ultraviolet light at 365 nm; it can be seen from
Fig. 13c and d that the stability of the gas sensors has been
developed and the response time is only 0.3 s. Kim et al*""
prepared Pd-ZnO nanofibers by the electrospinning technology
and activated the material under high energy radiation. As can
be seen from Fig. 13a and b, with the increase in the high
energy radiation, the performance of the sensor showed an
upward trend and its detection limit could reach 0.1 ppm.

In conclusion, noble metals could lower the working tem-
perature, improve the sensitivity and the selectivity, as well as
shorten the response/recovery time because of the synergistic
or additive effect of chemical and electronic sensitization. The
high catalytic activity and fast carrier transport could enhance
the maximum potential of the MOx nanomaterials in H, sen-
sing. However, the high cost impedes the commercialization
application. Therefore, to reduce the cost of sensing materials,
searching for low-cost MOx nanocomposites will provide tech-
nical support for the industrialization and commercialization
of sensors.
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sensors?!! (Copyright 2019, Elsevier). (c) Stability of gas sensors without UV irradiation; (d) stability of gas sensors under UV irradiation®® (Copyright 2017,
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4.3 Non-noble metal@MOx nanomaterials for H, sensing

Although noble metal-decorated MOx nanomaterials have
excellent sensing response, their high costs limit the large-
scale application of sensors. Inspired by noble metal doping,
researchers have paid attention to the decoration of other
metals. The performance of H, gas sensing is boosted by
doping metal ions, such as Cd, Co, Mg, Nb, La, Cr, W, Al, Eu,
In, Ni, and Cu, as listed in Table 9.

Doping non-noble metal(s) into MOx is promising. Firstly,
doping could lead to a significant change in the grain size of
MOXx. It changes the specific surface area of the material, which
can increase the effective sensing area of the nanocomposites.
A large specific surface area means more gas adsorption sites,
which can enhance the sensing response capacity. Secondly,
elemental doping is the incorporation of elements into the lattice
of MOx in the form of ion substitution. The decorated particles
will replace the position of the original metal particles and cause
lattice distortion. These distortions will lead to an increase in the
surface defects of the materials. The presence of surface defects
will introduce a large number of oxygen vacancies, which leads
to an increase of the depletion layer on the surface of the
composite material and a higher barrier, making the sensor
more sensitive to the targeted gas and reducing the detection
limit of the sensor. Finally, the presence of other metal ions can
adjust the energy band structure. By modifying the MOx by
changing the surface potential and the carrier concentration in
the composite material, rapid charge transfer could be achieved
and the detection range of the sensor can be increased.

To sum up, heteroatom doping can improve the perfor-
mance of the sensor due to the ability of interfacial and
surficial electron tuning. The working temperature and respon-
siveness of the gas sensor can also be effectively ameliorated.

Table 9 The response of non-noble metal@MOx nanomaterials to H,
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5. Binary metal oxide nanostructures
for H, gas sensors

Binary metal oxide nanostructures represent one of the most
promising gas sensing materials owing to the existence of
heterostructures. In H, gas sensing, MOx can be combined
with MOx to form MOx nanoscale heterostructures or combined
with carbon-based materials to obtain the composites to
enhance the performance of the sensors. In this section, after
describing the synthesis of binary MOx nanomaterials, MOx
nanoscale heterostructures and MOx-carbon nanocomposites
for H, sensing are presented.

5.1 MOx nanomaterial heterostructure

5.1.1 Synthetic strategy for MOx nanomaterial heterostruc-
ture. The overall structure of nanocomposites is a considerable
factor that determines their properties. The choice of synthetic
methods and the design of synthetic routes will have a vital impact
on the morphology and stoichiometric ratio of the composites.
Therefore, choosing a suitable synthetic strategy is of great interest
to improve the sensing performance of MOx heterostructures.

To achieve precise control of the composition and morphology
of MOx heterostructures, there is a variety of synthetic strategies
applied to the construction of heterostructures. With the con-
tinuous maturation of material preparation technology, MOx
heterostructures with various morphologies and structures have
been prepared for the H, gas sensor. The synthetic methods of
MOx heterostructures mainly include electrospinning tech-
nology, hydrothermal method, and thermal oxidation method,
as listed in Table 10.

