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Abstract: Graphene is a material gaining attention as a candidate for new application fields such as
chemical sensing. In this review, we discuss recent advancements in the field of hydrogen gas
sensors based on graphene. Accordingly, the main part of the paper focuses on hydrogen gas
sensors and examines the influence of different manufacturing scenarios on the applicability of
graphene and its derivatives as key components of sensing layers. An overview of pristine graphene
customization methods is presented such as heteroatom doping, insertion of metal/metal oxide
nanosized domains, as well as creation of graphene-polymer blends. Volumetric structuring of
graphene sheets (single layered and stacked forms) is also considered as an important modifier of
its effective use. Finally, a discussion of the possible advantages and weaknesses of graphene as
sensing material for hydrogen detection is provided.

Keywords: gas sensor; hydrogen sensor; graphene; graphene oxide; reduced graphene oxide;
functionalized graphene; semiconductor; metal oxide; metal; polymer

1. Introduction

Contemporary life and technology are overwhelmed by the trend of automation that is based on
informative data acquisition and processing to trigger appropriate decisions and corresponding
actions. There is a variety of chemical and biological species which must be monitored with concern
for safety, health, environmental concerns, and specific technical issues. The scope of species to be
detected ranks from DNA to atmospheric pollutants like NOx [1]. International Union of Pure and
Applied Chemistry (IUPAC) denoted a sensing material as a key element of chemical and biological
sensors [2]. In the classic understanding of the term, a biological sensor (biosensor) is a bio-originated
material/substance which plays the role of a sensing material. A chemical sensor, on the other hand,
does not rely on bio-originated sensing materials. It is impossible to review all sensing systems, i.e.,
substance to be detected—sensing material-sensing principle, in a short paper. Such efforts would
require a multivolume encyclopedia. Thus, a single review article in the area of sensing must and can
only be focused on a specific target, one that is well justified by its applicability to real life. The second
motivation should be the novelty of the sensing system’s basic elements, which might uncover new
technical features and application possibilities. The major aim of the current paper is to present the
latest trends and achievements in the sensing system defined by hydrogen as the chemical substance
to be detected and graphene-based materials as the sensing materials.

Hydrogen is often called the energetic medium of the future. The following sentences, spoken
at the World Economy Forum, perfectly summarize the merit of hydrogen perspectives: “Hydrogen
is a rising star. Versatile and environmentally friendly, hydrogen produces no CO:2 when combusted,
only water and heat. It can be used to decarbonise electricity, heating, transport, and industry. A
clean energy vector, hydrogen is easily transported, stored, and blended with current fuels” [3,4].
Aside from these breakthrough horizons, however, there is another side to hydrogen stemming from
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its chemical nature. Hydrogen is a dangerous gas and easily escapes through leakages and even
penetrates some solids. When mixed with air, it creates an explosive mixture characterized by a high
explosion energy in a broad range of proportions: the Lower Explosive Level (LEL) equals 4% vol.
and the Upper Explosive Level (UEP) equals 75% vol. Hydrogen is odorless, tasteless, and tintless
and therefore hydrogen is “invisible” to human and animal senses and implementing artificial
sensing devices/sensors is indispensable. It is certain that the scale of hydrogen use will increase and
scatter along with the growth of a global hydrogen economy. Beside the known industrial consumers
of hydrogen and known processes (among others, ammonia synthesis, petroleum product
conversion, methanol synthesis, reductive metallurgy, etc.), a new sector of individual hydrogen
users will appear soon and grow rapidly [5]. This applies first to hydrogen-powered vehicles and
hydrogen storage/tanking stations. All these technical facilities will need to be equipped with
hydrogen sensors to avoid its uncontrolled release and expected consequent explosions. In this sense,
hydrogen may be seen as more difficult to handle than other potentially explosive gases, like
Liquefied Petroleum Gas (LPG) and Compressed Natural Gas (CNG).

Carbon is an exceptional element offering a broad range of unique properties depending on its
structure and chemical composition. The list of carbon-based material applications ranges from
construction materials (carbon fiber composites), through electric conductors (graphite), up to
precious jewelry items (diamond) [6,7]. It is impossible to find any other element which could offer a
similarly wide range of structures, compositions, properties, and applications. It is no wonder that
carbon, in its diversified forms, attracted the interest of the chemical sensing scientist society quite
quickly. First research announcements are dated to the beginning of the 1980s. To the best of our
knowledge, the papers by Lukaszewicz were the first summaries to describe the application of
semiconductor carbon films specifically as resistive humidity sensors [8,9]. Since the early years of
the twenty-first century, the number of papers describing the applicability of carbon-based materials
has been continuously increasing. The presented approaches cover nearly all known forms of carbon.

The variety of physico-chemical properties of carbon-based materials, including graphene, is a
key feature that makes these materials more attractive for sensing than others, like semiconducting
transition metal oxides. The fundamental property of a sensing material is the capability to interact
with the species to be detected and alter in this way the original properties of the sensing material.
The most obvious and common interaction is the adsorption of analyte atoms/molecules onto the
surface of the sensing material. Thus, any processing of graphene, and other carbon-based materials
as well, which aims to increase its adsorption ability is of high interest. Generally, two main
processing categories should always be considered: the creation of heterogenous adsorption centers
and/or tailoring the material’s structural parameters, e.g., the specific surface area and pore structure
(including pore size distribution).

