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ABSTRACT: Hydrogen (H2) is one of the next-generation energy sources because it is abundant in nature and has a
high combustion efficiency that produces environmentally benign products (H2O). However, H2/air mixtures are
explosive at H2 concentrations above 4%, thus any leakage of H2 must be rapidly and reliably detected at much lower
concentrations to ensure safety. Among the various types of H2 sensors, chemiresistive sensors are one of the most
promising sensing systems due to their simplicity and low cost. This review highlights the advances in H2
chemiresistors, including metal-, semiconducting metal oxide-, carbon-based materials, and other materials. The
underlying sensing mechanisms for different types of materials are discussed, and the correlation of sensing
performances with nanostructures, surface chemistry, and electronic properties is presented. In addition, the
discussion of each material emphasizes key advances and strategies to develop superior H2 sensors. Furthermore,
recent key advances in other types of H2 sensors are briefly discussed. Finally, the review concludes with a brief
outlook, perspective, and future directions.
KEYWORDS: hydrogen, sensors, nanomaterials, palladium, platinum, metal oxides, carbon nanotubes, graphene,
transition dichalcogenides, two-dimensional materials

Hydrogen gas (H2) has been regarded as one of the
promising next-generation energy sources because H2
is abundant in nature and its combustion reaction

only produces water (H2O) as a byproduct.
1−3 Therefore, with

the depletion of fossil fuels, the field of H2-powered fuel cells
has emerged rapidly.4,5 However, H2 is not only a flammable
gas with a lower flammability limit of 4%, but it is also
colorless, odorless, and buoyant in air. These properties require
that any leakage of H2 must be detected as quickly as possible
for safety. Therefore, H2 sensors are needed in various fields
wherever it is used, such as hydrogen fuel cells, H2 storage
systems, and infrastructure/industry having or using H2.

6 The

United States Department of Energy (DOE) has set targets for
H2 sensors, in terms of concentration range (0.1−10%),
operating temperature (−30 to 80 °C), response time (<1.0 s),
gas environment (ambient air; 10−98% humidity), and
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lifetime (>10 years).7 In addition to these metrics, H2 sensors
should be inexpensive (<$40 per unit), miniaturized, and
power-efficient, to maximize their effectiveness in various
applications where H2 is used. Up to now, there have been
huge efforts to develop high-performance and efficient H2
sensors,8 however, it is extremely challenging to meet the
target metrics.
In general, the operation of H2 sensors relies upon H2

reactions with sensing materials. These reactions are
transduced to produce a sensing signal using optical,
electrochemical, mechanical, or electrical measurements.8−11

Among them, both electrochemical and chemiresistive H2
sensors are commercially available and regarded as a current
state-of-the-art H2 sensor technology.12 Electrochemical H2
sensors are operated by the transduction of redox reactions of
H2 on sensors into electrical signals.9 Electrochemical sensors
display sensitive and selective H2 sensing properties with low
detection limits, but they are highly susceptible to ambient
conditions (oxygen and humidity levels) and have rather
complicated systems that require high fabrication costs. On the
other hand, chemiresistive sensors, which are operated by the
transduction of chemical reactions into electrical signals
(resistances or conductances), offer several benefits, such as
efficient sensing performances, low-cost fabrication, and
portable applications.10,13,14 In particular, the detection of
resistance (or conductance) changes in sensors can be
efficiently interfaced with electronic readouts with minimal
processing, while other transduction mechanisms require more
complex signal processing.
Because of these advantages, chemiresistive H2 sensor

technology and performance have dramatically advanced in
recent years. Palladium (Pd)-based resistor-type sensors are
widely regarded as the current state-of-the-art H2 sensing
systems due to their simplicity, efficient sensing properties with
high selectivity, and room-temperature operation.10 Pd can
react with H2 reversibly, even at room temperature (RT),
resulting in the formation of palladium hydride (PdHx) with a
higher resistivity than Pd.15 Thus, H2 can be easily and
efficiently sensed in real-time by tracking the resistances of Pd-
based sensors at RT. However, the H2 reactions with Pd are
impeded by oxygen molecules (O2) in air. Thus, Pd-based
sensors usually show degraded performance with reduced
sensitivities and sluggish sensing speeds in ambient air.16

Semiconducting metal oxide (SMO)-based chemiresistive
sensors are also one of the promising sensor technologies,17−20

and some SMO-based sensors have been successfully
commercialized due to their high compatibility with semi-
conductor technologies. The SMO-based chemiresistors are
mainly operated by the reaction of analytes with chemisorbed
oxygen species on SMOs at elevated operating temperatures
(200−400 °C).21 The chemisorbed oxygen species, such as O−

and O2
−, trap electrons in SMOs due to their high electron

affinity, generating electron depletion layers (for n-type SMOs)
or hole accumulation layers (for p-type SMOs) at the surface
of SMOs.21 Then, the reaction of H2 with chemisorbed oxygen
species produces water (H2O) and gives electrons back to the
SMOs, thereby resulting in huge resistance changes even to
low levels of H2. However, the requirement for an elevated
operating temperature not only increases the power con-
sumption of these devices, but elevated temperatures also
induce reactivity for some off-target gases. In addition,
vulnerability to humidity hampers the reliability of SMO-
based sensors.22,23 Thus, in spite of significant advances in

both Pd- and SMO-based H2 sensors, their performances,
particularly in terms of sensing speed and stability/reliability in
ambient air, have not yet demonstrated the aforementioned
performance metrics for H2 sensors.
To address these issues in H2 sensors, various interesting

strategies have been developed. The acceleration of H2
reactions and the minimization of O2 interference with sensing
have been achieved by the fabrication of nanoscopic Pd, Pd-
based bimetals, and Pd-based composites.10,24 In addition, the
rational design of heterogeneous SMOs at the nanoscale with
the functionalization of catalysts has resulted in improved
sensing properties for selective H2 detection.25 Emerging
materials, such as carbon nanotubes (CNTs),26 graphenes,27

two-dimensional (2D) transition dichalcogenides (TMDs),28

and so on, also exhibit an interesting and efficient H2 sensing
performance at low operating temperatures. These intriguing
approaches have solved some issues in H2 sensors and have
demonstrated that chemiresistive H2 sensors are one of the
most promising H2 sensing platforms for practical applications.
In this review, we present a comprehensive overview of

underlying mechanisms, recent advances, and remaining
challenges in chemiresistive H2 sensors. In each part, we
cover the different H2 sensing mechanisms depending on
sensing materials, which are categorized into metal-, semi-
conducting metal oxide-, and carbon-based materials, and
other materials (Figure 1). Then, we highlight the recent key

advances and strategies for the development of superior H2
sensors. Various synthetic methods and interesting approaches
are discussed, and the correlation of sensing performances with
structures, surface modification, and chemical and electrical
properties is emphasized. In addition, we briefly discuss recent
significant advances in other types of H2 sensors, including
macroscopic visual sensing and plasmonic sensing. Finally, the
review provides a brief summary and remaining issues of H2
sensors and the perspectives for future research. We hope that

Figure 1. Schematic illustration of representative materials for
chemiresistive H2 sensors. The representative materials are
categorized into metals, metal oxides, carbons, and other materials
(2D TMDs: two-dimensional transition metal chalcogenides).
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this review can guide and stimulate diverse interesting ideas
that can lead to the evolution and revolution of H2 sensors.

METAL-BASED MATERIALS
Among various metals, Pd is a particularly important resistor
constiuent for H2 sensing because the product of the reaction
of Pd and H2, PdHx, is more resistive than Pd.15 This reaction
not only promotes selective H2 detection at RT but also
simplifies the overall sensing system. Therefore, there have
been significant advances in Pd-based H2 sensors. So far,
numerous Pd-based sensors, including Pd nanostructures,24

Pd-based bimetals,29,30 Pd-based composites,31 and Pd-based
chemical field-effect transistors (C-FETs),32,33 have been
developed. In addition, other metallic elements, such as Pt,
have recently demonstrated a H2 sensing ability by using the
surface scattering model that is attributed to the modulation of
electron scattering by adsorbed gas molecules.34,35 In this
section, we discuss the detailed sensing mechanisms and the
recent key advances in metallic resistors for H2 sensors, by
dividing into two sections: Pd-based materials and other
metals.
Pd-Based Materials. Basic Sensing Mechanisms for Pd-

Based Sensors. In general, the sensing mechanisms of Pd-

based H2 sensors are attributed to the formation of PdHx. The
adsorption of H2 on the surface of Pd induces the dissociation
of H2 molecules into hydrogen atoms (eqs 1 and 2).36 Then,
the adsorbed hydrogen atoms diffuse into the interstitial
octahedral sites in face-centered cubic (fcc) Pd crystals (α-
PdHx for [H2] ≤ 1%, eq 3) and interrupt the transport of free
electrons in Pd.37 The further occupancy of hydrogen atoms in
the octahedral interstitial sites induces internal stress in the Pd
crystals, causing the huge volume expansions of the Pd lattice
(β-PdHx, eq 4) at the threshold ([H2] ≈ 2%).38,39 Therefore,
exposure of the Pd sensing element to H2 at concentrations
above 1% induces the α−β phase transition (1% ≤ [H2] ≤ 2%)
and results in the formation of β-PdHx ([H2] ≥ 2%). It is
noted that the lattice distances of Pd, α-PdH0.015, and β-
PdH0.607 are 389.0, 389.4, and 402.5 pm, respectively.40 In
other words, α-PdHx is related to the solid solution reaction of
hydrogen atoms in fcc Pd crystals, and β-PdHx is the formation
of the rock salt structure of Pd and hydrogen (Figure 2a).39 In
addition, the formation enthalpy (the strength of Pd−H
bonding) and entropy for PdHx can be calculated by using the
Van’t Hoff equation (Figure 2a and eq 5),39 where P is partial
pressure, H is enthalpy, R is the ideal gas constant, T is
temperature, and S is entropy.

Figure 2. (a) The crystal structure of α-phase metal hydride (left) and β-phase metal hydride (right), and partial pressure−composition
isotherm plot of metal hydride phase (center). By using a Van’t Hoff plot, the enthalpy (ΔH) and entropy (ΔS) of metal hydride can be
obtained from the slope and intercept, respectively. Reprinted with permission from ref 39. Copyright 2011 The Royal Society of Chemistry.
(b) Changes of the lattice parameter and the resistances of the Pd thin films (22.5 nm) on a sapphire. The black line and dots for the first
scan and the red for the second scan. Reprinted with permission from ref 42. Copyright 2011 Elsevier. (c) Response curves for Pd nanowires
in response to [H2]. Reprinted with permission from ref 41. Copyright 2009 American Chemical Society. The height and thickness of Pd
nanowires are presented in the graph.
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→H (gas) H (ads)2 2 (1)

→H (gas) 2H (ads) on Pd2 (2)

α+ → ‐ ≤ [ ] ≤xPd (s) H (ads) PdH (s) ( 0.015, H 1%)x 2

(3)

β+ → ‐ ≥ [ ] ≥xPd (s) H (ads) PdH (s) ( 0.607, H 2%)x 2

(4)

= Δ − ΔP P H RT S Rln( / ) / /eq 0 (5)

In terms of resistivity, both α-PdHx and β-PdHx have a
higher resistivity than Pd because the absorbed hydrogen
atoms act as scattering sites impeding the movement of free
electrons in PdHx crystals. Therefore, the resistivity of β-
PdH0.07, which is the maximum capacity of hydrogen in
octahedral interstitial sites of Pd, is 2-fold higher than that of
Pd. In general, these resistance increases of Pd upon H2
exposures are the major sensing mechanism for most of the
Pd-based H2 sensors. The typical H2 responses of Pd thin films
and Pd nanowires are shown in Figure 2b,c, respectively.41,42

The resistances of the sensors were increased in response to H2

exposures, resulting in sigmoidal signal versus [H2] responses.
This type of Pd-based H2 sensor enables the simple and
selective detection of H2 even at RT, however, low sensitivity
and slow response and recovery speed remain as unmet
challenges.
A second and related sensing mechanism exploits the

volume expansion of β-PdHx relative to Pd. In sensor elements
composed of Pd where gaps in the transducer have been
intentionally engineered, the swelling associated with the
formation of β-PdHx mechanically closes some gaps, increasing
the conductivity of the Pd sensing element. The Penner group
demonstrated that the volume expansion of β-PdHx induces an
ultrafast H2 sensing speed (<75 ms for over H2 2%) by
connecting break junctions in Pd nanostructures.15 They
fabricated a Pd mesowire array (PMA) using (1) the
electrodeposition of Pd onto step edges on a graphite
electrode and (2) the subsequent transfer onto a cyanoacrylate
film. The PMA consists of numerous Pd mesowires with a
dimension of ∼150 nm (Figure 3a,b). They found that the
PMA-based sensors showed a resistance decrease when
exposed to H2 (Figure 3c), and some of the sensors exhibited

Figure 3. SEM images of (a) Pd mesowires and (b) Pd mesowire array (PMA). (c) Current values of the PMA sensors (modes 1 and 2)
depending on H2 concentrations. (d) Resistance traces of the PMA-based H2 sensors to H2 5%. Ex situ AFM analysis of the PMA (e) before
and (f) after an exposure of H2 5%. Reprinted with permission from ref 15. Copyright 2001 American Association for the Advancement of
Science. (g) SEM image of the Pd nanoribbon array. Inset shows the magnified view of a nanogap. (h) Cross-sectional SEM image of Pd
nanoribbon array (Pd-NRBs: Pd nanoribbons). (i) Sensitivity (response) traces of the Pd nanoribbon-based sensors in response to
exposures of 2−10% of H2. Sensitivity was defined as ΔI/I0 (%). The bending treatment was conducted to increase the nanogap effect.
Reprinted with permission from ref 43. Copyright 2015 Wiley-VCH.
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on/off states depending on H2 exposures (mode 2 in Figure
3c). Both PMA sensors were able to detect H2 over 0.5% for
mode 1 and 2% for mode 2, with ultrafast sensing speed (∼75
ms to H2 5% in N2) (Figure 3d). The reason for the resistance
decrease is attributed to the connection of the break junction
in the Pd mesowires (the white circle in Figure 3e) by the
volume expansion of β-PdHx. The ex situ atomic force
microscopy (AFM) analysis confirmed that this break junction
was connected after an exposure to 5% H2 (the white circle in
Figure 3f). Inspired by this inverse sensing mechanism
(resistance decrease), nanogap-controlled Pd-based sensors
have been reported.43−46 In particular, Pak et al.43 developed a
Pd nanoribbon array with nanoscale gaps via a direct metal-
transfer method (Figure 3g,h). The controlled nanogap
between Pd nanoribbons exhibited ultrahigh response (ΔIgas/
I0 ≈ 109% for [H2] ≥ 3%) with ultrafast sensing speed (t80 =
3.6 s to H2 10%) (Figure 3i), where Igas is the current of
sensors when exposed to H2, I0 is the baseline resistance, and
t80 is the time taken for the response increase from the baseline

to 80% of the maximum response. It is noted that response
times and recovery times of sensors are generally defined as a
90% rise (t90) or fall (t10) of signals. However, because the
volume expansion of Pd is mostly contributed by the phase
transition from Pd to β-PdHx, Pd-based sensors operated by
the break junction mechanism were unable to detect H2
concentrations below 1% and often exhibited poor stability
of their responses for long-term endurance due to the huge
volume expansion.