With the development of electrospinning technology, equip-
ment, and application, various types of electrospinning fiber

Materials Structure c T (°C) LOD Sensitivity Response time Ref.
Al-ZnO Thin films 1000 ppm 300 100 ppm 66%"7 — 74
Cd-ZnO Nanowires 100 ppm RT — 3.74 — 75
Cd-ZnO Nanorods 1000 ppm 80 50 ppm 6° 43 s 204
Co-SnO, Nearly spherical 2000 ppm 250 — 100° 3/15's 144
Co-Sn0, Nearly spherical 2000 ppm 225 — 59.4“ 7s 76
Co-ZnO Nanorods 3000 ppm 300 — 99.2% 74/40 s 77
Cr-ZnO Nano-whiskers array 400 ppm RT 75 ppm 133° — 78
Cu-CdO Cubic structure 100 ppm 300 100 ppm 48.00%° — 38
Eu-SnO, Nanoparticles 300 ppm 350 100 ppm ~20¢ 7s 79
Eu-SnO, Columnar films 100 ppm 250 — 115°¢ — 247
Er-Sno, Nanoparticles 100 ppm 360 — 28 11/42 s 248
In-ZnO Thin film 5 ppm 300 1 ppm 15% — 249
La-SnO, Nanofiber 100 ppm 300 5 ppm 9.9¢ 1/1s 210
Mg-In,0; Nanotubes 100 ppm 150 — 1.55% — 80
Mg-ZnO Like-spherical 400 ppm RT 150 ppm ~2.75 — 202
Mg-ZnO Nanorods 200 ppm RT — 30¢ — 250
Mg-ZnO Film 200 ppm RT 100 ppm 35-40¢ 75/54 s 251
Nb-TiO, Nanotubes 1000 ppm RT 50 ppm 30.9¢ 100 s 81
Nb-TiO, Nanorods 1 ppm RT 1 ppm 22.5%" 288/324 s 205
Ni-TiO, Nanospheres 300 ppm RT 100 ppm ~220° 40 s 252
Ni-ZnO Thin film 5 ppm 150 — 17.77%" — 253
W-W;30,49 Core-shell nanoflowers — — 50 ppm — — 254

LOD: limit of detection; response with different definition a: Ru/Ry, b: Ry/R,, ¢: Io/lg, d: AR/IR,, AR = (R, — Ry) OF (Ry — Ry), €: AR/Ry, AR = (R, — R,) or

(Rg — Ro), f Allloy AI = (I — L) or (Iy — L), g AIlly, AI = (I, — I) or (I —
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Table 10 Details of MOx nanomaterial heterostructure synthesis
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Materials Method Precursor Solvent Temp., time Conv. cond. Ref.
Sn0,-ZnO Electrospinning SnCl,-2H,0, Zn(OAc),, PVP DMF, EtOH 15 kv, 20 cm, 0.05 mL h™* 700 °C, 0.5 h 255
Sn0,-ZnO Electrospinning SnCl,-2H,0, Zn(OAc),, PVP DMF, EtOH 15 kV, 20 c¢m, 0.05 mL h™* 700 °C, 0.5-24 h 256
ZnO-NiO Electrospinning ZnCl,-2H,0, Ni(Ac),-4H,0 PVA +15/—10 kV, 20 cm, 0.01 mL h™* 600 °C, 2 h 257
SnO,-ZnO Electrospinning ZnCl,-2H,0, SnCl,-2H,0 PVA +15/—10 kv, 20 cm, 0.01 mL h™* 600 °C, 2 h 187
C030,-ZnO  Electrospinning ZnCl,-2H,0, Co(Ac),-4H,0, PVA H,0 +15/—10 kV, 20 cm, 0.01 mL h™* 600 °C, 2 h 84
NiO-SnO, Electrospinning NiCl,-6H,0, PVP, SnCl,-2H,0 EtOH, DMF 12 kv, 15 cm, 1 mL h™* 500 °C,3 h 258
CeO,-SnO, Hydrothermal Ammonium cerium(iv) nitrate, H,0 200 °C, 10 h 500 °C, 2 h 259
Sn powder, NH;-H,0

SnO-Sn0O, Hydrothermal Sn(Ac),, PdCl,, NaOH, PEG-400, EtOH H,0 140 °C, 24 h — 39
CeO,-In,0; Hydrothermal In(NOs);-4.5H,0, Ce(NO3);-6H,0, urea H,0 160 °C, 12 h 500 °C, 2 h 85
ZnO-Nb,O5  Sol-gel method Zn(Ac),, PEG, NH;-H,0 H,0 — — 260
Zn,SnO,— Thermal SnO, powders, ZnO powders, C powders — 97 vol% Ar + 3 vol% O, 100 mL min~* 1000 °C, 1 h 261
ZnO evaporation

materials are constantly emerging; thus, the electrospinning
technology has become one of the most active methods to
prepare MOx heterostructures.”®® Katoch et al.*>>*>® used elec-
trospinning to synthesize a series of SnO,-ZnO nanocomposite
fibers with different ratios (xZnO—(1 — x)SnO,(x = 0.01-0.50),>*
0.9Sn0,-0.1Zn0**®) and with morphology control of the nano-
fibers. The annealing process is validated as an important
process in the synthesis of the nanofibers by electrospinning
as it can not only remove the residual organic solvents in the
nanofibers to purify the nanofibers but can also increase the
porosity of the nanofibers with interesting morphology to
improve the sensing performance of the materials.>*® A large
number of MOx nanofiber heterostructures have been synthe-
sized by the electrospinning technology, such as ZnO-Co;0,,**
NiO-Zn0,*” and Sn0,-Zn0.'®”