1.1. Surface Functionalization of Graphene and Other Carbon Materials by Creation
of Surface Heterogenous Centers

Carbon materials, including graphene, with the partial exception of diamond, are susceptible to
heteroatom insertion due to chemical reactions in its gas and liquid phase. The most common, which
in fact may proceed spontaneously in air for certain types of carbons, is oxidation consisting of
creating of so-called oxygen surface functional groups: hydroxyl, carbonyl, lactone, and carboxyl.
Surface oxidation can be accelerated (or exclusively triggered in the case of graphene) by means of
strong oxidants such as gaseous oxygen at an elevated temperature, air, H202, KMnOs, and HNOs
(chemical oxidation) [10]. The intensity of spontaneous and strong-oxidant-forced oxidation depends,
among others, on the type of carbon material subjected to the process. Carbon black, pyrolytic chars,
and activated carbon are susceptible to spontaneous oxidation even while chemical oxidation leads
to intensive oxygen insertion. Conversely, so-called nano-carbons, like carbon nanotubes and
graphene, are hardly oxidable by atmospheric oxygen at room temperature and severe chemical
oxidation conditions must be implemented to ensure effective oxidation. Similar rules are applicable
to graphite, which can be treated pieces of multilayered graphene. Surface oxygen functional groups
make such modified surfaces more hydrophilic and generally, once oxidized, the surface is more
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capable of attracting polar species. Intensive oxidation may have a positive impact on the structural
parameters, too. Oxidation may create voids, i.e., pores, in the carbon matrix. Other elements, e.g.,
nitrogen, are able to insert themselves into the carbon surface analogously to oxygen, though
spontaneous nitrogen insertion in contact with air is not possible. Similarly to oxygen functional
groups, the nature of nitrogen surface species has been investigated intensively and is well known
[11]. Nitrogen insertion into carbon matrixes (especially activated carbons, graphite, and graphene)
has been under review recently due to its theoretical and practical applicability as electrode material
in electrochemical energy generators and storage devices. Insertion of other elements is rarely
reported, as is their applicability.

In the case of oxygen and nitrogen surface species, these elements are chemically bonded to the
carbon matrix and even to six-membered condensed rings (graphene-looking structures) [12]. This
ability is often limited in the case of metals and their derivatives, particularly oxides, when they are
deposited onto carbon surfaces. Transition metals/metal oxides are of special interest in chemical
sensing due to their expected and confirmed adsorption affinity to many detectable reducible species,
like hydrogen, carbon monoxide, nitrous oxide, nitric oxide, and ammonia. Additionally, metal/metal
oxide domains, even when deposited on carbon surfaces, preserve the ability of catalytical conversion
of the detected species, which usually triggers side effects such as the release of heat, capture/release
of electric current carriers, shift of the Fermi Level in the surface region, and/or production of
secondary chemical substances during a catalytic process. These side effects could be of additional
merit in the entire sensing mechanism. It must be stated that the carbon matrix, like graphene sheets
and with the exception of diamond, has evident reductive properties which become clearly visible in
contact with transition metal ions in a water solution. Some of these cations are reduced to a metallic
form spontaneously, forming nano-sized metal domains on the carbon surface [13]. This especially
applies to easily reducible metals like gold, silver, and copper. For example, simply dipping certain
carbon materials (including graphite) in a water solution of silver ions results in the creation of
metallic silver nano-domains upon contact with the carbon surface and its reductive influence. In the
case of other transition metal cations, like iron, manganese, zinc, etc., the spontaneous reduction to
metallic clusters in a water solution does not occur. Every carbon-based material that has been
impregnated this way is then dried and elaborated at an elevated temperature in an inert atmosphere
(protection of carbon matrix against burning); this results in the conversion of metal ions into metal
oxide nano-domains/clusters [14,15]. These clusters may exhibit catalytic activity towards the species
under detection. As mentioned previously, the catalysis is often a source of secondary effects which
can be exploited in the basic sensing process.

1.2. Carbon Surface Functionalization by Tailoring Structural Parameters

Adsorption of chemical species to be detected onto the surface of sensing materials proceeds
owing to strong specific (chemical adsorption) interactions and weak, non-specific (physical
adsorption) ones. Commonly, physical adsorption is considered to also be the first, unavoidable step
in chemical adsorption. Thus, physical adsorption on solids is a spontaneous process that always
occurs at the gas-solid interface, i.e., in the system: detected substance-sensing material. Adsorption
potential in pores is always higher than on a flat surface, even when the chemical nature of the
adsorbing material is the same. The curvature of the surface in pores leads the forces of neighboring
walls to overlap, provided the pores are narrow enough (micro- and meso-pores, classed according
to IUPAC classification). Improved pore structure is the main consideration when evaluating the
surface area of any material. A larger surface area enables the higher physical adsorption of the
species that is to be detected, not just for geometric reasons, but also due to the increased number of
surface functional groups/clusters that usually exist on a solid’s enhanced surface. Therefore, any
carbon material processing that leads to the improvement of carbon matrixes” pore structure may be
of interest in relation to its sensing application.