Effect of Nanosize on Pd-Based H2 Sensors. With the
significant advances in nanoscience, numerous Pd nanostruc-
tures, including Pd thin films,47,48 Pd nanowires,16,41,49 Pd
nanotubes,50,51 and Pd networks,52 have been developed for
H2 sensors. The rational design of Pd nanostructures improved
H2 sensing properties due to their high surface area-to-volume
ratio and nanosize effect. Interestingly, Yang et al.16

investigated the influence of Pd nanowire size on H2 sensing
and concluded that the smaller nanowires were both more
sensitive and faster. They fabricated Pd nanowire libraries with

Figure 4. (a) Schematic illustration of LPNE. (b) SEM images of single Pd nanowires fabricated using the LPNE method. Sensing properties
of single Pd nanowire libraries: (c) responses of various single Pd nanowires, (d) responses versus surface area to volume ratios, (e) response
times of various single Pd nanowires, and (f) response/recovery rates versus surface area to volume ratios. The response/recovery rates were
calculated by the plot of response/recovery time to low levels of H2 ([H2] < 1.0%). The height and thickness of single Pd nanowires are
presented in the graph. Reprinted with permission from ref 16. Copyright 2010 American Chemical Society. (g) Baseline resistances of
single Pd nanowires depending on operating temperatures. Sensing performances of single Pd nanowires at RT (298 K) and “hot” (384 K):
(h) response, (i) response time, and (j) recovery time. The height and thickness of single Pd nanowires are presented in the graph.
Reprinted with permission from ref 54. Copyright 2010 Wiley-VCH.
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different height and thickness, by using lithographically
patterned nanowire electrodeposition (LPNE) (Figure 4a).53

In brief, the LPNE method involves (1) deposition of nickel
(Ni) films onto a substrate, (2) ultraviolet (UV) lithography to
generate desired patterns, (3) wet etching of Ni to create not
only Ni patterns but also a horizontal trench underneath a
photoresistor (PR) layer, (4) electrodeposition of Pd within
this trench, and (5) removal of PR layer and remaining Ni.
This method enables the simple control of the height and
thickness of Pd nanowires by modulating the thickness of Ni
(height control) and etching/electrodeposition time (thickness
control). Thus, they fabricated single Pd nanowires via LPNE
(Figure 2b) and controlled the height and thickness of single
Pd nanowires. The sensing results of single Pd nanowire
libraries showed that smaller nanowires were both faster and
more sensitive in the range of α-PdHx ([H2] ≤ 0.5%) (Figure
4c−f). The surface area to volume ratio of single Pd nanowires
led to the enhancement of the responses and response times
for H2 detection, particularly for low levels of H2. The origin of
these phenomena is not understood clearly. But the most
plausible explanation is that the high surface area to volume
ratio of Pd nanowires does not only offer a number of active
sites for H2 adsorption but also lowers the activation energy for
solid solution formation reactions of H2.

16

Effect of Temperature on Pd-Based H2 Sensors. Operating
temperature of the transducer is also one of the important
parameters because surface reactions are hugely affected by
temperatures. Yang and co-workers demonstrated the temper-
ature effect on Pd-based H2 sensors by using the Joule-heating
of single Pd nanowires.54 It is well-known that current flow in
metals dissipates heat generated by the scattering of free
electrons in metals.55,56 Thus, the control of an applied voltage
on Pd nanowires allowed the simple modulation of the
operating temperatures of sensors (Figure 4g). Increasing the
operating temperature from RT to 384 K caused the amplitude
of the resistance modulation induced by H2 to decrease by a
factor of 38, but the response and recovery times were
improved by a factor of 50 (Figure 4h−j). Because the higher
operating temperature induces more phonon electron
scattering in Pd crystals, the baseline resistances of Pd crystals
are increased. Therefore, the additional resistance increase
(response) of Pd nanowires upon H2 exposures was not as high
as RT operation (Figure 4h). In terms of response and
recovery speed, the high-temperature facilitates H2 adsorption
on Pd nanowires for [H2] < 1% and lowers the kinetic barrier
for the phase transition of PdHx from α to β (Figure 4i,j). In
short, as the operating temperature of Pd-based H2 sensors
increases, the sensitivity of the sensor is sacrificed for a more
rapid response and recovery speed. However, high-temperature
operation of the sensor is achieved at the cost of elevated
power consumption, a demerit for commercialization.
Negative Effect of Oxygen Molecules on Pd-Based H2

Sensing. Although a number of Pd-based H2 sensors have been
reported, many have been characterized in backgrounds of
nitrogen [N2] or argon [Ar] or at H2 partial pressures below
the α to β phase transition (≈2%).24 However, for
commercialization, it is crucial that sensors function in ambient
air and at high [H2] concentrations without incurring damage,
in order to simplify sensing systems and improve the stability
and reliability of sensors. The operation of Pd-based sensors in
ambient air has challenges due to the negative effect of oxygen
molecules (O2) that readily adsorbs on the active surface sites
of Pd, thereby blocking the reaction sites for H2 adsorption.

57

In addition, adsorbed oxygen species can react with H2 and
produce water at the Pd surface, reducing the hydrogen
available for chemisorption on the Pd surface (Figure 5a and
eqs 6 and 7).29,57

− + → − +Pd O 3/2H (ads) Pd H H O(ads)2 2 (6)

→H O(ads) H O(gas)2 2 (7)

Figure 5b−e shows the influence of oxygen on H2 sensing
properties of Pd nanowires. The responses of Pd nanowires in
ambient air were slightly decreased compared to those in N2
(Figure 5c). However, the detection limits of the sensors were
increased from 2−5 ppm in N2 to 1000−2000 ppm in air. In
addition, the response and recovery times of the sensors in air
were extended (slowed) by a factor of 2 as compared with
those measured in N2 (Figure 5d,e). Therefore, it is important
to minimize the strong influence of oxygen on Pd-based H2
sensors.
In addition to the oxygen molecules, water molecules in air

are also able to deteriorate sensing properties of Pd-based
sensors. Water molecules in air readily adsorb on the surface of

Figure 5. (a) Schematic illustration of the negative effect of oxygen
molecules in air on Pd-based H2 sensors. Reprinted with
permission from ref 29. Copyright 2015 American Chemical
Society. (b) Resistance trances of Pd nanowires at RT in N2 and
ambient air and their corresponding sensing properties: (c)
response, (d) response time, and (e) recovery time. The height
and thickness of single Pd nanowires are presented in the graph.
Reprinted with permission from ref 16. Copyright 2010 American
Chemical Society.

ACS Nano www.acsnano.org Review

https://dx.doi.org/10.1021/acsnano.0c05307
ACS Nano 2020, 14, 14284−14322

14289

https://pubs.acs.org/doi/10.1021/acsnano.0c05307?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c05307?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c05307?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c05307?fig=fig5&ref=pdf
www.acsnano.org?ref=pdf
https://dx.doi.org/10.1021/acsnano.0c05307?ref=pdf


Pd sensing layers, which decreases the active sites. Thus,
responses and sensing speed of Pd-based sensors are degraded
in highly humid atmospheres. For example, Gao et al.58

reported that the response of Pd/Si-based C-FET sensors was
decreased from 27% in dry air to 22% in humid air (80%
relative humidity) upon exposure to 0.8% H2. In addition,
when the relative humidity was increased from 12% to 71%,
the response and recovery times of Pd/Si-based sensors were
increased from 23 to 27 s (1.2-fold increased value) and from
17 to 54 s (3.2-fold increased value), respectively.59 Therefore,
the reliability of H2 sensors should be proven in various
humidity levels for practical applications of Pd-based H2
sensors.
Pd-Based Bimetals. Previously, it was demonstrated that

Pd-based alloys with silver (Ag)60,61 or Ni48 improved the
stability of Pd-based sensors, because alloying Pd with other
elements suppressed the α-to-β phase transition of PdHx.

62,63

However, despite these interesting results, the sensors had
some challenges, such as low response amplitudes, sluggish
sensing speed, and poor detection limits. To address these
issues, some interesting approaches using Pd-bimetals for H2
sensors have recently been reported.
One recent advance in Pd-bimetals is the demonstration of

platinum (Pt)-modified Pd nanowires (Pd@Pt nanowires)
reported by Li et al.29 Inspired by the fact that Pt is a better
catalyst for catalytic water formation than Pd (eqs 6 and
7),64−66 they hypothesized that the response and recovery
speeds of Pd-based sensors are accelerated by removing
adsorbed oxygen on the surface of Pd@Pt nanowires. To
demonstrate the catalytic effect of Pt layers, they fabricated
Pd@Pt nanowires using sequential electrodeposition of Pd and
Pt. Although the responses of Pd@Pt nanowires were

decreased relative to pristine Pd nanowires due to the coverage
of non-active Pt, the response and recovery times of Pd@Pt
nanowires were significantly improved compared to Pd
nanowires. The response times to 1% [H2] in air at RT were
accelerated from 450 s for pristine Pd nanowires to 250 s for
Pd@Pt nanowires, while recovery times were accelerated from
480 to 15 s. At a higher operating temperature (376 K), Pd@
Pt nanowires exhibited an ultrafast response time (2 s to H2
4%) and recovery time (2.5 s to H2 4%) for H2 sensing,
although the responses and detection limits were decreased
compared to those of the values obtained at RT.
In addition, various Pd-based multimetallic nanostructures

can improve H2 sensing performances by reducing the
adsorption and dissociation energy of H2 due to their
synergistic effect in geometry and chemical/physical proper-
ties. In this regard, Jung et al.30 developed Pd/Pt and Pd/Au
bimetallic nanopattern arrays, which were prepared by the
nanolithography via plasma ion bombardment,67 for H2
sensors (Figure 6a). Compared to reference Pd nanofilm, Pd
nanopattern and Pd0.5Pt0.5 nanopattern sensors exhibited 14-
fold and 45.5-fold higher responses to H2 1%, respectively
(Figure 6b). In addition, Pd0.5Au0.5 nanopattern sensors
showed about a 73-fold and 4.6-fold enhancement in response
and recovery speeds compared to those of pristine Pd
nanopattern (Figure 6c). The enhancement in responses
and/or response/recovery speeds is synergistically boosted by
(1) the structural effect, such as high surface-to-volume ratio of
nanopattern, ultrasmall grain size (<5 nm), and ultrathin (<15
nm) nanostructure and (2) the synergistic effect of bimetals
(Pd/Pt or Pd/Au) on H2 sensing. Pd/Pt bimetals provide
more active sites for H2 adsorption than unary Pd metals, in
order to reduce the internal stress originated from the lattice

Figure 6. (a) Schematic illustration and photograph of a Pd-based bimetal (Pd/Pt and Pd/Au) sensing device and the EDS mapping images.
(b) Normalized responses of Pd film, Pd, and Pd/Pt sensors toward 1% H2. Response was defined as ΔR/R0 (%). (c) Normalized curves of
response and recovery behavior of Pd/Au sensors with various composition ratios toward 1% H2. Schematic illustrations showing the
sensing mechanisms in terms of (d) enhanced response of the Pd/Pt sensor and (e) response time of the Pd/Au sensor. Reprinted with
permission from ref 30. Copyright 2018 Wiley-VCH.
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mismatch of the interfaces of Pd/Pt grains (Figure 6d).68

Meanwhile, Pd/Au bimetals featured faster H2 dissociation
properties than pristine Pd metals, owing to the higher degrees
of freedom caused by the formation of heteroatom bonds
between Pd and Au (Figure 6e). In this sense, the adsorbed H2
is likely to be dissociated to form PdHx with extremely fast
response time. This study demonstrated the potential
feasibility of multicomponent metals for use in H2 sensors.
Pd-Based Composites. The combination of Pd with other

materials induces synergistic effects, thus we can solve
remaining challenges in Pd-based sensors by using Pd-based
composites. In this section, we introduce the representative
recent advances in Pd-based composites for H2 sensors and
elucidate their underlying mechanisms.
In order to minimize the negative effect of oxygen on Pd-

based sensors, Koo et al.31 developed a zinc (Zn)-based zeolite
imidazole framework (ZIF-8)-coated Pd nanowire array.
Because ZIF-8 allows a highly selective penetration of H2
compared to other large gas molecules due to small pore size

(0.34 nm) of ZIF-8,69,70 a ZIF-8 layer effectively minimizes the
negative effect of oxygen on Pd-based H2 sensors. They first
synthesized a Pd nanowire array using LPNE,53 and then, ZIF-
8 was overcoated on the Pd nanowire array (Pd NWs@ZIF-
8_X h, X h indicates the deposition time for the self-assembly
of the ZIF-8 layer) by the in situ self-assembly of ZIF-8 (Figure
7a,b) in methanol. The Pd NWs@ZIF-8 showed lower
responses at high H2 concentrations than pristine Pd NWs
because the surface of Pd NWs was covered by ZIF-8 (Figure
7c). Very surprisingly, the response and recovery times of Pd
NWs@ZIF-8 were significantly accelerated from 164 to 7 s for
the response and from 229 to 10 s for the recovery, compared
to pristine Pd nanowires (Figure 7d,e). This acceleration is
attributed to the molecular sieving effect of ZIF-8. Because the
pore size of ZIF-8 is 0.34 nm, the diffusion of H2 with kinetic
diameter of 0.289 nm in ZIF-8 is much easier compared to that
of O2 (0.345 nm) (Figure 7f). The theoretical calculations
using Sievert’s law also confirmed the molecular sieving effect
of ZIF-8 on Pd nanowires. From the Sievert’s law, the

Figure 7. (a) Schematic illustration of the fabrication of Pd nanowires coated by ZIF-8 (Pd NWs@ZIF-8_X h, X h indicates the deposition
times for ZIF-8. (b) SEM image of Pd NWs@ZIF-8. Sensing properties of pristine Pd nanowires and Pd NWs@ZIF-8: (c) responses, (d)
response times, and (e) recovery times. (f) Schematic illustration of the sensing mechanisms. (g) Responses of the sensors versus [H2]

1/2.
Reprinted with permission from ref 31 (ZIF-8: Zn-based zeolite imidazole framework). Copyright 2017 American Chemical Society.
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resistance changes of Pd NWs will be linearly proportional to
[H2]

1/2 (ΔR/R0 ∝ [H2]
1/2) in an ideal case, but the negative

effect of oxygen induces non-ideal H2 sensing behaviors. In
their calculations, the non-ideal behaviors of Pd NWs were
minimized by the use of ZIF-8 layers (Figure 7g). Therefore,
the disturbance of oxygen on Pd-based H2 sensors is effectively
reduced by using the molecular sieving layer, accelerating the
response/recovery speed even in ambient air.
In addition, as discussed above, Pd-based H2 senors possess

inherent limitations in terms of long-cycling stability owing to
the repeated volume expansion and relaxation upon the
formation of the β-PdHx ([H2] ≥ 2%).41,45 To address this
issue, Kim et al.71 developed a flexible H2 sensing platform
based on a single-strand nanofiber yarn which consists of high-
density electrospun nanofibers, on which nanogranular Pd or
Pd@Pt was coated via sputtering (Figure 8a). The method for

nanofiber yarn fabrication is an advanced electrospinning
technique that requires two individual nozzle systems at which
polymer nanofibers are ejected to the rotating funnel collector
to form core-support wire/shell-electrospun nanofibers of the
yarn scaffold.72 Pd-deposited nanofiber yarn (yarn@Pd) and
Pt-sensitized yarn@Pd (yarn@Pd@Pt) were prepared by
consecutive Pd and Pt sputter deposition. The SEM images
displayed that the yarn with a diameter of 600 μm consists of
several hundreds of well-aligned Pd-coated nanofibers with the
yarn direction (Figure 8b,c). The high-resolution SEM image
of the yarn@Pd showed the rough surface with ultrasmall Pd
grains (<10 nm) (Figure 8d). Since Pd sensing layers were
mechanically coupled with a flexible polymeric nanofiber, the
yarn@Pd-based sensors endured severe stress during repeated
volume expansion/relaxation. To demonstrate the long-term
stability, the sensors were exposed to H2 4% for 20 cycles, and