Besides the electrospinning method, thermal evaporation is a
fast-developing technique for the preparation of MOx heterostruc-
tures by multi-step synthesis. Combined with the hydrothermal
method, C0;0,-W0,*** and ZnO-WO,*** heterostructures were
obtained. Combined with the solvothermal deposition technology,
the Nb,Os-TeO, heterostructure was obtained.®”

The core-shell structure could reap huge fruits because of the
more effective surface areas for gas adsorption. The LD technology
can deposit uniform coatings on micro/nanostructured substrates
with high specific surface area, especially nanowires and nanorod
core-shell structures. Park et al.**> combined thermal evaporation
with the ALD technology to obtain ZnO-Nb,Os nanorods with a
core-shell structure. Further, SnO,-NiO core-shell nanowires
were also prepared by the ALD technology.”®® Apart from the
ALD technology, it is noted that Xun et al.**® obtained highly-
ordered SnO,-TiO, nanotubes by the process of anodization and
impregnation.

In addition, hydrothermal or solvothermal methods are
beneficial for preparing the MOx heterostructure. The prepara-
tion is similar to the metal@MOx composites and will not be
elaborated in depth here.

5.1.2 MOx nanoscale heterostructures for H, sensing. At
the micro-scale, the physical interface between the two different
materials is called the heterostructure, which combines two
different components. Because different MOx have different
bandgaps and work functions, rapid electron transfer will occur
at the heterojunction, leading to high-energy level lateral shape.

© 2021 The Author(s). Published by the Royal Society of Chemistry

A depletion layer is formed at the high energy level side and a
cumulative layer is formed at the low energy level side, respec-
tively. After contacting with H,, the resistance of the composite
changes obviously and the resistance modulation ability of the
composite material is improved, thereby improving the perfor-
mance of the sensor. Heterojunctions are divided into p-n
junctions, n-n junctions, p—-p junctions, and other different
structures according to the n-type and p-type of semiconductors.
The gas sensing properties of different heterostructures are
listed in Table 11.

(i) N-N heterostructure. As early as 2013, Mondal et al.®
synthesized the ZnO-SnO, n-n heterostructure by the solvo-
thermal method and annealing to obtain ZnO nanorods with a
diameter of ~150 nm loaded with 50-90 nm SnO, nano-
spheres. ZnO and SnO, are both n-type semiconductors; the
n-n heterojunction is formed between ZnO and SnO,. Due to
the existence of the heterojunction, the sensor’s response
capacity to H, and the response recovery time are greatly
improved. In the heterojunction, electrons can transfer from
SnO, (¢ =5.2 eV) to ZnO (P = 4.9 eV). In the prepared ZnO-SnO,
composite structure, two depletion layers are formed, one on
the surface of a single grain and the other on the heterojunc-
tion surface of ZnO-Sn0O,. The presence of two depletion layers
promotes the adsorption of a higher concentration of oxygen
on the sensor surface to a greater extent, which provides more
reaction sites for H,. Therefore, the sensor exhibits a higher
resistance in the air and the change in the resistance becomes
more obvious when exposed to H,, leading to a greatly
improved sensor response.

Katoch et al.>>**® synthesized ZnO-SnO, nanofibers by the
electrospinning technology and proposed a bifunctional sen-
sing mechanism of the composite nanofibers. The basic principle
of this mechanism is to improve the performance of H, sensor
based on the combination of the homogeneous interface of
Sn0O,-SnO, and the heterogeneous interface of ZnO-SnO,
(Fig. 14a and b). In the research process, Katoch et al. optimized
the ratio of ZnO and SnO,. By preparing different ratios of the
ZnO-SnO, composite and testing under the same conditions, it
was found that when the ratio of Sn:Zn was 9:1, the sensor had
the greatest performance, which can detect H, at even 0.1 ppm
concentration (Fig. 14c-e). This is because when the ratio is 9: 1,
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Table 11 The response of heterostructures to Hy