Recently, several studies were performed on the 3D structuring of graphene flakes into
volumetric porous structures built of graphene sheets of different agglomeration degrees. When
occurring in the form of nanosized flakes, in most cases graphene undergoes spontaneous self-
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stacking due to dispersive attraction forces often called mt-rt stacking [16]. The existence of these forces
results in the formation of graphene agglomerates. Thus, beside single layered graphene (SLG), other
agglomerates also exist, such as few layered graphene (FLG) and multilayered graphene (MLG)
[17,18]. Graphite may be considered a terminal state of the self-stacking process. The stacking process
is an effective one, seeing as secondary splitting of graphene agglomerates requires complex
methods, like mechanical adhesive type exfoliation, liquid phase organic solvent exfoliation assisted
by sonication and/or microwaves, electroexfoliation, oxidation to graphene oxide followed by
chemical bonding of the flakes, etc. [19]. Nevertheless, exfoliated graphene flakes may efficiently
bond with a porous solid applicable to chemical/hydrogen sensing.

2. Hydrogen Gas Sensors

The analysis of Web of Science data prove that a continuous growth in hydrogen sensor SCI
publications in the last 10 years, reaching ~640 in 2019 (Figure 1). This report strongly indicates that
investigating of hydrogen sensors is one of major trends in the field of gas sensors.
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Figure 1. The increasing number of papers in the field of hydrogen gas sensors from 2001 to 2020
(internet search on the Web of Science, 15 March 2020). Keywords for search: hydrogen gas sensor.

2.1. Semiconductor Metal Oxides as Receptor Materials for Hydrogen Sensing

The investigation of different hydrogen receptor materials is motivated by the importance of
sensing this gas in particular. The first historical semiconductor sensor for reductive gases was the
Taguchi SnO: sensor invented in 1968 and later patented [20]. Taguchi employed a nano-structured
and defected SnOy, in fact a n-type semiconductor. Originally, the sensor was designed to detect
liquid petroleum gas (LPG) and solve a serious problem of LPG explosions in Japan. The sensing
mechanism involves the catalytic oxidation of reductive species, like LPG, but other reductive gases,
such as hydrogen, may interact with the sensing material in the same manner. The exclusive presence
of oxygen combined with the lack of reductive gaseous species (LPG, hydrogen etc.), oxygen
molecules get adsorbed onto the SnO: surface, which causes an intensive depletion of electrons on
this surface [21]. Thus, the boundary potential barriers in the polycrystalline SnO: increase
dramatically, restricting electric current conduction through the receptor layer. When gaseous
reductive species encounter a SnO: surface depleted this way, electrons bonded to the chemisorbed
Oz molecules get released, which triggers a spectacular increase of electric conductivity of the sensing
material. This sensing idea spread quickly in the field of LPG sensing, and for hydrogen as well [22].
Over the past decades, the general principle of n-type SnO2 semiconductor sensors for hydrogen and
other gases was broadened to other metal oxides, like SnO, ZnO, V203, Fe203, Mn20s, C0304,C1205,
TiO2, WOs3, NiO, In20s,, CuO, SrO, Nb20s, GeO2, MoOs, La203,Ta20s5, Nd20s3,CeOz, and this research
direction is very active to this day [23-31]. The relatively high operating temperature of even up to
300400 °C was a key negative feature of early SnOz-based hydrogen sensors. This problem was
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solved by the addition of metal nanoparticles to SnO: and other semiconductor oxides [32-36].
Typically, Au, Ag, Pt, Pd, and Sb were used for semiconductor metal oxide doping. This methodology
managed the operational temperature problem and allowed tailoring the detection level and
selectivity of the sensing material. Even today the semiconductor metal oxide sensing principle is
widely exploited in commercial hydrogen (and other reductive gases) detecting devices, for example
that produced by Figaro Inc. co-founded by N. Taguchi, the inventor of the SnO: gas sensor [37].

2.2. Other Sensing Materials Applicable to Hydrogen Sensing

The heart of a hydrogen sensor described above is the nanostructured (nanograins, nanowires,
nanofilms, etc.) sensing semiconductor metal oxide interacting with a reductive gas under detection
(including hydrogen). Thus, researches have concluded quite early that the semiconductor metal
oxides may be replaced by other semiconductors of inorganic or organic character. This research
trend primarily includes inorganic metal sulfides like MoSz, CdS, TiSz, and SnS:[38—40]. Similarly, in
metal sulfides used as the basic sensing material, the addition of metal nanoparticles lead to enhanced
operational parameters, such as operating temperature, sensitivity range, durability, and selectivity.
Thus, the examination of metal sulfides mirrors, in a way, the original experiment with
semiconductor metal oxides.

Metal oxides and sulfides are not the only materials exhibiting adsorption properties towards
various gases in parallel with semiconductor properties. This means that other classes of
semiconductor materials were and are of interest for hydrogen sensing. Semiconductor polymers and
nanocarbons can be thought of as two materials engineering emerging research fields. Quite
naturally, researchers’ attention has recently come to focus on these polymers and carbons. The
geometrical form of these sensing materials is broad and the structures that can be fabricated and
investigated include carbon/polymer wires, dots, films, tubes, sheets, powders, etc.