Figure 8. (a) Schematic illustration of the synthesis of the yarn@Pd and yarn@Pd@Pt using yarn-spinning and subsequent sputter
deposition of Pd and Pt (PAN: polyacrylonitrile). (b−d) SEM images of yarn@Pd15. (e) Long-cycling stability tests to H2 4% for 20 cycles
using yarn@Pd5. Normalized responses versus [H2] at H2 concentrations of (f) 1−4% and (g) 0.0001−0.5%. (h) Normalized curves of
response and recovery to H2 2%. Reprinted with permission from ref 71. Copyright 2019 American Chemical Society.
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the cycle tests were repeated after 1, 2, and 3 weeks. As a result,
the yarn@Pd-based sensors showed good reliability and long-
term stability without a degradation in response (Figure 8e). In
addition, the nanofiber yarn-based H2 sensors exhibited a wide
range for H2 sensing from 0.0001 to 4% (Figure 8f,g).
Moreover, yarn@Pd@Pt showed about 2−3-fold faster
response (40 s) and recovery speeds (24 s) to H2 2% than
those (140 s for response and 76 s for recovery) of yarn@Pd
(Figure 8h). The yarn@Pd-based H2 sensing platform offers
the development of single-strand wearable chemiresistors that
possess a high surface-to-volume ratio and open porosity to
facilitate target gas diffusion and reaction.
Pd/Si-Based Chemical Field-Effect Transistors. Pd/Si-

based C-FETs also have attracted much attention because of
their high compatibility with conventional complementary
metal-oxide-semiconductor (CMOS) technology. The sensing
mechanisms of Pd/Si-based devices rely on the phase

transition from metallic Pd to resistive PdHx upon H2 sensing.
This phase transition of Pd can modulate the charge carrier
concentrations in the semiconductor layer underneath,
effectively.32 In this regard, Gao et al.58 reported a H2 sensor
based on a Pd-deposited Si nanomesh nanostructure patterned
using the polystyrene (PS) nanosphere lithography (Figure
9a). Following the consecutive heavy and low-level doping
processes to obtain n+−n−−n+ junction (source, channel, and
drain) structure by ion implantation, PS nanosphere
templating route-derived lithography and top-down fabrication
process were performed to obtain Pd-deposited Si nanomesh
structure. In particular, buffered oxide etchant (BOE)
treatment was introduced to induce a rough surface of the
Pd/Si sensing layers. Compared to the flat film sensor,
nanomesh or BOE-treated nanomesh sensors showed dramat-
ically enhanced H2 sensing response (Figure 9b). The BOE-
treated nanomesh sensors exhibited ultralow detection limits

Figure 9. (a) Schematic illustration of the fabrication process for the Pd-deposited Si nanomesh H2 sensors (BOX: buried oxide and BOE:
buffered oxide etchant). Real-time sensing signals of (b) flat film, bounded nanomesh, and BOE-treated nanomesh sensors to 0.1, 0.2, 0.5,
and 0.8% H2 and (c) BOE-treated nanomesh sensor to H2 with concentrations of 50 ppm to 0.8%. (d) Response and (e) recovery times for
three different types of sensors toward 0.1, 0.2, 0.5, and 0.8% H2. (f) Schematic illustration of the resistance change and electron
concentration profiles in a Si channel with and without Pd deposition. Sensitivity in (b) and (c) was defined as ΔI/I0 (%). Reprinted with
permission from ref 58. Copyright 2018 Wiley-VCH.
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(50 ppm) with high responses (2.5%) and fast response/
recovery kinetics (5 s for response and 13 for recovery) to H2

1% (Figure 9c). In addition, Pd-deposited Si nanomesh-based
sensors displayed about 10 and 16 s of fast response and
recovery speeds in response to H2 0.1% (Figure 9d,e). The
formation of PdHx to H2 exposure induced the formation of an
electron depletion region on the underneath Si channel,
modulating its current flow (Figure 9f). The Pd/Si-based H2

sensors demonstrated a high-performance, low-cost, and facile
fabrication process technology that is highly compatible with
mobile and wearable devices supported by the CMOS
integration.
For other cases of C-FET-based H2 sensors, Fahad et al.32

demonstrated highly sensitive Pd/Ni-deposited C-FET H2

sensors with sub-5 nm thin charge inversion layers. Figure
10a illustrates the conceptual sensing device and sensing
mechanisms of the bulk silicon FETs where the sensing layer

features large surface area and ultrathin characteristics. It is
noted that 0.3 nm of Ni and 1 nm of Pd are deposited on the
Si-channel to form Ni/Pd-deposited C-FET H2 sensors. The
thickness and peak electron density of inversion layers in the
C-FET decreased as the reverse body bias (Vsub) increased
(Figure 10b). To investigate the effect of the Vsub on Pd/Ni-
based C-FET H2 sensors, the H2 sensing properties of Ni−Pd
FETs sensors were measured to 0.05−0.5% H2 as a function of
the Vsub values ranging from 0 V to −2 V. Interestingly, the H2

sensing properties of the Pd/Ni-based C-FETs sensors were
highly dependent on the threshold voltage of the transistors
(Figure 10c−e). The sensor response dramatically increased
from 291% to 1393% to 0.5% H2 by increasing the Vsub from 0
V to −2 V (Figure 10c). The response and recovery kinetics of
the sensors depending on the applied Vsub were also
investigated (Figure 10d,e). It was demonstrated that the
Vsub has no effect on the response times of the Pd/Si-based C-

Figure 10. (a) Schematic illustration of the fabrication of a bulk silicon C-FET with the electronic confinement of the charge inversion layer.
(b) Inversion layer thickness and peak electron density profiles at different body biases. (c) Sensor response, (d) response time, and (e)
recovery time versus [H2] at different Vsub. Reprinted with permission from ref 32. Copyright 2018 American Chemical Society. (f)
Schematic illustrations and detailed image of a C-FET chip and a camera image showing a microdrone equipped with a Ni−Pd-based C-FET
sensor. (g) Real-time H2 sensing experiment using the C-FET-equipped microdrone. Reproduced with permission under a Creative
Commons CC-BY license from ref 33. Copyright 2017 American Association for Advancement of Science.
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FET H2 sensors, because the response times are mainly
dependent on the rate of H2 diffusion and adsorption on the
sensing layers. Meanwhile, the recovery times were dramati-
cally reduced under larger reverse biases, due to the different
I−V characteristics (the inversion layer thickness and peak
electron density). The Fahad group also developed C-FET
sensor arrays based on an ultrathin (<5 nm) chemiresistive
sensing layer coupled to the 3.5 nm-thin silicon channel
transistors.33 By introducing multiple processing steps,
Pd0.3 nmAu1 nm, Ni0.3 nmPd1 nm, and Ni1 nm deposited 3.5 nm-
thin silicon transistors were prepared as low-power, sensitive,
and selective multiplexed chemiresistors for H2S, H2, and NO2
sensing, respectively (Figure 10f). Based on the multiplexed
gas sensors platform integrated onto a single chip, consecutive
exposure to three different target gas molecules can be
detected with good sensing performance, that is, 10 ppm of
H2S, 0.5% H2, and 100 ppm of NO2 as well as the mixed gas
can be detected, respectively. The low-power consumption of
the multiplexed chemiresistor platform enables the integration
with mobile wireless electronics, thus Pd/Ni-deposited C-FET
H2 sensors were integrated onto a wireless drone as a proof-of-
concept (Figure 10g). The successful real-time H2 sensing data

were collected along with the vertical sensors-integrated drone
flight path from takeoff and climb at a steady rate to the upper
regions, where the controlled leak of pure H2 was carried out.
These studies demonstrated that the Pd/Si-based C-FET H2
sensors are sensitive, selective, and low-power sensing
platforms with high compatibility to conventional CMOS
technology.

Other Metal-Based Materials. Compared to metallic Pd-
based H2 sensors that have the transduction mechanism of
forming a stable PdHx upon H2 exposure, not many metals
have been investigated for their hydrogen sensing properties,
owing to their incapability to form hydride phases under H2
exposure. Interestingly, it has recently been demonstrated that
Pt-based sensors are able to detect H2 by using catalytic water
formation reactions.34 However, the speed of water formation
reactions at the surface of other metals is significantly slow
compared to that of Pt surfaces,65,66 hence, those other metals
are difficult to exploit the surface electron scattering
mechanism.

Basic Sensing Mechanisms for Pt-Based Sensors. The
sensing mechanism for Pt-based H2 sensors depends on
removal of adsorbed oxygen species (water formation) on Pt

Figure 11. (a) Resistance traces of a Pd nanowire for an exposure of H2 4%, showing an increase in resistance. Schematic illustration of Pd
metal surface (b) in air and (c) in flowing H2. (d) Resistance traces of a Pt nanowire in response to H2 4%. (e) Schematic illustration of Pt
metal surface in air. The electrons are scattered at the oxygen-terminated surface that exists in dry air. (f) Schematic illustration of Pt metal
surface in flowing H2. The electron scattering is less prominent for the H-terminated wire surface. (g) ΔR/R0 versus [H2] plot for a Pt and Pd
nanowire. (h) Response time versus [H2] for Pt and Pd nanowires. (i) Recovery time versus [H2] for Pt and Pd nanowires. Reprinted with
permission from ref 34. Copyright 2012 American Chemical Society.
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surface and consequential hydrogen adsorption. In detail,
oxygen molecules (O2) in ambient air are readily dissociated
and adsorbed on the surface of Pt, increasing the resistance of
Pt nanostructures due to the surface electron scattering by
adsorbed oxygen species.73 Then, when Pt-based sensors are
subsequently exposed to H2, adsorbed oxygen species are
reacted and removed by the catalytic water formation reactions
(eqs 7 and 8).64,65 Inelastic scattering of conduction electrons
is significantly lower at the hydrogen-terminated Pt surface
than the oxygen-terminated Pt surface, hence upon H2
exposure, the electrical resistance of Pt is noticeably reduced
as compared to in the air atmosphere.

− + → − +Pt O 3/2H (ads) Pt H H O(ads)2 2 (8)

Pt-Based Nanostructures. The attempt to employ metallic
Pt as H2 gas sensors was demonstrated by Yang et al.34 They
tested the H2 sensing properties of Pt nanowires at RT in dry
air and compared the results with Pd nanowires of same
dimensions. Unlike Pd-based H2 sensors (Figure 11a), which
form PdHx upon H2 exposure (Figure 11b,c), Pt-based H2
sensors showed a decrease in the resistance upon H2 exposure
at all concentrations of H2 (Figure 11d). These resistance
decreases are consistent with the aforementioned sensing
mechanism that depends on electron scattering (Figures 11e,f).
To further demonstrate the effect of reduced electron
scattering, the same H2 sensing tests were carried out in dry
N2. As a result, Pt nanowires did not show any response to H2
under dry N2 atmosphere, indicating that surface-adsorbed
oxygen species are the key factor for the H2 sensing mechanism
of Pt-based sensors. Surprisingly, Pt nanowires displayed an
ultralow limit of detection (LOD) of 10 ppm (Figure 11g) at
550 K, which is 1000 times lower than that of Pd nanowires
having the same dimensions (LOD = 1%) at the same
operation temperature. In addition, the response times of Pt
nanowires at 550 K were much shorter (∼2 s), as compared to
those of Pd nanowires (∼200 s) to H2 1% (Figure 11h).
However, Pt-based sensors showed a long recovery time
(>1000 s to 0.02−50% of H2 at 550 K) (Figure 11i), due to

the slow unimolecular kinetics for the desorption of water from
the surface.
Yang et al. also demonstrated the effect of dimensions of Pt-

based sensors on H2 sensing by using nanowires with heights
of 20, 40, and 80 nm. In theory, tuning the dimension of the
metal structures to the nanometer scale can maximize the
sensitivity of metal-based gas sensors. According to eq 9:74

ρ ρ λΔ = d/ 3/16 /0 (9)

where Δρ is the increase in the resistivity upon gas exposure,
ρ0 is the resistivity of bulk metal, λ is the mean free path of
electrons, and d is the critical dimension of the metal structure.
Therefore, the dimension control of Pt-based materials in
nanometer-scales can maximize the sensitivity of Pt-based H2
sensors. For the aforementioned 20, 40, and 80 nm-high
nanowires, both responses and response times were markedly
enhanced with decreasing the height of Pt nanowires, although
all dimensions showed extremely long recovery times due to
the previously mentioned slow kinetics.
Since the mean-free path (λpt) of free electrons in Pt metals

is known as ∼5 nm, the surface scattering of electrons occurs
significantly when the size of Pt is close to 5 nm. Therefore, Pt-
based H2 sensors are expected to show the highest perform-
ance when its dimension is near 5 nm. In this regard, Yoo et
al.35 developed ultrathin Pt nanowire arrays using secondary
sputtering lithography, which allows the large-scale synthesis of
Pt-based H2 gas sensors. The ultrathin (10 nm) Pt nanowire
arrays showed very low H2 LOD (1 ppm). They also found
that the response of Pt nanowires was increased by a factor of
∼10 as the cross-sectional dimension decreased from 40 to 10
nm, which is consistent with the above studies.