Materials Structure c T (°C) LOD Sensitivity Response time Ref.
Ce0,-In,03 Hollow spheres 50 ppm 160 0.01 ppm 20.65“ 1/9's 85
Ce0,-Sn0, Nanosheets 0.5/60 ppm 300 0.5 ppm 82/1323¢ — 259
C030,-Sn0, Nanoparticles 50 ppm 300 5 ppm 20%7 — 48
C030,-ZnO Nanofibers 10 ppm 300 1 ppm 113.657 70 s 84
C0304~WO; Nanowires 2000 ppm 200 — 610%* — 263
Cr,0;-Nb,O5 Nanocubes 2 ppm RT — 5.24¢ 40 s 267
CuO-TiO, Nanotubes 1000 ppm 200 — 2 7.4/6.8 s 46
CuO-Nb,0O5 Nanorods 0.5 vol% 300 0.5 vol% 217.05%” 161-199/163-171 s 86
In,03-ZnO Thin films 50 ppm 300: n type — n: 41%* n: 53/79 s 268
200: p type p: 2.5% p: 119/123 s
NiO-ZnO Nanofibers 10 ppm 200 1 ppm ~607 ~50/~90 s 257
Nb,O5-NiO Nanoparticles 0.05 vol% RT — 1.68¢ — 29
Nb,05-TeO, Nanobelts 10000 ppm 175 100 ppm 10.22¢ — 87
Nb,05-ZnO Nanorods 100 ppm 300 100 ppm 156%" 21s 265
SnO-SnO, Nanorods 100 ppm 50 100 ppm 1.2¢ 5/45 s 39
Sn0,-NiO Nanofibers 100 ppm 195 1 ppm 37.15% 12/5 s (25 ppm Hy) 258
Sn0,-NiO Nanowires 500 ppm 500 — 1147 — 269
SnO,-TiO, Nanotubes 1000 ppm 250 20 ppm 1410 — 266
Sn0O,-WO; Film 1000 ppm 225 50 ppm 29.31° 84s 270
Sn0,-Zn0O Hexagonal rod 10000 ppm 150 3000 ppm 90%"“ 60 s 83
Sn0O,-ZnO Nanofibers 10 ppm 300 — 168.6“ — 255
Sn0,-ZnO Nanofibers 10 ppm 350 0.1 ppm 98.3¢ 138/221 s 256
Sn0,-Zn0O Nanofibers 5 ppm 300 0.05 ppm 91° ~25/~30s 257
ZnO-WO; Nanowires 5000 ppm 200 100 ppm 12.6° — 264
ZnO@ZIF-8 Nanorod film 50 ppm 250 5 ppm 3.28¢ — 271

LOD: limit of detection; response with different definition a: Ra/Rg, b: R¢/Ry, ¢: Io/Ig, d: AR/R,, AR = (Ry — Ry) OF (R — Ra), €: AR/Rg, AR = (R, — R,) or
(Rg — Ra), f: Alll, AT = (I, — Ip) or (I — L), g Alll, Al = (I, — I) ot (Ig — L), h: I/I.

the grain size of the composite heterojunction is the smallest Moreover, if the content of ZnO is very high, contact will
(Fig. 14f). occur between the ZnO nanoparticles and metal-metal contact
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Fig. 14 (a) Mechanism 1: reducing gas effect at the SnO,-SnO, homo interfaces; (b) mechanism 2: metallization effect at the SnO,-ZnO
heterointerfaces; (c) summary of the sensor responses of the SnO,-ZnO composite nanofibers; (d) sensor responses of the SNO,-ZnO composite
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different nanofibers analyzed in this study?>° (Copyright 2015, American Chemical Society).
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will be formed between two adjacent ZnO nanoparticles, which
reduces the modulation ability of the resistance of the nano-
composites. On the other hand, if Zn is too low, the number of
ZnO-SnO, heterojunctions will be reduced, the effect of metal-
lization will also be reduced, and the resistance modulation
ability will also be reduced. The proposed bifunctional sensing
mechanism provides theoretical support for the preparation
and application of ZnO-based heterostructures in the future.

An interesting phenomenon was found by Pati et al.,*®® in
which In,03;-ZnO thin films prepared by the sol-gel method
could undergo transition from n-type to p-type during the
detection of the gas at a certain temperature. Below 200 °C,
the sensor produces a p-type response to H,, while above
200 °C, the sensor produces an n-type response to H,. The
response diagram of the sensor to the same concentration of H,
at 200 °C and 300 °C is shown in Fig. 15a and b.

This phenomenon occurs due to the reversal of carriers.
Since the surface conduction of semiconductor oxides is caused
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by the joint action of electrons and holes, most of the changes
in the carrier density will lead to the reversal of the type of
movable carriers on the surface. When the electron concen-
tration is less than the hole concentration, the transition from
“n” to “p” occurs.