Polyaniline and polypyrolle are commonly modified by the insertion of metal nanoparticles [41-
45]. In general, the same concept of creating sensing materials is largely repeated, ie., a
semiconductor background decorated with metal domains is explored the most in papers on
hydrogen sensing by means of conductive polymers.

The same idea of how hydrogen sensing material can be made spread onto nanostructured
carbon-like carbon nanotubes and dots after their discovery. The applicability of carbon nanotubes
for chemical sensing of reductive species, including hydrogen detection, has been reported on as well
[46]. A more general review of the applicability of carbon forms/materials (porous carbons, carbon
nanotubes, graphene) for gas sensing was presented recently [47]; however, no emphasis was placed
on hydrogen detection in particular. An overview of the problem of hydrogen sensing has not long
ago been reported by Chauhan and Bhattacharya [48]. However, even with this much research and
review, there is still a need to summarize the applicability of graphene and its derivatives for
hydrogen sensing, paying special attention to the semiconductor principle of operation; this is the
main target of this work [49-57]. Graphene and its derivatives present diversified useful properties,
such as susceptibility to the insertion of surface functional groups and metal clusters, steerable
electric properties and morphology. All these facts make graphene and its derivatives attractive
candidates for hydrogen sensing based on the chemoresistor principle.

2.3. Graphene-Based Materials for Hydrogen Sensors

Graphene is a material which theoretically should behave similarly to CNTs. In general, the
advantage of graphene over CNT is the lower price of graphene, but its derivatives may also be
produced more inexpensively than other graphitic carbon materials, e.g., carbon nanotubes. Hence,
the current decade has seen graphene attract the close attention of gas sensor researchers. Better
chemical affinity and selectivity of graphene over other carbon materials can be achieved by the
functionalization of graphene or reduced graphene oxide [57,58]. Another advantage of sensors based
on graphene, in contrast with other solid-state gas sensors, is operation temperature. In certain design
conditions a graphene sensor may be room temperature operable. Thus, a low energy consumption
may attribute to such hydrogen sensors [59-62]. Furthermore, the graphene films owe to their
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flexibility let to construct hydrogen sensing devices subjected to intensive bending forces [60]. The
nanocomposites that contain graphene and noble metals improve hydrogen gas sensing properties.
These properties include higher and faster response, cross sensitivity, quick recovery, long term
stability, and repeatability of the sensor [63,64]. Graphene has a minute concentration of unsaturated
valences which would provide the chemisorption of hydrogen molecules on its surface.
Consequently, many researchers use doping or surface modification to resolve this problem,
especially using catalytic noble metal ions [65,66]. The use of graphene in gas sensors requires
different modifications with metal, polymers, or other appropriate modifiers of other kind. The next
three sub-sections contain descriptions of the possible functionalization of graphene to improve its
properties to detect hydrogen.

2.3.1. Graphene-Polymer Modified

Some studies prove that the multicomponent composites like metal-carbon-polymer materials
are might be useful for the detection of Hz. The functional groups bonded to graphene planes interact
intensively with polymer domains of high polarity. These interactions are helpful to make such durable
composites. Additionally, a synergic effect regarding sensing properties is expected resulting from
complementarity of the electric and chemical properties of the components. The addition of metallic
nanoparticles is a typical sensitization measure that upgrades Hz gas adsorption due to catalytic
dissociation of H2 molecules. Such created H atoms easily diffuse into the interstitial sites of some metals.

One of the proposed modifications of graphene is functionalizing with polymers. Conducting
polymers and their nano-derivatives are a good candidate for the role of sensing layers and have been
under investigation because of their excellent reliability. Such materials are valuable due to high
sensitivities and cost effectiveness. The porous poly (3,4-ethylenedioxythiophene) (PEDOT)
nanostructure has been durably deposited on the surface of reduced graphene oxide (RGO) layers by
means of a fast thermal processing during the in-situ polymerization of a 3,4-ethylenedioxythiophene
(EDOT) monomer [67]. Zheng et al. describe graphene/(3,4-ethylenedioxythiophene)-
PEDOT:poly(styrenesulfonate)-PSS nanocomposite films for the construction of hydrogen sensors.
The key sensing parameters, i.e., sensitivity, response, and recovery time of the composite toward the
chemical signal of 100 parts per million (ppm) H2 were: 42% and ~30 s. Response time for
rGO/PEDOT:PSS and PEDOT:PSS was, respectively, five and seven times longer than for
GO/PEDOT:PSS [68].