Challenges of Metal-Based H2 Sensors. So far, there
have been huge efforts to develop efficient H2 sensors using
metal-based materials. Table 1 summarizes the recent and
representative metal-based H2 sensors, particularly operated at
RT in air.29−33,35,46,51,58,61,71,75−77 The sensors exhibited high
H2 sensing performances, in terms of detection range,
response, and sensing speed. However, despite these significant
advances in metal-based nanomaterials for H2 sensors, there

Table 1. Summary of Sensing Properties of Metal-Based H2 Sensors Operated at Room Temperature in Aira

sensing material response [H2] 0.1%
tresp

b/trec
c [H2]

0.1% response [H2] 1% tresp/trec [H2] 1%
LODd

([H2])
measurement

rangee ref

Pd nanofiber yarn 1.37% 236 s/388 s 2% n.r. 1 ppm 1 ppm to 4% 71
yarn@Pd@Pt 0.93% 88 s/378 s 1.2% n.r. 1 ppm 1 ppm to 4% 71
Pd nanopattern 0.8% 230 s/680 s 1.5% 12 s/30 s 2.5 ppm 2.5 ppm to 4% 75
Pd nanotube array 1000% 180 s/n.r. 3750% 200 s/n.r. 100 ppm 100 ppm to 1% 51
Pd/Pt nanopattern (Pd0.5Pt0.5) n.r. 7 s/35 s 2% 20 s/40 s 10 ppm 10 ppm to 1% 30
Pd/Au nanopattern n.r. 8 s/30 s n.r. 2 s/70 s 10 ppm 10 ppm to 1% 30
PdPt nanoparticles (Pd0.5Pt0.5) 1.2% 350 s/458 s 7.56% 92 s/304 s 0.4 ppm 0.4 ppm to 4% 77
Pd-coated SiO2 nanorods 160% 38 s/n.r. 145.5% 60 s/n.r. 10 ppm 10 ppm to 2% 46
Pd/Ag hollow nanowires n.a. n.a. n.r. n.r. 100 ppm 100−900 ppm 61
Pd@Pt nanowires 0.7% 500 s/450 s 5.5% 75 s/35 s 500 ppm 500 ppm to 4% 29
Pd nanowires @ZIF-8 0.8% 8 s/30 s 3.47% 7 s/10 s 600 ppm 600 ppm to 1% 31
Pd/Mg film 1.6% n.r. 3% 6 s/32 s 1 ppm 1 ppm to 4% 76
Pd−Ni/Si C-FET 300% 150 s/300 s n.r. n.r. 0.05% 0.05−0.5% 32
Pd−Si nanomesh (C-FET) ∼10% (C-FET) 12 s/16 s n.r. n.r. 50 ppm 50 ppm to 0.8% 58
Ni−Pd/Si C-FET n.r. (C-FET) n.r. ∼600% (C-FET) 30 s/32 s n.r. 0.3−2% 33
Pt nanopattern 4.1% n.r. n.r. n.r. 1 ppm 1−1000 ppm 35
an.r. and n.a. indicate not reported and not applicable. C-FET is the chemical field-effect transistor. btresp is the response time. ctrec is the recovery
time. dLOD is the limit of detection verified by experimental measurements. eMeasurement range is the range of H2 concentrations at which the
sensors displayed noticeable responses. It does not mean an actual detection range.
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still remain several unresolved challenges. First, response and
recovery times for over 1% of H2 should be further enhanced
below 1 s, which is the criteria for H2 sensors designated by the
United States DOE. This fast speed is needed to prevent
explosions induced by H2, which is the fastest and lightest gas.
Second, most of the metal-based H2 sensors exhibited poor
sensing properties to low levels of H2 because they depend on
hydride formation for Pd-based sensors and catalytic water
formation for Pt-based sensors. In particular, the response and
recovery times of metal-based sensors are very slow (over
hundreds of seconds to [H2] < 0.1%). Third, the phase
transition of α-to-β PdHx induces large volume expansions,
thereby causing the structural instability to Pd-based sensors
during long-term operations. Lastly, reliability of sensors when
they are operated in ambient air should be demonstrated
because numerous gas molecules in ambient air can influence
the sensing performance of metal-based sensors. Even though
Pd-based sensors have the obvious sensing mechanisms for H2
sensing, the surface reaction of H2 on Pd and the formation of
PdHx can be retarded by other interfering gas species. In the
case of Pt-based sensors, surface adsorbed oxygen species can
react with other gases, thus the environmental influence on
water formation reactions is inevitable. These challenges limit
the practical use of metal-based sensors in various applications
and industries. Hence, further exploration for developing
enhanced metal-based hydrogen sensors is required.

METAL OXIDE-BASED MATERIALS

Semiconducting metal oxides (SMOs) have attracted much
attention as chemical sensing layers for the detection of various
analytes, due to their high stability, high sensitivity, fast
response/recovery speed, low-cost, and facile manufacturing
processes.23 Thus, SMO-based gas sensors have high potential
from a market perspective. However, the remaining challenges
such as high operating temperature, low selectivity, and
vulnerability to humidity need to be solved. In principle, in
order to enhance sensing properties of SMO-based sensors,
careful control of nanostructures to achieve a large surface area
and high degree of porosity is essential, since chemical
reactions occur on the surface of SMOs.78 In particular, several
strategies, such as functionalization of catalytic noble metal
nanoparticles (NPs),79 formation of heterojunctions with
different SMO/graphene derivations,23 or employing molec-
ular sieving layer,80 have been suggested to improve the H2
sensing characteristics of SMOs. In this section, we describe
the basic sensing mechanisms of SMO-based sensors and
present recent studies on the development of highly sensitive
and selective SMO-based H2 sensors, in terms of pure SMO-
based materials, catalyst/SMO-based materials, and SMO-
based composites materials.
Basic Sensing Mechanisms for SMO-Based H2

Sensors. In general, the working principle of SMO-based
chemiresistors is a change of electrical signals (current or
resistance) from interaction between H2 molecules and
adsorption oxygen species on a surface of SMOs. The SMOs
for gas sensing materials are divided into n-type and p-type
materials depending on major carriers as electrons and holes,
respectively. In n-type SMOs, such as SnO2, In2O3, and ZnO,
physisorbed or chemisorbed oxygen species (O2

−, O−, and
O2−) are formed by the adsorption of O2 in the air, and they
trap electrons from the conduction band of SMOs. For
instance, reactions of oxygen species on SnO2 depend on

operating temperatures (T) and generate chemisorbed oxygen
species (eqs 10−13):21,81

→O (gas) O (ads)2 2 (10)

+ → < °− − TO (ads) e O (ads) ( 150 C)2 2 (11)

+ → ° < < °− − − TO (ads) e 2O (ads) (150 C 400 C)2
(12)

+ → ° <− − − TO (ads) e O (ads) (400 C )2 (13)

Therefore, the adsorbed oxygen species on the surface of n-
type SMOs act as a defect site and induce the Fermi level
pinning effect on SMOs, thereby forming an electron depletion
layer. This electron depletion layer increases the resistances of
SMOs significantly, due to the decrement of net carrier density
and the formation of potential barriers at the adsorption sites.
Then, when SMOs are exposed to H2, their resistances are
decreased because the redox reactions of H2 and adsorbed
oxygen species generate water and free electrons, as in eqs 14
and 15:82,83

+ → + < °− − T2H (gas) O (ads) 2H O(gas) e ( 100 C)2 2 2

(14)

+ → + ° < < °− − TH (gas) O (ads) H O (gas) e (100 C 300 C)2 2

(15)

When the SMO-based sensors are exposed to ambient air
after the redox reactions with H2, the adsorption of O2 in air
occurs again and generates chemisorbed oxygen species on the
surface of SMOs. Therefore, the resistances of SMO-based
sensors are recovered from the low resistance state (in H2/air)
to the high resistance state (in ambient air) (Figure 12a). On
the other hand, p-type SMOs, such as Co3O4, NiO, and CuO,
are operated by the modulation of hole accumulation layers.
The adsorption of oxygen molecules on the surface of p-type

Figure 12. H2 sensing mechanisms of metal oxide-based H2
sensors. (a) Reducing gas effect. Reproduced with permission
under a Creative Commons CC-BY license from ref 100.
Copyright 2012 MPDI. (b) Metallization effect. Reproduced with
permission from ref 283. Copyright 2015 Elsevier.
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SMOs generates additional holes, producing hole accumulation
layers on the surface of the materials. Then, the resistances of
p-type SMO-based sensors are increased in response to H2
(high resistance state) due to the removal of adsorbed oxygen
species and consequent removal of holes in the hole
accumulation layers and were recovered in ambient air
(lower resistance state). Therefore, both n-type and p-type
SMO-based materials should have large surface areas and high
reactivity to analytes, in order to increase sensing proper-
ties.84−96

In addition to the reducing gas effect, in some SMOs, such
as ZnO97,98 and TiO2,

99 H2 molecules can be directly reacted
with SMOs and induce the metallization of metal oxides (e.g.,
eq 16). Thus, the metalized region is generated on the surface
of SMOs, resulting in a resistance decrease upon H2 exposures
(Figure 12b). Then, when exposed to air again, the metalized
region is oxidized to metal oxides, and the resistance of SMOs
recovers its baseline resistance.100

+ → +ZnO(s) H (gas) Zn (s) 2H O(gas)2 2 (16)

Pure SMO-Based Materials. Effect of Nanosize on SMO-
Based H2 Sensors. The rational design of SMO-based
nanomaterials can enhance sensing properties dramatically.
In this regard, Yamazoe et al.101 demonstrated that the smaller
grain size of SMOs induces better sensing performances due to
the modulation of electron depletion layers (L) in SMOs. To
investigate the grain size effect of SMOs on H2 sensing, they
prepared SnO2 NPs with different sizes from 5 to 32 nm, using
a conventional hydrothermal method. Then, the SnO2 NPs
were exposed to H2 in dry air at 300 °C. The H2 responses of
SnO2 NPs were significantly increased as grain sizes decreased,
particularly for below 6 nm. Interestingly, this critical size (6
nm) is matched with the theoretical values for 2L (L ≈ 3 nm)
of SnO2 at 300 °C.

101 Hence, controlling the depth of the L in

SMOs is one of the key factors to improve gas sensing
characteristics. In particular, the design of nanostructures,
composition control, and the functionalization of catalysts are
essential for effectively modulating the thickness of L in
SMOs.78

Design of SMO-Based Nanostructures. SMO-based nano-
structures possess intriguing chemical and physical properties
compared to their bulk-scale counterparts, due to their high
specific surface areas (high surface to volume ratio).21,23,102

These properties are essential for the improvement of gas
sensing properties because gas sensors highly rely on surface
reactions of analytes.19,103 Therefore, many researchers have
focused on designing the SMO-based nanostructures with
ultrasmall grains, in order to develop high-performance gas
sensors. SMO-based nanostructures can be classified as zero-
dimensional (0D) nanostructures, one-dimensional (1D)
nanostructures, two-dimensional (2D) nanostructures, and
three-dimensional (3D) nanostructures.19

0D SMO-Based Nanostructures. The 0D nanostructures
include NPs and nanospheres101,104 as well as their hollow
structures.105 The 0D structures have high surface to volume
ratios, however, they can be easily agglomerated during the
device fabrication, which can decrease the porosity and active
sites of the sensing layers. Li et al.106 investigated the structural
effect of SnO2 NPs on H2 sensing performances. Figure 13a−c
depicts that SnO2 nanostructures as solid spheres (0-SnO2),
nanoneedle-assembled structures (1-SnO2), and nanosheet-
assembled nanoflowers (2-SnO2) were prepared by a hydro-
thermal method. The SnO2 nanostructure-based sensors were
exposed to 400 ppm of H2 at different operating temperatures
from 200 to 500 °C in air. The highest responses for 0-SnO2,
1-SnO2, and 2-SnO2 were verified to be 12, 15, and 22 at an
optimized temperature of 350 °C, respectively (Figure 13d).
Through the structural change of SnO2 NPs, it was found that

Figure 13. SEM images of the SnO2 sample: (a) solid spheres, (b) nanoneedle-assembled nanourchins, and (c) nanosheet-assembled
nanoflowers. Gas responses of the three sensors exposed to 400 ppm of H2 at different temperatures (d) in air and (f) in vacuum. Response−
recovery curve of the three sensors under H2 400 ppm at 350 °C (e) in air and (g) in vacuum. Reproduced with permission from ref 106.
Copyright 2019 Elsevier.
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the nanosheet-assembled nanoflower structure, which is the
easiest building block for adsorbing gas species, was most
advantageous among the samples. In addition, they confirmed
that the lower responses of 0-SnO2, than those of 1-SnO2 and
2-SnO2, were attributed to the close-packed structures that
were caused during the deposition of sensing materials on a
sensor substrate. The responses of the samples in vacuum were
also measured to elucidate the effect of adsorbed oxygen
species on H2 sensing. Interestingly, the H2 responses of the
samples in vacuum were higher than those in air (Figure 13f).
The traces of sensors responses in air and vacuum are shown in
Figure 13e,g, respectively. The first-principle calculations on
both cases displayed that more electrons in the vacuum
condition could be directly transferred from H2 molecules to
SnO2 surfaces, without adsorbed oxygen species as a bridge for
charge transfer. From these results, H2 molecules can interact
with not only adsorbed oxygen species from the air but also
with the SnO2 surfaces directly in the absence of oxygen.
1D SMO-Based Nanostructures. The 1D nanostructures,

such as nanofibers,107−109 nanowires,110−113 and nano-
tubes,114,115 have attracted attention due to their high surface
to volume ratios and high porosity. In particular, 1D structures
have numerous interpores between 1D structures in their
percolation network, which can enhance surface reactions of
gas molecules effectively. For instance, Ab Kadir et al.107

investigated the morphology effect of 1D nanostructures on H2
sensing. They synthesized SnO2 nanofibers having different
shapes by adjusting the amounts of polyacrylonitrile in
electrospinning solutions. The sensing properties of SnO2
nanofibers were evaluated to various H2 concentrations at
150 °C. As a result, the highest sensing performances, in terms
of responses and response times, were observed in the sensors
using nanofibers having the smallest diameter and hollow
tubular structures among the various 1D structures. This
improvement was ascribed to the enhanced active surface area
because both the inner and outer surfaces of the hollow
nanofibers can participate in gas sensing reactions.
2D SMO-Based Nanostructures. The 2D nanostructures of

SMOs, such as nanofilms116−118 and nanosheets,119 have been
utilized for gas sensors because they provide a high surface area
to volume ratio and numerous active sites for surface reactions
due to their large lateral size with ultrathin thickness. For
example, PdO nanoflakes were synthesized on a SiO2 substrate
by reactive sputtering deposition (Figure 14a),84 and they
displayed efficient H2 sensing properties. The thickness of the
PdO nanoflakes was verified to smaller than 15 nm. As shown
in Figure 14b,c, the current levels of the sensors were quickly
decreased upon H2 exposure and were recovered in air. The
sensing speed of the sensors at 150 °C was faster than that at
100 °C. Metallic Pd nanoislands were formed on the PdO
nanoflakes under H2 exposures at 100 °C, inducing the charge
transfers between Pd nanoislands and PdO substrates (Figure
14d,e). The vertically grown 2D PdO nanoflake structures
facilitate these reactions, exhibiting enhanced H2 sensing
properties.
3D and Hierarchical SMO-Based Nanostructures. The 3D

nanostructures, including nanosponges,120 nanoclusters
(NCs),83,121 and the hierarchical nanostructures assembled
by the fusion of the 0D, 1D, and 2D structures, such as
nanourchin,122 nanoflower,106,123 and nanopushpin,124 have
high specific surface areas and numerous micro/mesopores,
which can enhance the response and response/recovery speed.
For example, secondary NCs that consisted of indium oxide

(In2O3) nanopowders (In2O3 NCs) exhibited ultrafast H2
sensing properties.83 The In2O3 NCs were prepared by a
two-step process: (1) the hydrothermal synthesis of indium
hydroxide (In[OH]3) nanopowders and (2) the subsequent
calcination of In(OH)3 nanopowders at 500 °C. The size of
the In2O3 NCs consisting of ultrasmall nanopowders (∼30
nm) was verified to about 200 nm, and there were numerous
mesopores in their structures. The sensors showed a high H2
response (Ra/Rg = 18 to H2 500 ppm) at 260 °C, with an
ultralow H2 detection limit of 100 ppb. In addition, the sensors
exhibited a very fast response/recovery time (∼2 s) to 500
ppm of H2. The large specific surface areas and high porosity of
the 3D In2O3 not only promoted surface reactions but also
prevented the agglomeration of nanopowders, leading to the
significantly enhanced sensing properties.
In addition to 3D structures, the influence of hierarchical

structures on H2 sensing properties was investigated by Voranti
et al.94 They prepared three types of CuO nanostructures that
resemble urchins, fibers, and nanorods. The gas responses of
different CuO nanostructures were measured as a function of
[H2] at an operating temperature of 200 °C, and the CuO
urchins showed the highest H2 responses among the samples.
The urchin-like structure has a high surface to volume ratio
than other structures (fibers and nanorods) as well as high
porosity between interparticles, thereby showing the highest
sensing responses among the samples.94