Researchers also regulated the micro-morphology of the n-n
heterostructure to obtain a better sensing response. Hu et al.®®
synthesized 0.1-1.5 um CeO,-In,0; via the hydrothermal method.
The structure of In,O; hollow microspheres and its SEM images
are shown in Fig. 15c. Compared with other nanostructures, the
three-dimensional hierarchical system can significantly enhance
the sensing characteristics of the gas, which is conducive for gas
adsorption and desorption. The high specific surface area of the
hollow structure and the synergistic effect of the heterogeneous
structure make the sensor exhibit excellent H, sensing ability,
along with good repeatability and long-term stability (Fig. 15e).
The detection limit of the sensor can reach 10 ppb (Fig. 15f) and the
response recovery time is only 1/9 s (Fig. 15d). The sensor is tested
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Fig. 15 Resistance transients of indium-doped ZnO thin film gas sensor recorded in the presence of various H, gas concentrations: (a) at 300 °C
showing n-type behavior and (b) at 200 °C showing p-type behavior?®® (Copyright 2014, Elsevier). (c) SEM image of the CeO,—In,0Oz hollow sphere;
(d) CeO,-1n,05 gas sensor response and recovery curve at 160 °C to 100 ppm H;; (e) gas sensor reversibility at 160 °C; (f) dynamic response and recovery
curve of the prepared gas sensor to ppb level H, detection; (g) long-term stability®> (Copyright 2018, Elsevier).
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again after ageing for two months and the maximum deviation of
the sensor response measured during the whole sensing cycle is less
than 2% (Fig. 15g). Similarly, other n-n heterostructures for the
sensitive sensing of H, such as Ce0,-Sn0,,** ZnO-W0,,*** and
Nb,05-Zn0O** have also been reported.

(i) P-N heterostructure. The P-N heterostructure is com-
posed of different types of semiconductor materials; thus,
the p-n heterostructure has a higher barrier than the n-n
heterostructure.””> The p-type semiconductor has a high hole
concentration, while the n-type semiconductor has a high
electron concentration; at the interface of junction, the
electrons and holes recombine at the interface of the two
semiconductors, forming a space charge region, leading to an
increase of the resistance of the composite in air. It enhances the
response capability of the sensors effectively.

Shanmugasundaram et al.*° synthesized SnO/SnO, nano-
composites in an autoclave using the “one-pot method”. The
nanoparticles self-assembled into layered structures similar to
nanorods during the reaction and further aggregated to form a
loose cubic morphology, which finally transformed into dense
microprism structures, each with a particle size of 8-10 nm.
The heterogeneous interface between SnO and SnO, helps to

~
0
~
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accelerate the transfer of free electrons from SnO, with high
power functions to SnO, thereby improving the sensor response
to low concentrations of H,. Other p—n heterostructures such as
Nb,05-NiO?*° and Cr,0;-Nb,05**” could both realize the detec-
tion of low concentrations of H, at room temperature.

At present, most of the latest work is focused on improving
the sensitivity and response/recovery of the H, gas sensor by
reducing the grain size, expanding the specific surface area,
and improving the gas accessibility. However, improving the
selectivity of the H, gas sensor is still a major hurdle in
this area.

It is found that the selectivity can be regulated by the
modulation of the barrier height in the heterojunction through
the asymmetric gas sensing reactivity of heteromaterials.*®*"®
Hu et al.*® prepared the p-Co;0,4/n-SnO, composite at different
Co/Sn molar ratio by the simple soaking calcination method.
The composite with different proportions showed peculiar
performance. As seen from Fig. 16a, when the molar percentage
of Co/Sn was low, the sensor showed n-type sensing response to
50 ppm H,; however, when the molar percentage of Co/Sn was
high, the sensor showed p-type sensing response. The sensing
mechanism is shown in Fig. 16b and d. When the molar
percentage of Co/Sn is low, most of the junctions formed at
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diagram*® (Copyright 2017, Elsevier).
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(a) Co/Sn-10% dynamic resistance curve of typical Hp, CO, NHs, and H,S reducing gas; (b—f) Coz04/SnO, composite sensing mechanism
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the Sn0O,/Sn0O, boundary are homojunction. SnO, plays a lead-
ing role in the resistance modulation of the heterostructures;
therefore, the composites show an n-type response to H,.
However, in the case of high molar percentage of Co/Sn, in
addition to SnO,-SnO, homojunction, many SnO,/Co;0, hetero-
junctions are formed at the same time (mechanism diagram is
shown in Fig. 16c, e and f). The formed p-n heterostructure will
increase the resistances of the Co;0,/SnO, composites sharply.
After contacting H,, SnO, reacts rapidly with H, and electrons
are sent back to the conduction band of SnO,, resulting in a
decrease in the bending of the conduction band as a result of the
high reactive activity to H,. On the other hand, Co;0, has little
sensitivity to H,; thus, the conduction band of Co;0, remains
almost unchanged. Consequently, the barrier height of the
heterostructures is increased instead of decreasing, leading to
an increase in the resistance. Unlike H,, other gases can react
with both SnO, and Co;0, so that the height of the barrier
decreases. The method of modulation of the barrier height in the
heterojunction will become an indispensable tool for developing
the selectivity of the sensors.

The heterostructure can significantly improve the sensor
performance and reduce the detection limit of the sensor due
to its extremely high chemical reaction activity as well as the
presence of a large number of oxygen vacancies at the interface.
Researchers can also achieve excellent selective sensor prepara-
tion by adjusting the barrier height of the heterostructures;
however, much progress is still needed to reduce the working
temperature of the gas sensor.