A paper by Al.-Mashat et al. reports manufacturing of a graphene/polyaniline (PANI) composite
subsequently utilized as a hydrogen sensor. The noticed sensitivity was 16.57% toward the chemical
signal of 1% of Hz The sensitivity was considerably better than the sensitivities of analogous
hydrogen sensors but made separately of graphene sheets (0.83%) or PANI nanofibers (9.38%) [69].
Zou et al. describe in their work a composite of PANI and reduced graphene oxide doped with
palladium nanoparticles for the purpose of room temperature hydrogen-gas sensing [70]. Figure 2a
presents the sensing characteristic of a Pd-PANI-GO film to different concentrations of hydrogen.
The analyzed sensor was reacting fast and provided a noticeable response to high concentration of
hydrogen. The linear relationship was found for growing concentration of hydrogen in the range
from 0.01 to 2 vol% (Figure 2b). Figure 3a presents gas response for 1% of hydrogen using the rGO,
PANI, PANI-GO, and Pd-PANI-GO as sensors. Additionally, the cross sensitivity to CHsOH, CO,
and H:2S for PA-PANI-GO sensor was examined (Figure 3b). The sensor was insensitive to COz and
H:S, while it reacted to the presence 1 vol% CHsOH (electric conductivity increased by <8%). The
selective adsorption affinity of Pd nanodomains towards hydrogen was claimed to be the key
reasoning behind the selectivity improvement.
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Figure 2. (a) Gas-sensing response of the P-PANI-GO-based sensor to different concentrations of
hydrogen at room temperature; (b) The linear response for gas concentration in the range from 0.01
to 2 vol% [70].Copyright (2020), with permission from Elsevier.
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Figure 3. (a) Responses of the rGO, PANI, PANI-GO, and Pd-PANI-GO for hydrogen sensing (1%)
at room temperature; (b) Response of the Pd-PANI-GO-nanocomposite-based sensor to various gases
[70]. Copyright (2020), with permission from Elsevier.

Apart from the conducting polymer PANI, poly (methyl methacrylate) (PMMA) has also been
applied as separation medium restricting the access of undesired chemical species to a hydrogen
sensor. One such study is announced by Hong et al., who utilized PMMA as a selective membrane
protecting Pd-coated single-layer graphene against the contact with interfering molecules. In this
approach the single layered graphene was deposited by means of the chemical vapor deposition
(CVD) on a Cu substrate. After etching of the Cu background, graphene was Pd coated by a galvanic
transfer reaction using PdClz. The bi-layered material was finally spin coated with a thin membrane
of PMMA. The channels being present in the PMMA membrane coating allow Hz molecules to
penetrate through; this is because of Hz has a lower kinetic diameter compared to other interfering
molecules: CO, NO:, and CHas. In addition, these studies delivered reliable and reproducible sensing
properties upon the exposure to a broad range of H2 concentrations: from 0.025 to 2%. Some other
composites were examined to like the PMMA/palladium (Pd) nanoparticle (NP)/single-layer
graphene (SLG) hybrid. In this case, the hydrogen sensing performance was spectacularly better than
for the graphene-Pd NP hybrid sensors [71]. The sensing parameters of several hydrogen gas sensors

incorporating graphene, graphene derivatives, and various polymers are summarized and listed in
Table 1.
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Table 1. Comparison of the Hz sensors based on graphene and their composites with polymers.

Detection Operating Response Recovery

al Ref.
Sensor Materia Level/Range Temperature Time Time ¢
RGO-PEDOT:PSS 100 ppm RT ~30s ~25s [68]
GR-PANI 1 vol% RT ~25s - [69]
RGO-PANI 1 vol% RT 20s 50's [70]
P A/P i i
MMA/Pd 0.025-2 vol% RT 1.81 min 5.52 min (71]

NP/SLG

where: RGO —reduced graphene oxide; GF —graphene; PEDOT —poly(3,4-ethylenedioxythiophene);
PEDOT:PSS —graphene/(3,4-ethylenedioxythiophene):poly(styrenesulfonate); PANI—polyaniline;
ppm — parts per million; RT—room temperature.

2.3.2. Graphene-Metal Modified

Graphene is widely described as a base material in hydrogen sensors due to a possible
improvement of its surface area and susceptibility of its electronic properties to the changes caused
by adsorbing atoms and molecules including hydrogen. However, the pristine graphene
sensitiveness to hydrogen is limited. Hence, most of the heretofore reported hydrogen sensors
incorporating graphene and working on the resistor principle contain graphene sheets functionalized
mostly with Pd or Pt the form of fine particles and/or thin films. These metals are well-known to
adsorb selectively with Hz molecules and are capable to catalyze their split to H atoms [72-74].
Various graphene-nanoparticle hybrid systems, such as graphene modified with transition metals,
have been studied in different aspects of gas sensing with the aim to improve the properties of
hydrogen sensors. Chu et al. [73] and Shafiei et al. [75] investigated the catalytic effect of Pt
nanoparticles on the H: sensing properties of such modified layered graphene laid on a SiC. In
another paper, Pt/graphene sheets structures were manufactured by reducing spray deposited layer
of graphite oxide be means of hydrazine vapor. Current-voltage characteristics and kinetic responses
of towards 0.25, 0.5, and 1.0% hydrogen were examined at 100 °C. The sensors were set at a constant
reverse bias, as the sensing characteristics was more favorable for reverse bias instead of forward
bias. A voltage shift of 100 mV was recorded at a 1 mA reverse bias current [76]. In a similar study,
Chu et al. exploited epitaxial CVD deposition of graphene on SiC. The background was previously
coated with a Pt layer, playing the dopant role, which phenomenon increased the electric
conductance of graphene. Sensitivity test proved that exposure to H: diminished the electric
resistance of Pt/graphene system. The phenomenon was temperature dependent [77].