For the commercialization, the operating temperature of
SMO-based H2 sensors should be lowered to reduce power
consumption. However, gas sensing properties of SMO-based
H2 sensors operated at low temperatures (<100 °C) are much
lower compared to the sensors operated at high temper-
atures.125,126 Because SMOs have a wide bandgap (>2.0 eV)
generally, it is difficult to modulate electrons in SMOs at low
operating temperatures. However, the modification of SMO
structures can realize the low-temperature operation for H2
sensing.85,126−132 For example, ordered mesoporous TiO2
structures exhibited H2 sensing properties at RT.129 The

Figure 14. (a) SEM image of the PdO nanoflake thin film. The
cyclic sensing response of the PdO thin film exposed to the H2 gas
mixture of different H2 concentrations at (b) 100 °C and (c) 150
°C. Relative sensing current was defined as I/I0. Schematic
illustration of (d) hydrogen and oxygen adsorption on small Pd
nanoislands formed on the PdO sensor during the H2 exposure,
and (e) reoxidation of a large Pd nanoisland as a result of
dissociative oxygen adsorption. The dashed line between the two
oxygen adatoms shown in (d) indicates that oxygen is molecularly
adsorbed on the small Pd nanoisland. Reprinted with permission
from ref 84. Copyright 2015 Royal Society of Chemistry.
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evaporation-induced self-assembly method produced well-
assembled TiO2 with uniform mesopores with an average
diameter of ∼3 ± 0.5 nm (Figure 15a). Interestingly, ordered
mesoporous TiO2 exhibited sufficient resistances (∼2 GΩ) at
RT due to numerous defects on the TiO2 surface and were
able to detect H2 at RT in air, with high response (Ra/Rg = 289
to 1000 ppm) and fast response (85 s) and recovery time (198
s). In addition, the sensors exhibited good selectivity against
other interfering gases (carbon monoxide [CO] and methane
[CH4]) (Figure 15b). These interesting sensing properties can
be explained by the small grain size, high surface area, and
intergranular surface potential (Figure 15c). Highly ordered
mesoporous TiO2 not only provided abundant available active
sites but also offered a multitude of channels (about 50,000
channels) for fast gas diffusion. When the material is exposed
to H2, the L (below 1 nm) is fully formed along the pore walls
(thickness: 2 nm) due to the easy diffusion of H2 into inner
walls through nanochannels. Consequently, the H2 reaction
with preadsorbed oxygen significantly increases the surface
density of electrons and lowers the surface potential barrier,
thereby exhibiting low resistances at RT in air. From these
results, they concluded that SMO-based H2 sensors operated at
RT can be designed by (1) controlling the morphology to
facilitate H2 diffusion, (2) increasing surface active sites for H2
adsorption, and (3) reducing grain sizes of SMO for the
effective modulation of potential barriers for charge transports.
In this section, we discuss the morphologies of pure SMOs

based on the effect of (1) electron depletion layer/hole
accumulation layers and (2) the grain boundary barriers on H2
sensing. The gas sensing performance of pure SMO-based H2
sensors can be improved by modifying the structure, which is

meso- and microporous and has a large specific surface area, as
a result of lowering the barrier and increasing the electron
transfer speed. However, in spite of these advances, pure SMO-
based H2 sensors often displayed low H2 response and poor
selectivity against other interfering gas molecules. In particular,
selectivity is one of the critical issues in SMO-based sensors
due to their inherent sensing mechanisms. SMO-based sensors
are operated by chemical reactions between chemisorbed
oxygen species and analytes, inferring molecules can react with
adsorbed oxygen instead of H2. Hence, other methods such as
the use of catalysts and the combination with other materials
have been introduced to improve gas sensing properties of the
SMO-based gas sensor, as discussed in the next section.

Catalyst/SMO-Based Materials. Catalytic Effect of
Metal NPs on SMO-Based Sensors. The functionalization of
catalytic noble metal NPs, such as Pd,133,134 Pt,135,136 Ag,137

and Au,138,139 on SMOs is the most powerful way to enhance
the response and selectivity of chemical sensors. In general, the
catalytic effect of metal NPs on SMO-based gas sensors can be
explained by (1) chemical sensitization (e.g., Pt, Au, and Ru)
and (2) electronic sensitization (e.g., Pd, Ag, and Cu).140 The
chemical sensitization is used to describe processes wherein gas
molecules are dissociated by metal NPs and then spill over to
the surface of SMOs. Therefore, H2 reactions on the surface of
SMOs are effectively promoted by catalytic metal NPs, thereby
enhancing H2 sensing properties. The electronic sensitization is
related to the change in the oxidation state of catalytic metal
NPs upon gas exposures. Electronic sensitizers on SMOs are
partially oxidized when exposed to air, forming metal (or metal
oxide)/SMO heterojunctions that induce electron depletion
layers (for n-type SMOs). Then, they are reduced by the

Figure 15. (a) TEM image of the surface of ordered mesoporous TiO2 (OMT). (b) The selectivity of the OMT sensor to H2 against carbon
monoxide and methane gas. (c) The schematic illustration of the proposed sensing mechanism. (SCR: screen charge region) Reproduced
with permission from ref 129. Copyright 2020 Elsevier.
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reactions with reducing gases (e.g., H2) and give electrons back
to SMOs. Therefore, upon gas exposures, the electron
depletion layers of SMOs become thinner, resulting in
significant changes in resistances.140,141 From these reasons,
catalytic NPs can effectively improve the performance of
SMOs-based sensors.
For H2 sensing, among various catalysts, Pt and Pd are well-

known chemical sensitizers due to their excellent ability to
induce the spillover effect of H2 molecules onto supports.82,142

PdOx is also frequently utilized as an electronic sensitizer for
SMO-based H2 sensors owing to their high reactivity with
H2.

143 For instance, Wang et al.144 demonstrated that Pt and
Pd are more effective catalysts for SMO-based H2 sensors than
other metallic NPs. They synthesized various metal catalysts,
including Pt, Pd, Au, Ag, Ti, and Ni, loaded on ZnO nanorods,
and investigated their H2 sensing properties. Among them, Pt-
loaded ZnO nanorods and Pd-loaded ZnO nanorods showed
highly sensitive and fast sensing properties to H2 at RT. In
addition, Li et al.145 demonstrated the H2 spillover over Pt/
TiO2 using temperature-programmed desorption and reduc-
tion, and Tsang et al.146 observed that Pd NPs induced the
spillover of H atoms onto the surface of SnO2. Furthermore,
Lupan et al.143 reported that the functionalization of PdO/
PdO2 catalysts improved the H2 sensing properties of ZnO
film-based sensors at low operating temperatures, due to the

formation of PdHx upon H2 exposures. Therefore, diverse
SMOs, including SnO2,

147 WO3,
148 ZnO149 and MnO2,

134

functionalized by Pt, Pd, or PdOx, have been reported for
selective H2 sensing layers so far.

Effects of Size and Distribution of Catalytic Metal NPs.
The size and distribution of catalytic metal NPs on SMOs have
influence on the H2 sensing performances of SMO-based
sensors.150,151 For instance, Inyawilert et al.152 investigated the
effect of size and distribution of PdOx on H2 sensing properties
of In2O3-based sensors. In the case of pristine In2O3 NPs, H2
can only react with adsorbed oxygens at a limited number of
active sites on In2O3 surface, showing low responses (Figure
16a). On the other hand, in the case of PdOx-doped In2O3
NPs, PdOx induces the spillover effect of H2 and O2 on In2O3,
resulting in enhanced sensing properties. In addition, the
heterojunction is formed between p-type PdOx and n-type
In2O3, leading to the formation of additional depletion regions
(Figure 16b−d). However, when the loading amount of PdOx
was too high, the PdOx particles were aggregated into larger
crystallites, lowering the catalytic effect of PdOx as well as
response to H2 (Figure 16d). Therefore, there were optimum
loading amounts of PdOx (0.5 wt % PdOx-doped In2O3) for H2
sensing properties (Ra/Rg = 3526 for 1% [H2] 250 °C) (Figure
16e). In addition, PdOx doping significantly enhanced H2
responses against other interfering gases (Figure 16f). From

Figure 16. Schematic illustrations for H2 sensing mechanisms of (a) pristine In2O3 NPs, and (b−d) In2O3 NPs with PdOx doping at (b) low,
(c) moderate, and (d) high PdOx concentrations. (e) Responses of the sensors to H2 1% with different PdOx concentrations (0, 0.25, 0.50,
0.75, and 1 wt %) at various operating temperatures (150−350 °C). (f) Selectivity of PdOx-doped In2O3 to 1000 ppm of C2H4, 10 ppm of
H2S, 5 ppm of NO2, 1% H2, 3% C2H2, 1000 ppm of C2H5OH, and 30 ppm of C2H4O at the operating temperatures of 250 °C. Reprinted with
permission from ref 152. Copyright 2019 Elsevier.
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these results, the use of catalysts for improved SMO-based H2
sensors is essential in terms of two main factors:133,153 (1) the
functionalization of ultrasmall catalytic NPs and (2) the
uniform distribution of catalytic NPs.
Design of Catalyst/SMO-Based Nanostructures. The

improvement of H2 sensing characteristics can be achieved
by the design of nanostructures of catalyst-functionalized
SMOs. For example, Choi et al.154 demonstrated that
macroporous tungsten trioxide (WO3) nanotubes (NTs)
functionalized by ultrasmall Pd NPs exhibited high H2 sensing
performances. The apoferritin template, which is a protein with
a small cavity size (∼8 nm),155−158 was used to synthesize
ultrasmall (∼2 nm) Pd NPs. The macroporous WO3 NTs were
synthesized using a coaxial electrospinning technique (Figure
17a,b), and the ultrasmall Pd NPs were uniformly distributed
to the macroporous WO3 NTs (Figure 17c). The Pd-loaded
macroporous WO3 NTs exhibited a high response (Rair/Rgas =
17.6) to 500 ppm of H2, which was a 5.9- and 3.6-fold
enhanced response compared to dense WO3 NTs and
macroporous WO3 NTs (Figure 17d)v and superior H2
selectivity against other interfering analytes (Figure 17e).
The improved sensing properties were attributed to the
ultrasmall Pd NPs on the macroporous WO3 NTs. The Pd
NPs generate the Schottky barrier with WO3 due to the
difference in work function (5 eV for Pd NPs and 4.56 eV for
WO3)

159,160 and are partially oxidized to PdO (p-type SMO)
that induces a p−n junction with WO3 (Figure 17f). In
addition, Pd NPs dissociate the H2 molecules into H atoms
(Hads), and allow Hads to diffuse into the surface of the WO3.
The diffused Hads can react with chemisorbed oxygen species
on WO3, resulting in the production of H2O molecules29,161 or
the formation of hydrogen tungsten bronzes (HxWO3).

162 The

macroporous NT structures also offer numerous surface
reaction sites, promoting the catalytic effect of Pd NPs.
Therefore, the deposition of Pd NPs onto porous WO3
improved the H2 sensing performance. Similarly, Zhou et
al.163 reported Pd-loaded urchin-like W18O49 nanospheres as a
highly sensitive H2 sensing layer. The urchin-like W18O49
nanospheres which are assembled with numerous nanorods
have large surface areas and plenty of oxygen vacancies. In
addition, Pd NPs on urchin-like W18O49 nanospheres allow to
exhibit high response and selectivity to H2 at low temperatures.
From this perspective, diverse catalytic NP/SMO-based
nanostructures have been reported as highly sensitive and
selective H2 sensing layers.134−136,149,162,164

SMO-Based Composites. In addition to functionalization
of catalytic NPs on SMOs, composites of (1) multicomponent
SMOs,23,165 (2) SMO and graphene/graphene deriva-
tives,166−169 and (3) SMOs and gas selective membranes170

can improve H2 sensing properties due to their synergistic
effects. The formation of heterojunction interfaces by
incorporating two or more SMOs and graphene/its derivatives
can affect the sensing properties by changing physical or
chemical properties of SMO-based composites, such as Fermi
level equilibration, charge carrier separation, and depletion
layer manipulation.171−173 In addition, the presence of
different SMOs suppresses the grain growth of host SMOs
during high-temperature calcination, which are usually
accompanied for synthetic methods, resulting in a smaller
grain size with large surface area.174−176 These effects
significantly enhance sensing performances, in terms of
response and selectivity.

Multicomponent SMO-Based Composites. To develop
efficient H2 sensors, various multicomponent SMOs, such as

Figure 17. (a) SEM images of Pd-loaded macroporous WO3 nanotubes (NTs) and (b) magnified SEM image of (a). (c) Scanning TEM image
with energy dispersive X-ray spectroscopy (EDS) mapping images of Pd-loaded macroporous WO3 NTs. (d) Dynamic signal responses of
dense WO3 NTs, porous WO3 NTs, and Pd-loaded porous WO3 NTs in the range of H2 10−50 ppm. (e) Selectivity of Pd-loaded porous
WO3 NTs against other analytes (50 ppm). (f) Schematic illustration of H2 sensing mechanism of Pd-loaded porous WO3 NTs. Reprinted
with permission from ref 154. Copyright 2016 The Royal Society of Chemistry.
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SnO2/La2O3,
177 Pt-MoO3/La2O3,

178 TiO2/WO3,
179 CuO/

ZnO,180 SnO2/Co3O4,
181 SnO2/TiO2,

182 and SnO2/
ZnO,183,184 were reported. For instance, Katoch et al.184

demonstrated that the SnO2/ZnO composite NFs exhibited
much improved H2 sensing characteristics than those of
pristine SnO2 NFs and ZnO NFs. The SnO2/ZnO composite
NFs were synthesized using electrospinning and subsequent
calcination (Figure 18a). As the molar ratio of ZnO to SnO2
was increased from 0 to 0.1 in the SnO2/ZnO NFs, the grain
size of the SnO2/ZnO NFs was decreased from 30 to 13 nm.
Although the grain size was increased when the moral ratio of
ZnO to SnO2 was over 0.1, the grain size (<25 nm) of the
SnO2/ZnO composite NFs is smaller than that (ca. 30 nm) of
the pristine SnO2 NFs (Figure 18b). This smaller grain size of
the composite NFs is attributed to that the ZnO can act as a
grain growth inhibitor to SnO2/ZnO composite NFs. In terms
of sensing properties, the 0.90SnO2-0.10ZnO (the numbers
indicate the molar ratio) composite NFs exhibited the highest
response (Rair/Rgas = 168.6) to 10 ppm of H2 (Figure 18c)
compared to those of pristine SnO2 NFs (Rair/Rgas = 4.2) and
pristine ZnO NFs (Rair/Rgas = 63.8). The authors explained

that the improved sensing properties were attributed to (1) the
small grain size of the composite NFs and (2) the metallization
effect of ZnO. The smaller grains of the SnO2/ZnO NFs
induce more potential barriers between the neighboring
nanograins, resulting in huge resistance changes upon H2
exposure (Figure 18d). In addition, the metallization of ZnO
occurs by the adsorption of H atoms on O sites of ZnO by
forming a strong hybridization between s-orbitals of H and p-
orbitals of O.98,185 The charge delocalization occurs between
Zn and O−H bonds due to strong hybridization and causes the
metallization of the surface Zn atoms, where the 4s and 3d
orbitals of Zn contribute to the electrical conduction. In the
case of SnO2/ZnO composites, numerous heterojunctions
between ZnO and SnO2 grains were created due to the
difference in work function (5.2 eV for ZnO and 4.9 eV for
SnO2)