5.2 MOx-carbon nanocomposites

5.2.1 Synthesis of MOx-carbon nanocomposites. Carbon
nanomaterials such as graphene, carbon nanotubes, carbon
nanoparticles, and carbon nanofibers have attracted the
interest of researchers due to their unique advantages, such
as the specifically large surface areas and fast carrier transport.
The preparation strategy of MOx-carbon nanocomposites
seems easier, usually by multi-step synthesis—simply put,
using carbon nanomaterials as substrates and then loading
MOx nanomaterials onto the carbon nanomaterials to obtain
the composite structures.

i) CHOH| -CO,
i) A - N;H,

i) O, -H,0
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Graphene is the most active unit of carbon nanomaterials due
to its unique 2D structure, large specific surface area, and excellent
electron transport ability, which has attracted extensive attention
from researchers.””* The preparation procedure of graphene-MOx
nanocomposites in H, gas sensing includes two main steps: firstly,
the graphene structure is prepared by gas-phase methods such as
CVD or liquid-phase Hummers’ method, and then the MOx
nanomaterials is compounded with it.>”

Kamal et al.>’® employed graphene oxide (GO) and nickel
dihydrazine benzoate as a precursor to prepare graphene-
loaded nickel oxide (G/NiO) hybrid materials by the chemical
method, as described in the flow chart (Fig. 17a). Briefly, at
first, the improved “Hummers’ method” was used to obtain the
graphene structure, then r-ascorbic acid was used to reduce
graphene, and finally, nickel dihydrazine benzoate was mixed
with graphene in the liquid phase to obtain the composite
structures. The complex surface contains a large number of
groups, which interact with the surface of graphene, adsorb on
the surface of graphene through a covalent bond, and then
decompose by the loss of N,H,;, CO,, and H,O through low-
temperature heat treatment. Thus, the formed NiO was deposited
on G without further purification to obtain G/NiO.

The solvothermal method can obtain MOx nanomaterials
with good crystal form and uniform particle distribution;
meanwhile, graphene oxide can also be reduced to rGO. Thus,
graphene-MOXx can be prepared directly. Zhang et al.>”” synthe-
sized SnO, graphene (S-G) composites by a “one-pot” hydro-
thermal method. Rod-like SnO, was growth on the graphene
substrate (Fig. 17b and c). Graphene-loaded TiO, was prepared
by the sol-gel method using titanium tetra-isopropoxide as the
precursor.””® Hydroxyl groups on the surface of graphene could
also act as nucleation centers of the metal oxide particles, loading
more inorganic nanoparticles on the surface of graphene.

Notably, the use of block copolymers can lead to highly
regular and periodic structures of materials, which are ideal
candidates for the preparation of highly ordered nanoarrays.
Liu et al® synthesized C-WO; nanoparticles with different
morphologies using a co-block polymer compound PS-b-P,VP
as the template. The processes are shown in Fig. 17d.

5.2.2 MOx-carbon nanocomposites for H, sensing. The
carbon-based nanocomposites can improve the sensitivity and

P4VP, 7kg mol!

PS-b-P4VP i T

PS, 25kg mol!
CH;—CH-1b1Ct H/V\WN PAVP, 22kg mol-!

Polymer 2 ]‘\w
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O

Fig. 17 (a) Synthetic route for the preparation of the G/NiO hybrid®’® (Copyright 2016, Elsevier). SEM (b) and TEM (c) images of SnO; graphene (S-G)
composites®”” (Copyright 2016, Elsevier). (d) Structure and molecular weight of the PS-b-P,VP used in this study, and the schematic representation of
C-doped WOz nanostructure preparation with PS-b-P,VPE® (Copyright 2015, Royal Society of Chemistry).
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Table 12 Response of MOx—carbon nanocomposites to H,

Materials Structure c T (°C) LOD Sensitivity Response time Ref.
C-SnO, Spherical 2 vol% 50 — 6% — 279
C-WO; Nanodots 60000 ppm RT — 114% 162/108 s 89
Graphene-In,0; Nanocrystals — 250 250 ppm — — 90
Graphene-NiO Thin paper like 2000 ppm 200 — 52.4%°7 — 276
Graphene-SnO, Flower-like — 150 — 87.2¢ — 277
Graphene-TiO, Thin films 0.5 vol% 125 0.5 vol% 19%” 16/61 s 278
Graphene-ZnO Nanotubes 100 ppm RT 10 ppm 28.08“ 30/38 s 280
Graphene-ZnO Nanosheet with nanorods 200 ppm 150 10 ppm 3.5° 22/90 s 281
rGO-CuO Film 1500 ppm RT 10 ppm ~12¢ 80/60 s 282
rGO-NiO Nanosheet 1 vol% 18 0.5 vol% 0.647 28/142 s 91
rGO-ZnO Nanofiber 10 ppm 400 100 ppb 2524° 0.9/3.5 min 283
CNT-C030, Circle-shaped — RT — — 21/26 s 88
CNT-SnO, Nanoparticles 4 vol% 200 0.1 vol% 84%* 120 s 284
CNT-ZnO Nanorods 1000 ppm 300 — 66%" — 285
CNF-ZnO Nanofibers 100 ppm 150 1 ppm 73.54%* 29.66/326.22 s 92