After dissociation, atomic hydrogen concentrates on the Pt surface. Then, the hydrogen atoms
migrate to the graphene/Pt interface. Hydrogen atoms get bonded covalently to graphene and such
a hydrogenated graphene exhibits an increased work function. When the distance between graphene
and Pt decreases, it can also lift the Fermi-level towards the conduction band. Consequently, the free
carrier concentration increases, raising the electric conductance of the hybrid/Pt device. Sensing
performance of hydrogen sensors incorporating Pt-decorated graphene sheets and Pt-decorated
multiwalled CNTs was investigated by Kaniyoor et al. The decoration process was performed be
means of a drop casting method. Pt/graphene exhibited a similar response times but had twice the
sensitivity of Pt/CNT [78]. Pt-loaded (nanoparticles) graphene aerogels manufactured by Harley-
Trochimczyk et al. and utilized as a catalytic hydrogen sensor. Several positive sensing features were
noticed in this case as: 1.6% sensitivity at 10,000 ppm of Hz, and a short response (0.97 s) and recovery
time (0.72 s). Additionally, the sensor operation required a low power (2.2 mW) which parameter is
an important shortcoming of catalytic sensors. The detection limit of 65 ppm was considerably low.
Cross-sensitivity to other gases was neglect able [79].

Wong et al. announced a Hzsensor based on Pt-decorated graphene oxide nanostructures. By
applying some optimized manufacturing and operational parameters, the sensing device was
characterized by 10% sensitivity to the chemical signal of 200 ppm hydrogen (operable at room
conditions) [56]. Similarly, a sensor containing a layer of reduced graphene oxide decorated with Pt
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nanoparticles was fabricated by means of a freeze-drying method and subsequently elaborated by
heat treatment. The Pt@rGO nanocomposites prepared this way showed outstanding H: sensing
properties at a relatively low operational temperature of 50 °C. A sensor fabricated using the Pt@rGO
sensing material is presented in Figure 4a. The responses of Pt@rGO-based sensor were investigated
at different temperatures 30-70 °C (Figure 4b). An increase in the operating temperature to 50 °C
intensified the sensor response to the presence of hydrogen. The sensitivity toward 0.5% hydrogen
was 8%. The response and recovery times of the sensor exposed to 0.5% hydrogen were 63 and 104 s,
respectively. Figure 5 depicts the gas-sensing mechanism of a Pt@rGO-based sensor [80].

(@) Pt@rGO film on (b) _ o

alumina tube

——
Ni-Cr alloy heater

g

Alumina tube with
Au electrodes

T T T T T
150 200 250 300 350 400 450
Time (s)

Figure 4. (a) Photography of the sensor; (b) Resistance response of a Pt@rGO-based hydrogen sensor
exposed to 3% H2 in the temperature range 30-70 °C [80]. Copyright (2020), with permission from
Elsevier.

H:+O H:0+€
\

@ o

Pt O Hole
NPs

In air In H2 ambience

Figure 5. Sensing mechanism of the Pt@rGO nanocomposite sensor toward hydrogen [80]. Copyright
(2020), with permission from Elsevier.

In a paper by Zhu et al. Pt-functionalized graphene originated sensor, upon exposition to
100~10,000 ppm of H2 (20-40 °C range), demonstrated increased resistance performance vs. H
concentrations. Conversely, it showed a decrease in resistance when interacting with 10000 ppm of
H: at 65 °C, or with 500 ppm of Hz at 105 °C [81]. In another case, described by Yu et al., a
Pt/graphene/GaN sensor was constructed and its electrical properties and Hzsensing characteristics
were determined. The study confirmed that graphene is applicable as a hydrogen sensing material
and exhibited a sensitivity of 0.9 V toward 1% hydrogen gas in a forward bias at 160 °C [82].

Graphene’s work function is considered to be lower than Pd. The work function relationship
allows the electron transfer from graphene to Pd. In the presence of Hz, a metal hydride (PdHx) forms
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which has a lower work function. Hence, the addition of graphene plays a key role in improving the
gas sensing performance of the hybrid sensing material. Pak et al. have manufactured a palladium
nanoparticle functionalized GNR array for Hasensing. A 90% response time was 60 s at 1000 ppm
and fast 80% recovery was achieved within 90 s. The sensor consisting of periodically aligned GNR
array with no polymer residue. A chromium interlayer was placed under the polymer residue via
laser interference lithography aiming at protecting the graphene surface against strains or doping.
Such GNR sensors had a square response and recovery curve. However, a sensing response of Pd-
GNR-based sensors was noticed mainly due to the limited adsorption of Hxmolecules at the relatively
small number of Pd-NPs laid on narrow GNRs. Nevertheless, these sensors responded quickly to the
increase and decrease of hydrogen gas concentration. The effect was associated to the ease of
adsorption and desorption of hydrogen gas molecules on Pd-NPs [83].

In another attempt, Lange et al. investigate a multilayer graphene-palladium nanocomposite
supplemented with an Au electrode for hydrogen gas sensing [84]. The Pd-modified graphene was
found to be sensitive to Hz in the concentration range 0.5-1% in synthetic air. Pristine graphene’s
sensitivity to Hz is exceptionally low, but incorporating Pd improves the sensitivity spectacularly (by
more than an order of magnitude). Sensitivity of the nanocomposite depends on the number of
graphene layers in the hybrid structure. Likewise, Johnson et al. describes hydrogen sensing using
Pd-functionalized multilayer graphene nanoribbon networks [85].