186,187 in air. However, since semiconducting ZnO was
transformed into metallic Zn by the metallization effect when
exposed to H2, the height of potential barriers between ZnO
and SnO2 was changed significantly (mechanism m2, Figure
18e). In addition, the metallization causes the electron transfer
from metallic Zn to SnO2, thereby reducing the resistance of

Figure 18. (a) SEM images of 0.90 SnO2/0.10 ZnO composite nanofibers (NFs), (b) grain size of the different NFs, and (c) responses of the
pristine ZnO, pristine SnO2, and SnO2/ZnO composite NFs with varying H2 concentrations. Schematic diagram of the proposed bifunctional
sensing mechanism, explaining the enhanced sensitivity of the SnO2/ZnO composite NFs to H2. (d) Mechanism (m1): reducing gas effect at
SnO2−SnO2 homointerfaces and (e) mechanism (m2): metallization effect at SnO2/ZnO heterointerfaces. Reprinted with permission from
ref 184. Copyright 2015 American Chemical Society.
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the composites. When the SnO2/ZnO composite NFs were
exposed to ambient air, the metallic Zn was transformed to
semiconducting ZnO, and the resistances of the composites
were recovered to their original value. Therefore, the formation
of SnO2/ZnO composites NFs effectively improved the H2
response with high selectivity. Likewise, to achieve highly
sensitive and selective sensing layers, the formation of
composite with SMO and graphene/its derivation such as
ZnO NTs/graphene,188 TiO2 NTs/rGO,189 SnO2 NPs/
graphene,161 and MoO3 nanoribbon/graphene190 were re-
ported. The graphene/its derivation can construct the
heterojunctions at the interface between SMOs and offer
higher interactions with analytes due to the presence of defects
and functional groups.191−193

SMO/Membrane-Based Composites. The introduction of
selective sieving layers on SMOs is one of the most promising
solutions to achieve high selectivity to H2. As a typical sieving
layer, metal−organic frameworks (MOFs), which consist of
metal nodes and organic linkers, enable the selective
penetration of H2 molecules compared to other molecules,
due to its highly porous structures and well-defined pore
structures.194,195 A notable example is utilizing the zeolitic
imidazolate frameworks-8 (ZIF-8), where formula is Zn(mim)2

(mim = 2-methylimidazolate). Since the pore size of ZIF-8 is
about 3.4 Å, the ZIF-8 can separate H2 molecules (kinetic
diameter: ∼2.89 Å) from larger interfering molecules (>3.4
Å).170,196 To utilize these properties, Drobek et al.197

synthesized ZIF-8-coated ZnO nanowires (NWs) (ZnO@
ZIF-8 NWs) for selective H2 sensing layers. The pristine ZnO
NWs without the ZIF-8 layer exhibited noticeable responses to
H2, toluene (C7H8), and benzene (C6H6). On the other hand,
the ZnO@ZIF-8 NWs showed a highly selective response only
to H2 while showing negligible cross-responses to other
interfering gases with large kinetic diameters [C7H8 (5.92 Å)
and C6H6 (5.27 Å)]. Similarly, Ji et al.198 reported selective H2
sensors using a ZnO@ZIF-8 core−shell structure. In addition,
Wu et al.199 investigated the H2 sensing characteristics of
ZnO@ZIF-8 core−shell nanorods (NRs), which is the ZIF-8-
deposited ZnO NRs (Figure 19a). ZnO NRs were partially
dissolved in the mixed solvent of H2O/DMF with Zn
precursors and 2-methylimidazole, in order to fabricate the
uniform and continuous ZIF-8 shells (thickness: 110 nm) on
the ZnO NRs. In addition, the defect states of the ZnO@ZIF-8
NRs and pristine ZnO NRs were characterized by photo-
luminescence (PL) spectroscopy. The sharp emission at 378
nm was ascribed to the recombination of excitons in ZnO,200

Figure 19. (a) Schematic illustration of the formation of ZnO@ZIF-8 core−shell nanorod (NR) films. (b) H2 responses of ZnO NRs and
ZnO@ZIF-8 NRs at 250 °C. (c) Comparison of responses of ZnO NRs and ZnO@ZIF-8 NRs to H2 and CO at 250 °C. Reprinted with
permission from ref 199. Copyright 2017 Wiley-VCH.
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and the broad emission in the range of 470−650 nm was
attributed to oxygen-related defects such as oxygen vacancy
and interstitial oxygen.201,202 In PL spectra, the ZnO@ZIF-8
NRs have more oxygen defects than pristine ZnO NRs, and
these oxygen defects can promote the H2 reactions. It is noted
that the oxygen defects resulted from the etching of surface
oxygen in ZnO NRs during the formation of the ZIF-8 shell.
The ZnO@ZIF-8 NRs exhibited an enhanced H2 response
(Rair/Rgas = 3.28 to H2 50 ppm), compared to that of pristine
ZnO NRs (Rair/Rgas = 2.15) (Figure 19b). In addition, the
ZnO@ZIF-8 NRs have a superior H2 selectivity than the
pristine ZnO NRs (Figure 19c) due to the molecular sieving
effect of ZIF-8 layers.203,204 Considering that MOFs have
various structures and pore sizes with high tunability,14,205 the
use of MOFs as molecular sieving layers for SMO-based H2
sensors is one of the most promising methods to improve H2
selectivity.
Challenges of SMO-Based H2 Sensors. So far, there

were various approaches, such as the synthesis of nanostruc-
tures, the functionalization of catalysts on SMOs, and
the composites with other materials, to improve
SMO-based H2 sensors. Table 2 summarizes the sensing
characteristics of recently reported SMO-based H2 sen-
sor s . 8 3 , 9 0 , 9 3 , 9 4 , 1 1 5 , 1 1 9 , 1 2 1 , 1 2 2 , 1 2 6 , 1 3 1− 1 3 5 , 1 3 9 , 1 4 9 , 1 5 3 ,

154,162,163,183,184,197,199,206 Definitely, SMO-based H2 sensors
have high response, fast response speed, and reasonably high
stability, however, they still have some challenges. The H2
selectivity of SMO-based sensors is poor due to their high-
temperature operation. At high operating temperatures, other
gas molecules are also able to react with SMOs and induce

resistance changes. Therefore, the development of several
SMO-based sensor arrays is needed to achieve excellent
selectivity. In addition, the high operating temperature is
accompanied by high-power consumption, which hinders the
practical use of SMO-based sensors in various applications.
Lastly, the sensing properties of SMO-based sensors are highly
vulnerable to humidity. Therefore, they should be protected
from humidity, or the reliability of the sensors should be
proven for a wide range of humidity.

CARBON-BASED MATERIALS

Carbon-based materials, including CNTs and graphenes, have
emerged as one of the most ideal chemiresistors due to their
operation at ambient temperatures, tunable electrical proper-
ties, and chemical functionalization.207 In particular, the
operation of carbon-based materials at low temperatures
enables the detection of gas molecules based on (1) their
inherent reactivity with carbons and (2) molecular recognition
by selectors.208 Therefore, there have been significant advances
in carbon-based chemical sensors, particularly for CNT- and
graphene-based chemiresistors.26,192,209−211 Unfortunately,
most of the pure carbon-based materials have no appreciable
interaction with H2. Therefore, in order to develop carbon-
based H2 sensors, it is imperative to use catalysts (e.g., metallic
NPs) on carbon-based materials.212 In addition, the tuning of
the Schottky junction between electrodes and carbon materials
can induce H2 sensing properties.

213 In this section, we discuss
recent advances in carbon-based H2 sensors, by categorizing
into CNTs and graphenes.

Table 2. Summary of Sensing Properties of SMO-Based Composites for H2 Sensors
a

morphology material operating temperature response @ [H2] τresp/τrec
b detection limit ([H2]) ref

honeycomb SnO2 340 °C 8.4 @1 ppm 4 s/10 s 0.05 ppm 121
nanohexagone ZnO 175 °C 1.089 @10 ppm 11.5 s/14.5 s 200 ppb 119
film TiO2 RT 250 @4 ppm 55 s/n.r. 1 ppm 126
nanocluster In2O3 400 °C 18 @500 ppm 1.7 s/1.5 s 10 ppb 83
nanourchin WO3 250 °C ∼4 @50 ppm n.r. n.r. 122
hollow nanosphere V2O5 RT ∼2.8d @200 ppm 30 s/5 s n.r. 131
nanoribbon MoO3 RT ∼0.85 @500 ppm 21 s/69 s 500 ppb 132
nanotube Fe2O3 200 °C 2.3 @50 ppm n.r. n.r. 115
nanoflake PdO 200 °C 1.9 @250 ppm n.r. n.r. 84
nanosheet NiO 250 °C 191 %d @150 ppm 150 s/n.r. 10 ppm 90
nanoflake MnO2 200 °C 12.3e @500 ppm <10 s/n.r. 150 ppb 93
nanourchin CuO 200 °C 9 @500 ppm 2.5 min/n.r. n.r. 94
nanofibers Pd-loaded SnO2 160 °C 36.14 @1000 ppm 4 s/3 s 20 ppm 153
nanoplates Pd-WO3 80 °C 169.3 @0.1 vol% 42.8 s/48.5 s 0.05 vol% 162
nanowalls Pd-MnO2 100 °C 11.4 @100 ppm 4 s/n.r. 10 ppm 134
nanowires Pt-PdO RT 23%d @100 ppm 166 s/445 s @ 0.1% 10 ppm 135
nanorods Pd-ZnO 135 °C 22.5 @250 ppm 1 s/52 s 50 ppm 149
nanowires Pd-SnO2 300 °C 27.84 @100 ppm n.r. 1 ppm 133
nanofibers Pd-WO3 450 °C 16.3 @500 ppm n.r. 10 ppm 154
urchin-like spheres Pd−W18O49 100 °C 1600 @0.1 vol% 60 s/4 s @ 0.05 vol% 250 ppm 163
nanofibers SnO2/ZnO 300 °C 168.6 @10 ppm n.r. 0.1 ppm 184
nanoparticles Co3O4/SnO2 300 °C 27%d @50 ppm n.r. 5 ppm 206
nanorods ZnO-modified SnO2 350 °C 18.4 @100 ppm n.r. 10 ppm 183
particles Au-SnO2/Co3O4 250 °C 9100 @1000 ppm n.r. n.r. 139
nanowires ZnO@ZIF-8 300 °C 1.44 @50 ppm n.r. 10 ppm 197
nanorods ZnO@ZIF-8 250 °C 3.28 @50 ppm n.r. 5 ppm 199

an.r. indicates not reported, and RT is room temperature. bτresp is the time necessary for the resistance to increase from R0 to the 0.9ΔRmax, and τrec
is the time for the resistance to decrease from ΔRmax to 0.1R0.

cResponse is defined as Rair/Rgas.
dValue means that response is defined as sensitivity

(Rgas − Rair)/Rair × 100%. eValue means that response is defined as Ig/Ia.
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CNT-Based Materials. Catalyst/CNT Composites. The
majority of catalyst/CNT composites for H2 sensors relies on
the use of Pd NPs due to the distinctive reactivity of Pd to H2,
while there were a few reports on Pt/CNT composite-based
H2 sensors.214−217 The deposition of Pd NPs on the CNT-
network (Figure 20a) or individual CNT (Figure 20b) induces

the chemiresistive H2 sensing properties to CNT-based
sensors. In 2001, the Dai group demonstrated Pd/CNT-
based H2 sensors.

212 They fabricated Pd-loaded single-walled
CNTs (SWCNTs) by using an electron beam evaporator. The
conductance of Pd/SWCNT composites was decreased in
response to H2 due to the formation of PdHx. Because PdHx
has a lower electron affinity than Pd,218 electrons are donated
from PdHx to CNT and lead to the compensation of electron−
hole pairs in p-type SWCNTs. Since then, numerous studies
on Pd/CNT-based composites for H2 sensors were
reported.212,219−225 Various methods for Pd/CNT composites
were developed to simplify the fabrication process and to
improve the H2 sensing properties. In particular, Sun et al.219

demonstrated flexible H2 sensing systems using Pd/SWCNT
composites (Figure 20c−f). The transfer of the SWCNT

network on polyethylene (PET) sheets and subsequent Pd
clusters produced flexible H2 sensors with efficient H2 sensing
properties. The sensors exhibited high responses (Rg/R0 =
∼60% to 0.1% of H2) and low detection limits (30 ppm) at RT
in air (Figure 20c). They confirmed that the H2 sensing
mechanisms of the Pd/CNT composites were attributed to the
formation of PdHx (Figure 20d). The responses of the Pd/
CNT composites were directly proportional to [H2]

1/2, which
is the same as the behaviors of Pd-based sensors explained by
the Sievert law for the formation of α-PdHx.

226 In addition, the
sensors displayed a stable operation in bending states due to
the high mechanical strength of CNTs (Figure 20e,f). The
responses of the sensors to H2 0.1% were maintained even after
1000 times of bending.
Recently, Li et al.223 investigated the size effect of Pd NPs on

CNT-based H2 sensors. They fabricated Pd-deposited CNT
ropes by the dielectrophoretic deposition of CNTs (Figure
21a,b) and the subsequent electrodeposition of Pd on CNT
ropes (Figure 21c,d). The pulsed electrodeposition effectively
controlled the size of Pd NPs on CNTs from 4.5 to 5.8 nm
with a narrow size distribution (Figure 21e). Compared to
solid Pd nanowire-based H2 sensors, the Pd/CNT composites
exhibited a 30-fold higher H2 response (20% to H2 0.1%) at
RT in air (Figure 21f), with a fast response (60 s) and recovery
(72 s) speed and low detection limits (10 ppm). In addition,
they revealed that there was a trade-off between responses and
sensing speeds depending on the size of Pd NPs. The smaller
Pd NPs deposited on CNTs are faster for H2 sensing due to
their high surface to volume ratio, but less sensitive due to the
low coverage of Pd NPs on CNTs.

Schottky Contact-Based CNT Sensors. In CNT-based H2
sensors, in addition to the charge transfer mechanisms relying
on the formation of PdHx, there are Schottky contact-based H2
sensors. The Schottky contact-based CNT sensors rely upon
the modulation of the potential barrier at the interfaces
between electrodes and CNTs induced by gas exposure. In this
regard, Javey et al.213 demonstrated the Schottky contact-based
H2 sensors by using SWCNTs and Pd electrodes. Semi-
conducting SWCNTs were contacted with metallic Pd
electrodes of back gate field-effect transistors (FETs) (Figure
22a), and they exhibited an ohmic contact behavior at the “on”
state that is closed to ballistic transport. Then, upon H2
exposure, Pd electrodes were transformed into PdHx that has
lower work functions than Pd,218 leading to the formation of
Schottky barriers (Figure 22b,c). Therefore, the current of the
Pd-contact SWCNTs was significantly decreased as increasing
H2 concentrations. Recently, Choi et al.227 investigated the
sensing properties of Pd-contact CNT-based FETs H2 sensors
depending on the width and length of SWCNT-channels
(Figure 22d). They pre-separated semiconducting SWCNTs to
increase Schottky contact between SWCNTs and Pd electro-
des (Figure 22d), and the sensors showed high responses to
low levels of H2 (down to 0.02%) (Figure 22e). The thinner
channel induced a higher H2 response due to the increased
portion of the contact resistance of the total channel resistance
(Figure 22f), while the width of the channel did not.