LOD: limit of detection; response with different definition a: Ru/Ry, b: Ry/R,, ¢: Io/lg, d: AR/R,, AR = (R, — Ry) OF (Ry — Ry), €: AR/Ry, AR = (R, — R,) or

(Rg — Ro), f All,, AT = (I, — I) or (I — L), g: A/, A = (I, — I) or (I; —

selectivity of the H, gas sensor, and also reduce the optimal
working temperature of the sensor. The details are shown in
Table 12. In this section, we will discuss the application of
MOx-carbon nanocomposites in H, gas sensing, particularly
focusing on graphene-MOx nanocomposites.

Since graphene was separated from graphite in 2004, it has
attracted extensive attention from researchers because of its
huge specific surface area, good stability and conductivity, and
high mechanical strength.?*>*®” pure graphene has poor sensi-
tivity to H, and needs to be combined with other materials to
make it sensitive.>’**#° Graphene-MOx nanocomposites have
significant advantages in detecting H,.>*%?%° Firstly, the gra-
phene surface contains a large number of oxygen functional
groups, which make it possible to adsorb more H,, thereby
enhancing the resistance modulation ability of the composites.
Secondly, the wide specific surface area of graphene and the
surface defects existing in the graphene material itself provide
huge reactive active sites for the adsorption and reaction of
gases and the attachment of MOx nanomaterials on its
surface.”?® The presence of these reactive active sites can
not only improve the sensor capability of the sensor but also
enhance the stability and repeatability of the gas sensor. Finally,
graphene has good conductivity and high carrier mobility, which
can accelerate the conduction of electrons on the surface and inside
the composite materials;’**”® also, the improvement of electron
conduction efficiency can shorten the response/recovery time of the
sensor. These characteristics can reduce the detection temperature,
and improve the selectivity and sensitivity.

Ren et al.”' prepared NiO@rGO nanostructures by freeze-
drying combined with heat treatment. The SEM and TEM
images of the NiO@rGO nanocomposites are given in Fig. 18a
and b. It can be found that there are some wrinkles on the
nanocomposites and a large number of NiO nanoparticles are
uniformly distributed on the surface of rGO. The material-
modified sensor has excellent performance with a relative
response of 0.64 (defined as AR/R,) to 1 vol% H,. This is
because both NiO and graphene are p-type semiconductor
materials; thus, p-p heterojunctions are generated on the

1556 | Mater. Adv, 2021, 2, 1530-1569

L), h: I/L,.

surface of the NiO@rGO nanocomposites, which can increase
the number of holes and its macro resistance. When exposed in
H, atmosphere, reactive oxygen anions produced by hetero-
junctions will react with H, rapidly; coupled with the internal
high load of graphene, the electrons will be immediately
released to the metal surface, which will greatly increase the
ability of resistance modulation, thus achieving a rapid, efficient,
and sensitive detection of H,.

The performance of the sensor is shown in Fig. 18c and d.
Kamal et al.*”® also studied the H, gas sensing properties of the
NiO/rGO nanostructures. They found that the high porosity of
graphene and a large number of single active sites on graphene
are the key factors to improve the performance of the sensor.
Moreover, due to the strong electronic transmission ability of
graphene, the close contact between NiO and graphene will
lead to electronic interaction between the two materials, which
may lead to the enhanced charge separation of the composite
material, thereby enhancing the performance of the sensor.

Compared with the composite of p-type semiconductor and
graphene, the composite of n-type semiconductor nanostructure
and graphene is more widely used in gas sensing because the
p-n junction can be formed.

For example, the GO/ZnO composite prepared by Anand
et al.”®" achieved a reduction in the sensing temperature and
the sensor exhibited higher performance at lower temperature
compared with the corresponding bare ZnO. It is because
graphene interacts weakly with the ZnO nanostructures through
weak van der Waals force; thus, it can maintain its original high
carrier mobility in the GO/ZnO composites. Lamellar graphene
as a substrate provides a wide 3D network for the composite
materials, which makes interconnection between the ZnO nano-
rods closer. The surface defects and functional groups of gra-
phene themself can also serve as high-energy adsorption sites for
gas molecules. At lower temperatures, H, can realize the adsorp-
tion, reaction, and desorption processes on the surface of the
material, thus reducing the detection temperature and realizing
low power detection. The sensor can realize a detection limit of
10 ppm at a low temperature.