Hydrogen gas sensors of visible flexibility and operating at room temperature, designed by
means of a single layer graphene also modified with Pd nanodomains are reported by Chung et al.
[86]. After optimizing, such a graphene-based sensor, with 3 nm thick Pd layer, provides a sensing
response of 33% upon the exposure to 1000 ppm H: at room temperature. Moreover, this sensor
operates well even when it is bent to a curved shape which radius may be as small as 3 mm. The
manufacturing technology may be transferred to a broad range of sensing devices demanding
mechanical durability, and high gas response. The density of deposited Pd nanoparticles is crucial
for sensing characteristics. A similar flexible sensor for H> detection is reported by Lee et al., where
Pt-rGO was deposited on a radio-frequency identification tag [87]. Aiming at the elaboration of a
batch production process of graphene-based hydrogen sensors, a wafer-scale manufacturing scenario
was reported as well. Firstly, graphene as a thin film was laid onto a Si wafer. On each wafer, a single
gas sensor’s dimensions were 4 mm x 3 mm with. Then, a 1 nm thick palladium film was laid on top
of a graphene layer [88]. Similarly, Pandey et al. presents Pd-doped reduced graphene oxide films,
usable for detecting 50 ppm of Hz at both room temperature (35 °C) and elevated temperatures (75
°C) with reproducible sensing characteristics. On Figure 6, there is present a resistance response of
Pd-rGO device to 3300 ppm hydrogen at a different temperature and sensor response as a function
of temperature [89]. In one of the proposed techniques, Tang et al. show a chemical method to obtain
Pd nanoparticles using Pd (bipyridine)(pyrene).. In a 10 min immersing time, Pd domains grew on
graphene by m-m bonds without causing unwanted defects in the graphene lattice; a subsequent
thermal treatment led to formation of Pd nanoparticles. The graphene decorated by Pd nanoparticles
let to fabricate H2sensors at a wafer scale with high throughput. The sensor’s response for 1% H2was
of 5.88% at room conditions under purple light illumination. The illumination significantly improved
base sensing features such as response time (shortening), and particularly the recovery time
(considerable shortened) [90].
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Figure 6. (a) Resistance response of Pd-rGO device to 3300 ppm hydrogen at different temperature;
(b) Sensor response as a function of temperature for the data in (a) [89]. Copyright (2020), with
permission from Elsevier.

Phan et al. prepared a Pd-graphene (Pd—Gr) composite, in which Pd spherical nanoparticles
were deposited by means of graphene oxide (GO) and Pd precursor in solution. The composite was
then applied as Hz sensor working on a chemoresistor principle. The Pd—Gr composite was capable
to detect Hz at a low temperature [91]. In a later paper of Phan et al., a novel Pd nanocube—graphene
hybrid materials for H: detection was synthesized and investigated. The Pd nanocubes were
synthesized by a chemical method via seed-mediated growth in two steps. In comparison to
previously investigated materials like Pd NPs—Gr, Pd cube-Gr hybrids have improved sensitivity (a
two-fold increase). The response to the signal of 1000 ppm Hawas 13% at room temperature, 10.4% at
50 °C, and 9.2% at 100 °C. Moreover, such Pd cube-Gr hybrid sensors had a linear Ha sensing
characteristics in the range from 6 to 1000 ppm (mainly at temperatures of 50 °C). 50 °C seems to be
the optimal temperature regarding sensitivity, response time, and repeatability. From what
experiments have shown, the Pd cube-Gr hybrid Hz sensor is operable at low Hz concentrations, even
at a low temperature. The study may be considered an initial step in applying other Pd crystal shapes
for manufacturing Hz sensitive graphene-based composites [92]. Among other concessions, Phan et
al. investigates bimetallic metals, such as Ni-Pd, which should prevent H> molecules from a deep
penetration into the Pd lattice. This measure should improve the structural stability of such sensing
materials. The Ni/Pd-Gr bimetallic composite samples nearly showed a complete recovery and rapid
response when returned to the recovery state. At the optimal Ni in Pd percentage of 7% was found.
Such bimetal-based Ha sensor exhibited a linear response from 1 to 1000 ppm, with insignificant
hysteresis. The response values found with 1000 ppm H: at room temperature were 11 and 9% for
Ni/Pd ~7% and pure Pd-Gr, respectively. From this experiment, we know that the low-temperature
Hz sensor based on the Pd-Gr composite can be perfected, in terms of high sensitivity, rapid response,
and minimum hysteresis effects, by adding a small amount of Ni to the Pd lattice [93]. Similarly,
bimetal modification of graphene decorated by Pd-Ag alloy nanoparticles for H2 detection is
examined by Sharma et al. [64,94]. The maximum gas response was 16.2% at 1000 ppm of He. A higher
response is noted in a paper by Huang et al. where the graphene sensor exhibited a high hydrogen
response, up to 32.5%, when exposed to 1000 ppm hydrogen [95]. Zhang et al. demonstrate an
effectively working H: sensor incorporating a CuO-reduced graphene oxide, ie., CuO-rGO
sandwiched nanostructure. Results show a time-dependent response and recovery of the sensor
toward a hydrogen pulse, from 0 to 10, 50, 100, 500, 1000, and 1500 ppm. The response and recovery
times were smaller than 80 and 60 s [96]. In a paper by Kaur et al., reduced graphene oxide (rGO) was
utilized to improve the temperature-dependent selective Hzsensing characteristics of Pd-doped WOs.
Sensing parameters as sensor response and reduced optimum working temperature were improved
by incorporating differing amounts of graphite oxide (GO) into the basic composite (1.5 mol% Pd-
doped WOs). The sensor incorporating only 1 wt % rGO nanocomposite showed a significantly
enhanced selective response to hydrogen (at 150 °C). The improvement in sensing response at a
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markedly reduced optimum operable temperature was assumed to be resulting from two factors:
availability of a large specific surface area and excellent conductivity of rGO and the existence of
heterojunctions at the rGO / Pd-doped WOs interface [97].