Graphene-Based Materials. Catalyst/Graphene Compo-
sites.Most of the graphene-based H2 sensors highly depend on
the usage of catalytic metal NPs due to the insensitivity of
graphene to H2. Pd and Pt are well-known catalysts for
graphene-based H2 sensors. Johnson et al.228 developed a Pd-
loaded multilayer graphene nanoribbon network using an
electron-beam evaporator. Due to the phase transition of Pd to

Figure 20. (a) SEM image of Pd/SWCNT composites prepared by
electrodeposition. Reprinted with permission from ref 221.
Copyright 2007 American Chemical Society. (b) TEM image of
Pd NP-loaded CNT prepared by chemical reduction under UV
light irradiation. Reprinted with permission from ref 284.
Copyright 2019 Elsevier. (c) Response traces of Pd/CNT
composites to H2 exposures, ranging from 30 ppm to 1%. The
sensors were operated at RT in air. (d) Sensitivity (response) of
the sensors versus [H2]

1/2. (e) Photograph of Pd/CNT composite-
based flexible H2 sensors. (f) The responses of the flexible H2
sensors upon exposures of H2 0.1% at the flat and bending states.
Reprinted with permission from ref 219. Copyright 2007 Wiley-
VCH.
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PdHx, the composites exhibited high H2 response (ΔRg/R0 =
55% to 40 ppm of H2) at RT in N2. Then, their resistances
were recovered when exposed to air by the catalytic water
formation reactions. In addition, Chung et al.229 developed
flexible H2 sensors using Pd/graphene composites. The
transfer of graphene layers to a PET substrate and the
subsequent deposition of Pd using thermal evaporation
produced Pd NPs on graphene layers on PET substrates.
Due to the high mechanical strength of graphene layers and the
catalytic effect of Pd NPs, the flexible sensors showed efficient

H2 sensing properties (ΔRg/R0 = 22.5% to H2 0.1%) at RT in
N2. More recently, Hong et al.230 reported highly selective Pd/
graphene composite-based H2 sensors. They optimized the
loading amounts of Pd NPs on graphene layers (Figure 23a,b),
and the optimum conditions realized the detection of H2

ranging from 0.025−2% (Figure 23c). Importantly, the use of a
poly(methyl methacrylate) (PMMA) membrane improved the
selectivity of Pd/graphene composites (Figure 23d). Without
the use of the PMMA membrane, the Pd/graphene composites
exhibited sensing responses to various analytes, including H2

Figure 21. (a) SEM image of Pd/SWCNT composite-based H2 sensors. (b) SEM image of SWCNT ropes. (c) TEM image and (d) high-
resolution TEM image of Pd/SWCNT composites. (e) Particle size distribution of Pd NPs on SWCNTs in terms of the Coulombic loading
(Qpd). (f) Responses and (g) response times of the Pd/SWCNT composites and Pd nanowires from 10 ppm to 10% of H2. Reprinted with
permission from ref 223. Copyright 2017 American Chemical Society.

Figure 22. (a) SEM and AFM image of a Pd-contact SWCNT-based FETs. (b) Linear G−V graphs for the Pd-contact SWCNT-based FET
before and after the H2 exposures. L is the channel length of the Pd-contact SWCNT-based FET. (c) Schematic illustration of the sensing
mechanism of Schottky contact-based H2 sensors (SB: Schottky barrier). Reprinted with permission from ref 213. Copyright 2003 Nature
Publishing Group. (d) Schematic illustration of the Pd-contact SWCNT network for H2 sensors. (e) Current (Id) traces of the sensors in
response to 0.02−0.1% of H2. (f) Responses of the sensors versus H2 concentration at different channel lengths (L). Reprinted with
permission from ref 227. Copyright 2015 AIP Publishing.
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0.025%, nitrogen dioxide (NO2) 0.05%, carbon monoxide
(CO) 0.5%, and methane (CH4) 10% (Figure 23e). However,
with the PMMA layer, the sensors exhibited ultrahigh H2

selectivity (Figure 23f), because the permeability of H2 in
PPMA is much higher than other gas molecules due to the
difference in the kinetic diameter (0.289 nm for H2, 0.33 nm
for CO, 0.38 nm for CH4, and 0.4 nm for NO2).

231,232

On the other hand, there were few reports on other noble
metal-functionalized graphene composites for H2 sen-
sors.233−235 For example, Kaniyoor et al.233 reported Pt-
functionalized graphene oxides for H2 sensors. Pt NPs were
directly grown on the surface of graphene oxides using
chemical reductions. Since Pt NPs can facilitate the catalytic
oxidation of H2, charge transfers occurred between Pt NPs and
graphene oxides when exposed to H2. Therefore, the

Figure 23. (a) Response traces of Pd/graphene composites when exposed to 2% H2. (b) Schematic illustration of the conduction path in the
Pd/graphene composites with the different coverage ratio of Pd to graphene. (c) Response traces of optimum Pd/graphene composites in
response to 0.025−2% of H2. (d) Schematic illustration of PMMA/Pd/graphene composites. (e) Responses of the Pd/graphene composites
to various analytes (0.025% H2, 0.05% NO2, 0.5% CO, and 10% CH4). (f) Responses of the PMMA/Pd/graphene composites to various
analytes and mixtures (0.025% H2 and 0.05% NO2). Reproduced with permission from ref 230. Copyright 2015 American Chemical Society.

Table 3. Recent Studies on Carbon-Based H2 Sensors Operated at RT in Air

material measurement reponse (H2 1%) response (t90) and recovery time (t10) (H2 1%) LODa ([H2]) refb

Pd/SWCNT conductance (ΔGg/Ga) n.r.c (50% to H2 400 ppm) n.r. 40 ppm 212
Pd/SWCNT resistance (ΔR/Ra) 130% 1.5 and 60 s 30 ppm 219
Pd/SWCNT resistance (ΔR/Ra) 130% 3 s and n.r. 100 ppm 220
Pd/SWCNT resistance (ΔR/Ra) 600% 2 and 58 min 100 ppm 221
Pd/CNT resistance (ΔR/Ra) 65% 4 s and n.r. 500 ppm 222
Pd/SWCNT resistance (ΔR/Ra) 55% 3 and 3 s 10 ppm 223
Pd-contact SWCNT (FET) conductance (ΔGg/Ga) n.r. (50% to H2 0.5%) n.r. n.r. 213
Pd-contact SWCNT (FET) current (ΔI/Ia) n.r. (20% to H2 0.1%) n.r. 0.02% 227
Pd/graphene resistance (ΔR/Ra) 11% n.r. 25 ppm 236
Pd/graphene resistance (ΔR/Ra) 50% n.r. n.r. 237
Pd/graphene resistance (ΔR/Ra) n.r. (22.5% to H2 0.1%) 1 min and n.r. 20 ppm 229
Pd/graphene resistance (ΔR/Ra) 48% ∼108 s and ∼331 s 250 ppm 230
Pt/graphene resistance (ΔR/Ra) n.r. (17% to H2 4%) n.r. n.r. 233
Pt/graphene resistance (ΔR/Ra) 18% n.r. n.r. 234
Au/graphene resistance (ΔR/Ra) n.r. (6.9% to H2 0.1%) n.r. 1 ppm 235
aLOD is the limit of detection of the sensors demonstrated by experimental measurements. bRef is the reference number. cn.r. indicates not
reported.
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composites exhibited H2 sensing properties (ΔRg/Ra = 16% to
H2 [4%]) at RT in air. However, since Pt NPs also promote
the absorption of other analytes, the selectivity of Pt/graphene
composite-based H2 sensors should be further improved. In
another case, Kim et al.235 synthesized three layers of graphene
functionalized with Au nanoclusters (NCs) for H2 sensors. The
Au NC/graphene composites showed 48.8-fold higher
response (5.46% at a bias voltage of 60 V) toward H2 gas
(500 ppm) than that (0.09%) of pristine graphene. Through
DFT calculations, it was revealed that the Au NCs in the Au
NC/graphene composite structure accommodate good ad-
sorption of H atoms, whereas pristine Au NCs or pristine
graphene do not bind with H atoms. Hence, the hetero-
structures of metal nanocatalyst/graphene surely displayed
interesting H2 sensing properties.
Challenges of Carbon-Based Materials. Carbon-based

nanomaterials, such as CNTs and graphene, have emerged as
efficient sensing materials due to their operation at low
temperatures. Even though they have no direct interaction
with H2, the decoration of catalysts enables the chemiresistive
H2 sensing behaviors of carbon-based materials. Table 3
presents the summary of the sensing properties of
representative carbon-based H2 sensors operated at RT in
air.212,213,219−223,227,229,230,233−237 In particular, their sensing
properties highly depend on catalytic Pd NPs, and they
exhibited efficient and fast H2 sensing properties. The
remaining challenges in carbon-based sensors are low
selectivity, slow response speed to low [H2], and poor
reproducibility. First, carbon-based materials have a high
reactivity to polar gas molecules, such as NO2, NH3, and H2O,
at low operating temperatures;26 therefore, the sensors should
have high H2 selectivity against such polar gas molecules.
Second, most of the carbon-based H2 sensors exhibited a very
slow sensing speed to low levels of H2 because the phase
transition of Pd to PdHx is sluggish at low [H2].

10 Last,

carbon-based materials often exhibit poor reproducibility,
however, for commercialization, the sensors should have high
reliability and reproducibility with high yield.

OTHER MATERIALS
TMD-Based Materials. Recently, 2D TMDs have attracted

much attention in various applications, due to their ultrahigh
surface-to-volume ratio, 2D van der Waals structures, and
tunable electrical properties.27,238 In the field of chemical
sensors, Li et al.239 demonstrated MoS2-based FET sensors for
NO detection at RT, which is one of the early studies on
TMD-based sensors. Since then, various TMD-based chemical
sensors, including MoS2,

240,241 MoSe2,
242 WS2,

243,244 and
SnS2,

245,246 have been developed for the detection of nitrogen
oxide (NOx), ammonia (NH3), and humidity (H2O).
However, because TMDs have a high reactivity to such gases
with high polarity,28 it is difficult to develop highly sensitive
and selective H2 sensors using pure 2D TMDs. Although some
pure TMD-based nanostructures were reported as efficient H2
sensors,247,248 the selectivity was not presented in the articles.
Therefore, it is imperative to combine catalysts for H2 sensing
with TMDs, in order to develop TMD-based H2 sensors with
high H2 selectivity against interfering gases.

Catalyst/TMD-Based Composites. One of the representa-
tive catalysts for TMD-based H2 sensors is Pd NPs that have
the phase transition from Pd to PdHx.

15 This phase transition
allows TMDs to have selective H2 sensing properties. The
basic sensing mechanisms for Pd/TMD composites are as
follows (Figure 24a).249 The deposition of Pd NPs on MoS2
generates heterojunctions at the interfaces,250 due to the
difference in work functions (5.7 eV for Pd NPs251 and 4.5 eV
for MoS2

252). Upon H2 exposure, the phase transition of Pd to
PdHx increases the Fermi levels of Pd NPs,253 thereby
changing the electronic band structure of Pd/MoS2. Therefore,
the reactions of Pd with H2 are translated into chemiresistive

Figure 24. (a) Schematic illustrations for the sensing mechanisms of Pd/MoS2 composites. Reprinted with permission from ref 249.
Copyright 2017 Elsevier. (b) Schematic illustration of the structure of Pd NP/MoS2 composites. (c) Response traces of Pd NP/MoS2
composites and pristine MoS2 nanosheets in response to H2 5%. (d) Responses and recovery times of Pd NP/MoS2 composites in the range
of 500−50,000 ppm of H2. (e) Selectivity of Pd NP/MoS2 composite to various analytes. Sensor response was defined as R0/Rg. Reprinted
with permission from ref 254. Copyright 2015 Wiley-VCH.
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sensing behaviors of MoS2-based sensors. For instance, Kuru et
al.254 developed Pd/MoS2 composites for H2 sensors. They
prepared Pd NP-loaded MoS2 nanosheets (Pd NP/MoS2) by
the mixing of PdCl2 and exfoliated MoS2 and subsequent
annealing at 400 °C in forming gas atmospheres (Figure 24b).
The pristine MoS2 nanosheets did not exhibit any response,
however, Pd NP/MoS2 composites showed huge resistance
changes upon exposure to H2 (R0/Rg = 4.5 to H2 5%) (Figure
24c). The Pd NP/MoS2 composites were able to detect a wide
range of H2 from 500 ppm to 5% (Figure 24d). In addition, the
Pd NP/MoS2 composites showed a high H2 selectivity against
NH3, acetone (CH3COCH3), and ethanol (C2H5OH) (Figure
24e), although the concentration of NH3 (50 ppm) was
different to other gas molecules (5%). This study demon-
strated the feasibility of Pd/MoS2 composites for H2 sensors
and stimulated the development of various Pd/TMD
composites for H2 sensors, such as Pd/MoS2,

249,255 Pd/
WS2

256, and Pd/SnO2/MoS2
257. These Pd/TMD composites

showed interesting and efficient H2 sensing properties.

In addition to Pd NPs, Pt NPs were incorporated in 2D
TMDs for the development of H2 sensors. Gottam et al.258

reported Pt NP-deposited MoS2 nanosheets using simple
chemical reduction processes, as reported elsewhere.259 The Pt
NP/MoS2 composites exhibited efficient H2 sensing properties
(Ra/Rg = 10 to H2 100 ppm) at an elevated operating
temperature (150 °C) (Figure 25a). The sensing range of the
sensors was H2 10−500 ppm with fast responses (t80 = 4 s to
H2 100 ppm) and recovery speed (t80 = 19 s), and the sensors
displayed high H2 selectivity against NH3, NO2, and CO
(Figure 25b). They assumed that these sensing properties were
attributed to the catalytic water formation reactions on Pt NPs.
Because Pt NPs have the ability to dissociate oxygen
molecules,142 adsorbed oxygen species were generated on the
surface Pt NPs (step 1 in Figure 25c). Then, when exposed to
H2, adsorbed oxygen species on Pt NPs were removed by
catalytic water (H2O) formation reactions (eq 8),64,65 which
can lead to the resistance changes in TMD-based sensors (step
2 in Figure 25c).