© 2021 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ma00880j

Open Access Article. Published on 01 February 2021. Downloaded on 4/18/2026 10:23:21 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

(2) 7

View Article Online

Materials Advances

H:+O

H-O+¢
~

K .
NIO " Hole b’
NPs .
In air In H>
C ;
7)5 4 In air In H,
a 25 : AV,
= 5 = -1.34 E ¥ B VNio1Go
210 24 s Ecg s =)
£ 5 R =
b g 2
Ezo.s 2 2 gh P-NiO P-NiO
3 1 u’-‘j GO GO
260 " o E; -4.40 E; -4.40
"v" T T T T T T T E
1500 2000 2500 3000 3500 4001 ) 0 2 4 6 8 10 Ey, —~ VB =
Time (s) H, concentration (v%) VB _4.64 ~— “h* transfer ~— "h* transfer
Fig. 18 (a) SEM image; (b) HRTEM image of the NiO@rGO nanocomposite; (c) the NiO@rGO sensor operating at a temperature of 50 °C and RH 40%;

the response curve of the corresponding response when exposed to various H, concentrations under the condition of 18 °C; (d) linear fitting diagram;
(e) schematic diagram of the possible sensing mechanism of the NiO@rGO nanocomposite exposed to H, gas, energy band diagram of NiO@rGO, and

the hole transfer between NiO and rGO®! (Copyright 2018, Elsevier).

There are also some H, gas sensors based on graphene-
based composite nanostructures such as p-TiO,/n-graphene®’®
and (rGO)-Cu0?®* sandwich structures, which also achieve low
power detection of H, due to the synergistic effect of metal
oxide nanoparticles and the graphene structure.

In addition to lowering the working temperature of the sensor,
graphene has also contributed significantly to the improve-
ment of the performance of the H, sensor. Kathiravan et al**°
prepared a novel ZNT/G nanohybrid structure by combining the
hydrothermal route with CVD. At room temperature, ZNT/G shows
excellent performance to H, at low concentration and has good
repeatability, strong stability, as well as ultra-fast response and
recovery to H,. Mansha et al.° also achieved the enhancement of
the H, sensing performance by the hydrothermal synthesis of the
In,Os/graphene heterostructure.

Other carbon materials such as carbon nanoparticles, carbon
nanotubes, and other composites also have a strong sensing
performance after combining with MOx. It has been reported
that the narrower the bandgap of the C nanoparticle-doped
metal oxides, the lower the energy required for the transition
of electrons from the valence state to the conduction band; thus,
it is easier to realize gas sensing detection at a low power. The
hexagonal C-WOj; nanorod arrays prepared by Liu et al.*® have a
unique performance as the nanoarrays were interconnected by
ultrathin carbon films because of a new conductive path. When
H, is encountered, the conductivity modification of each
C-doped WO; nanoparticle will be rapidly transferred through
this new conduction pathway, thus achieving an improved
hydrogen response. Also, because the work function of WO;
(4.30 eV) is lower than that of C (4.81 eV), at the heterogeneous
interface, electrons are transferred from the C-doped WO,
nanoparticles to the carbon film so that they accumulate at the
carbon film. When H, enters, the resistance changes dramatically,
which enhances the performance of H, sensing. Bhatnagar et al.>”®

© 2021 The Author(s). Published by the Royal Society of Chemistry

studied the behavior of C-doped SnO, nanoparticles in gas
sensing. They found that the material exhibited p-type sensing
behavior for H,, n-type for ethanol, and achieved highly selective
detection for H,.

Other carbon nanomaterials with different morphologies,
such as carbon nanofibers®® and carbon nanotubes®® could
pose high sensitivity to low concentration H, after combination
with MOx nanomaterials.

In conclusion, the performance of the sensor can be
enhanced effectively by combining carbon nanomaterials. The
surface defects of graphene itself greatly increase the active
adsorption sites of the gases and the existence of heterostruc-
tures after compounding with MOx nanomaterials effectively
improves the electron transport kinetics. The carbon nanotube
structure can attach more active particles due to its porous
structures, which enhances the contact with the target gas.
Carbon particle doping can sensitize the sensor by changing
the band structure of the MOx nanomaterials.

6. Ternary or more complicated
nanostructures for H, gas sensors

There is much potential for the utilization of ternary or more
complicated nanostructures as sensing materials due to the more
synergistic effects among the different elements in the nanocompo-
site. A few quintessential synthetic strategies and the application in
H, sensing are given in this section, and at the end of this section,
some flexible H, gas sensors based on polymer/MOx are included.

6.1 Synthetic strategy for ternary or more complicated
nanostructures

A few methods for the preparation and tailoring of ternary or
more complicated nanostructures have been reported in the
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