Figure 25. (a) Response (Ra/Rg) traces of Pt/MoS2 composites in response to 10−500 ppm of H2 at 150 °C. (b) Responses of the Pt/MoS2
composites to 10 ppm of various analytes (H2, NH3, NO2, and CO). (c) Schematic illustration of the sensing mechanisms of the Pt/MoS2
composites. Reprinted with permission from ref 258. Copyright 2020 Elsevier.
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Challenges of TMD-Based H2 Sensors. Table 4 summarizes
the sensing performances of TMD-based H2 sensors operated
at RT in air.247,249,255−257,260−262 Their sensing properties are
inferior to other sensing materials, such as Pd and metal oxides.
However, since TMDs have various fascinating features as
chemical sensors, such as high surface area, 2D structure,
tunable electrical properties, and operation at RT,27,238 we
expect that the TMD-based H2 sensors can grow rapidly in the
future. The issues with TMD-based H2 sensors are as follows.
First, the sensing properties of TMD-based sensors should be

further improved. In particular, excellent H2 selectivity should
be achieved because TMDs are known to have a high reactivity
to NOx, NH3, and humidity at RT.28 Second, TMD-based
sensors are degraded during long-term operation in air,
because the surface of TMDs can be severely affected by O2

and humidity in air. For instance, TMDs can be partially
oxidized in air,263 degrading response and sensing speed.
Third, 2D van der Waals structures of TMDs have large surface
areas and high surface to volume ratios, but they can be easily
agglomerated during device fabrication. To fully utilize the

Table 4. Recent Studies on 2D TMD-Based H2 Sensors Operated at RT in Air

material measurement reponse (H2 1%) response (t90) and recovery time (t10) (H2 1%) LODa ([H2]) refb

Pd/MoS2 resistance (ΔR/Ra) 35% 786 and 902 s 50 ppm 249
Pd/WS2/Si current (Ig/Ia) 9 170 and 34 s 0.1% 256
Pd/SnO2/MoS2 current (ΔIg/Ia) n.r. (18% to H2 0.5%) n.r. 30 ppm 257
GaN/MoS2 resistance (ΔR/Ra) 16% n.r. 0.1% 260
3D MoS2 current (ΔR/Ra) 1% 14 and 137 s n.r.c 247
Pd/MoS2/SiO2 current (Ia/ΔI) 1000% 30 and 29 s 0.5% 255
sericin/MoS2 resistance (ΔR/Ra) n.r. (36.5% to H2 0.01%) n.r. (10 and 6 s to H2 0.01%) 10 ppm 261
Pt/MoS2 resistance (ΔR/Ra) 8.7% 8.1 and 16 s 500 ppm 262

aLOD is the limit of detection of the sensors demonstrated by experimental measurements. bRef is the reference number. cn.r. indicates not
reported.

Figure 26. (a) Schematic illustration of stimuli-responsive nanomembrane microrolls that are responding to H2. Scale bar, 25 nm. (b)
Optical images of the nanomembrane microrolls without and with H2. Scale bars, 100 mm for left images and 2 mm for right. (c) The
calculated internal strain of Pd crystals upon H exposures. (d) The rolling of the nanomembrane microrolls in response to H2 exposures.
Insets are the optical images at the point. Scale bar, 25 mm. Reprinted with permission under a Creative Commons CC-BY license from ref
275. Copyright 2018 the American Association for the Advancement of Science.
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advantages of TMDs, it is necessary to develop rational
structures for TMD-based H2 sensors.
MXenes. MXenes, which are a family of 2D transition-

metal carbides and nitrides, gain enormous attention owing to
their fascinating potentials in vaious applications.264−266

MXenes as gas sensors offer an ultrahigh signal-to-noise
ratio, which can lead to low detection limits.267 Due to these
intriguing propreties, MXenes were demonstrated as promising
gas sensing materials for NH3

268−271 and toluene.272 However,
there are only a few studies on MXene-based H2 sensors.
Recently, as one of the early studies, Lee et al.273 have
employed 2D vanadium carbide MXene (V2CTx) as a H2
sensing layer. Single- or few-layer of V2CTx on a polyimide film
exhibited ultralow detection limits (2 ppm) of H2 at RT in air.
In addition, Zhu et al.274 synthesized a paper film based on 2D
titanium carbide MXene (Ti3C2Tx) functionalized with Pd
colloidal nanoclusters. The paper film exhibited a high
response (23.0 ± 4.0%) to 4% [H2] with a response time of
32 ± 7 s. These results demonstrated that MXenes can be
considered as chemiresistors for H2 sensing, and further
optimization of MXenes can improve H2 sensing abilities in the
future.
Recent Key Advances in Other Types of H2 Sensors.

As mentioned in the Introduction, there are various types of
H2 sensors, such as chemiresistive, plasmonic, colorimetric,
electrochemical, and mechanical sensors.8 This review focuses
on recent advances in chemiresistive H2 sensors, but also there
were significant advances in other types of H2 sensors. In this
section, we briefly introduce recent representative studies on
other types of H2 sensors.

Recently, Xu et al.275 developed macroscopic visual H2
sensors by using stimuli-responsive microrolls. Inspired by
the fact that the phase transition of Pd from α-PdHx to β-PdHx
induces volume expansion as well as internal lattice stress,15

they hypothesized that this lattice stress leads to the structural
changes in Pd-based composites. In brief, the bilayer structures
of Pd (from 20 to 50 nm) and Cr (5 nm)/Ti (5 nm) were
prepared by UV lithography and electron-beam evaporator,
and the subsequent rolling of the bilayers generated by
nanomembrane microrolls (Figure 26a). Interestingly, micro-
roll arrays were unrolled when exposed to H2 and were rolled
up in the absence of H2 (Figure 26b), thereby enabling the
visual detection of H2 using the naked eye. To elucidate the
physical phenomena in this system, they calculated the internal
strain in the Pd lattice by using elastic models.276−278 The
calculations revealed that there was a critical point to convert
the compressive stress to tensile stress in the Pd crystals upon
H2 exposures (Figure 26c). In particular, the phase transition
of Pd to β-PdHx induces the tensile stress in Pd crystals, while
the phase transition of β-PdHx to Pd induces the compressive
stress. Therefore, the microroll arrays were physically
responsive to H2 (Figure 26d). Although the sensing range
of microroll arrays was limited to over H2 1% due to their
mechanisms relying on the formation of β-PdHx, this system
provided a simple method to detect H2 using the naked eye.
In addition, there have been significant advances in

plasmonic H2 sensors. Nugroho et al.
279 demonstrated ultrafast

plasmonic H2 sensing by using PdAu/polymer composites. In
particular, they achieved the response times of <1 s to the wide
range of H2 pressures. In detail, they fabricated the patterns of

Figure 27. (a) Schematic illustration of Pd70Au30/PTFE/PMMA composites for plasmonic H2 sensors. (b) SEM image (top left) and
transmission Kikuchi diffraction micrograph (top right) of the Pd70Au30 NP array, and energy-dispersive X-ray elemental mapping images of
a single Pd70Au30 NP (bottom). Scale bars, 200 nm. (c) Optical transmittance spectra of Pd70Au30 alloy NP array in vacuum (the straight
line) and at 1000 mbar H2 (the dashed line). (d) Response times of the composites versus H2 pressures. (e) Normalized shifts in plasmonic
peaks of the Pd70Au30/PTFE/PMMA composites when exposed to H2 4% in air with and without other gases (CO2 3%, CO 0.1%, and NO2
0.01%). (f) Absorption kinetics of Pd/PTFE composites and Pd/PTFE/PMMA composites to 40 mbar H2 at different aging states.
Reprinted with permission from ref 279. Copyright 2019 Springer Nature Group.
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PdAu alloy NPs with a size of 150 nm and then deposited a
polytetrafluoroethylene (PTFE) and PMMA membrane on the
PdAu NP patterns (Figure 27a,b). The pristine Pd NPs can
change the height and position of plasmonic peaks in optical
transmittance spectra in response to H2, due to their phase
transition from Pd to PdHx upon H2 exposures. However, they
exhibited a large hysteresis in the optical signals, which hinders
the reliable detection of H2. On the other hand, alloying Pd
with Au (Pd70Au30) reduced the hysteresis in optical
transmittance spectra upon H2 exposures (Figure 27c),280,281

enabling plasmonic H2 sensing by calculating plasmonic peak
shifts. In addition, the PTFE membrane can accelerate the
adsorption kinetics of H2 on Pd,282 and the PMMA membrane
can improve high H2 selectivity against other gas molecules by
the molecular sieving effect.230,232 Therefore, the deposition of
PTFE and PMMA on Pd70Au30 NPs improved not only the
kinetics of H2 reactions but also the stability of the sensing
systems. For these reasons, the Pd70Au30/PTFE/PMMA
composites exhibited an ultrafast sensing speed (<1 s) in the
range of 1−100 mbar H2 (Figure 27d). In addition, the H2
sensing properties to H2 4% were not degraded even in the
presence of interfering gas molecules (CO2 3%, CO 0.1%, and
NO2 0.01% in air) (Figure 27e). They also revealed that the
deposition of the PMMA layer effectively improved the long-
term stability of the sensors over 4 months (Figure 27f).
Although the response speed of the plasmonic sensors in
ambient air was longer than 1 s, this study achieved ultrafast
sensing speed (<1 s in H2 pressures) that meets the criteria for
H2 sensing speed.

CONCLUSIONS AND OUTLOOK

Since the first H2 sensing experiments involving Pd nanowires
were conducted in 2000, nanoscaled materials, including
nanowires, nanotubes, nanoparticles, and 2D nanomaterials,
have played a prominent roll in the development of state-of-
the-art H2 sensors. In this review, we presented recent
advances in chemiresistive H2 sensors. Coupled with the
huge growth of the H2 economy, the field of chemiresistive H2
sensorsthat translate H2 reactions on sensing materials into
electrical signalshas rapidly grown. The H2 chemiresistors
can be classified into several materials: metal (Pd and Pt),
metal oxides (pure metal oxides, catalyst/metal oxides, and
metal-oxide-based composites), carbons (CNTs and graphe-
nes), and 2D TMDs (MoS2). In each material, various
interesting synthetic methods have been developed to improve
H2 sensing properties. They include the design of nanostruc-
tures, the fusion with other elements or materials, the addition
of active materials, and the use of catalysts. We did our best to
highlight some of the recent representative studies in
chemiresistive H2 sensors and to discuss their underlying
mechanisms and the correlation of structure, composition, and
key parameters.
Table 5 summarizes the typical examples, sensing mecha-

nisms, advantages, and disadvantages of each material. In brief,
(1) Pd is a typical metallic chemiresistor for H2 detection and
is operated by the phase transition of Pd to PdHx. Because Pd-
based sensors are able to detect H2 at RT with high selectivity,
they are considered as the current state-of-the-art H2 sensors.
However, they displayed poor sensing properties, such as

Table 5. Representative Materials for Chemiresistive H2 Sensors and the Comparison of Their Characteristics

material typical example sensing mechanisms advantages disadvantages

metal-based
materials

Pd •phase transition of Pd to PdHx(Pd + 1/2H2 → PdHx) •operation at RT •poor sensing properties to low
[H2]

•high selectivity •poor stability during long-term
operation for high [H2]

•decreased resistances by the volume expansion of β-PdHx •fast sensing speed to high
[H2]

•relatively high cost than other
materials

•high thermal/chemical
stability

SMO-based
materials

SnO2 and ZnO •reaction of H2 with chemisorbed oxygen species (H2 + O−

→ H2O + e−)
•meso- or macroporous
structure

•operation at high temperature

•high response •high-power consumption
•metallization of metal oxides (ZnO + H2 → Zn + H2O) •low detection limit •poor selectivity

•high thermal/chemical
stability

•vulnerability to humidity

carbon-based
materials

Pd/CNTs •charge transfers from Pd to CNT by the phase transition of
Pd to PdHx

•operation at RT •limited strategies for the
fabricaiton of H2 sensors

•high surface area •slow sensing speed to low [H2]
•modulation of Schottky barriers between CNT and Pd
electrode by the phase transition of Pd to PdHx

•relatively low cost for the
sensor fabrication

•poor selectivity

•low reproducibility
•vulnerability to humidity

TMD-based
materials

Pd/MoS2 •charge transfers from Pd to MoS2 by the phase transition of
Pd to PdHx

•operation at RT •limited strategies for the
fabricaiton of H2 sensors

•high surface area •poor response
•relatively low cost for the
sensor fabrication

•slow sensing speed

•poor selectivity
•low reproducibility
•vulnerability to humidity and
oxygen
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responses and response/recovery times, to low levels of H2

(below H2 0.1%). In addition, the cost of noble-metal-based
sensors is more expensive than other materials, which can be a
drawback for commercialization. (2) In the case of metal-
oxide-based H2 sensors, they do not only have ultrahigh H2

response with good detection limits but also have high thermal
and chemical stability. However, most metal oxide-based
sensors are operated at high temperatures (over 200 °C) to
induce H2 reactions with chemisorbed oxygen species or metal
oxides. Therefore, they inherently have some disadvantages,
including high power consumption, low selectivity, and
vulnerability to humidity. (3) The carbon-based materials,
such as CNTs and graphenes, are one of the ideal materials for
chemiresistors due to their high surface areas, low-temperature
operation, low-cost, and high-efficiency, but pure carbon-based
materials have no appreciable reactivity to H2. Therefore, they
highly depend on the use of catalysts (i.e., Pd) in order to
translate the phase transition of Pd to PdHx into chemiresistive
H2 sensing behaviors of carbon-based materials. These Pd/
carbon composites have efficient sensing properties at RT, but
there remain some issues, such as poor sensing properties to
low [H2] concentration, low selectivity against polar gas
molecules (e.g., NO2, NH3, and H2O), and poor reproduci-
bility. (4) The 2D TMD-based materials are one of the
emerging materials in the field of chemical sensors due to their
high surface to volume ratio and 2D van der Waals structures.
However, for H2 sensing, they also rely on the decoration of
catalysts, and their sensing properties are inferior to other H2

sensing materials. In addition, they are vulnerable to oxygen in
air and have a high reactivity to polar gases, which are critical
issues in TMD-based H2 sensors.
Despite these successful innovations, there are unmet

challenges in all materials for chemiresistive H2 sensors. First,
response and recovery speed should be further accelerated to
below 1 s, particularly for [H2] ≥ 1%, which is the criteria for
H2 sensors for safety. To the best of our knowledge, such
ultrafast sensing speed has not yet achieved in the field of
chemiresistive H2 sensors. Second, sensing properties to low
levels of H2 should be further improved to detect H2 leakages
in the early stages. However, while many H2 sensors are able to
detect H2 at ppm levels, sensing speed and selectivity are
degraded for [H2] < 0.1% in most cases. Third, the H2

selectivity of sensors in various gas mixtures should be
demonstrated because there are many interfering gas species
in air, and these gas molecules can disturb the surface reaction
of H2 and sensing materials. Fourth, to realize the operation of
H2 sensors in ambient conditions, the reliability of H2 sensors
should be proven in various humidity levels (5−98%) and
temperatures (−30 to 80 °C). Finally, H2 sensors should stably
operate with high reliability and without significant signal drift
over 6 months because the long-term stability is one of the
important parameters for commercialization. Since chemir-
esistive H2 sensors have various fascinating features and there
remain undeveloped or unexplored areas, we strongly believe
that the field of chemiresistive H2 sensors will further grow in
the future and overcome the critical challenges of current H2

sensors. We hope that this review inspires various scientific
communities and industrial fields, and guides the way for the
practical applications of chemiresistive H2 sensors.
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VOCABULARY
Chemiresistors, sensors are able to detect chemicals by the
transduction of chemical reactions into electrical signals;
responses, sensor signals in response to analytes, which is
usually defined as a relative ratio of resistance (or
conductance) changes to baseline resistances (or conduc-
tance); response and recovery times, parameters for speed of
sensors, which are generally defined as the time taken for from
baseline to 90% of the maximum responses (t90) and from
maximum responses to 10% of maximum responses (t10),
respectively; selectivity, ability to screen target analytes against
other interfering molecules; limit of detection, the lowest
concentrations at which sensors are able to detect
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