Du et al. produced a hydrogen gas sensor consisting of graphene oxide/SiO2/Si (Pd-rGO/SiO2/Si)
Schottky junction using a transfer printing method. GO and rGO layers were additionally decorated
with Pd nanoparticles. An ultra high response of 970% was attained due to the presence of the
junction, which was working under a reverse bias at room temperature. The sensor was capable to
detect 0.16% Ho. This is much better than the response given by graphene-based resistance-type H
sensors at room temperature [98]. Similarly, Huang et al. synthesized graphene oxide/Pd/porous
silicon and utilized it as Hz sensitive material. Sensors based on this material can detect hydrogen at
the level of 200 ppm in air (at 15 °C). The assumed sensing mechanism was based on the formation
of palladium hydride and the creation of new electron pathways what led to electric resistance
changes of the sensing material [99]. In a paper by Ma et al,, a multilayer graphene film was
transferred onto the capillary to form a microcavity. A miniature fiber-optic Hz>-sensor with a low
detection limit of ~20 ppm and a short response time of 18 s was fabricated by incorporating of Pd-
decorated graphene. Fast Hz dissociation and an effective conversion of Pd lattice expansion into
optical output are facilitated by tailoring the thickness to the level of nanometers. The manufacturing
process let to provide a large surface-to-volume ratio of Pd/multilayer graphene [100].

Shin et al. describes another concept, basing on electrodeposition of flower-looking Pd
nanoclusters (FPNCs)on CVD-originated graphene (CG) [101]. The sensitivity and response time of
these sensors enhance upon the increasing FPNC concentration. In particular, the FPNCs_CG_H
electrode has a minimum detectable level (MDL) of 0.1 ppm Hoz. This paper demonstrates a facile
fabrication manner of flower-like metal-graphene composites with the concentration control of
flower-like domains. However, a combination of Pd-Pt possesses better hydrogenation properties in
comparison to Pd alone. Kumar et al. employed Pd-Pt alloy in form of nanoparticles (NP) and
synthesized aNP-G composite sensing layers for Hz detection at temperatures ranging from -100 to
100 °C. The improvement of sensing parameters like the maximum sensitivity and response time at
2040 °C was found to be consistent with the temperature dependence of hydrogen physisorption
and chemisorption [102]. The parameters of all mentioned hydrogen gas sensors based on graphene,
graphene derivatives, and various metals are summarized and listed in Table 2.

Table 2. Comparison of the Hz sensors based on graphene and their composites with metals.

Sensor Detection Operating Response Recovery Ref.
Material Level/Range Temperature Time Time
PdNPs/GR 0.1-1% RT ~30's - [72]
Pt/GR 1% RT-175 °C - - [73]
Pt/RGO 40-40,000 ppm RT - - [74]
Pt/GR 1% RT-100 °C ~65s - [75]
Pt/GR 0.06-1% 22-100 °C - - [76]
Pt/GR 1% RT - - [77]
Pt/GR 4 vol% RT ~9 min - [78]
PtNPs/GR 1.6% RT 0.97 s 092s [79]
Pt/RGO 0.5% 50 °C 63 s 104 s [80]
Pt/GR 102-10* ppm RT, 40 °C - - [81]
Pt/GR 1% 160 °C - - [82]
Pd/GNRs 1000 ppm RT 60 s 90s [83]
Pd/GR 0.5-1% RT - - [84]
Pd/MLGN 40-8000 ppm 20-100 °C 3-8s 7-35s [85]
Pd/SLG 1000 ppm RT - - [86]
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Sensor Detection Operating Response Recovery Ref.
Material Level/Range Temperature Time Time
Pt/RGO 1-100 ppm RT - - [87]
Pd/GR 0.0025-1% RT 213s 463 s [88]
Pd/RGO 3300 ppm 30-75°C 700-1000 s - [89]
Pd/GR 1% RT - - [90]
PtNPs/GR 1-1000 ppm RT - - [91]
Pd/GR 6-1000 ppm RT - - [92]
Ni-Pd/GR 1-1000 ppm RT - - [93]
Pd-Ag/GR 1000 ppm 70-190 °C - - [94]
Pd-ZnO/RGO 1 ppb-500 ppm 50 °C - - [96]
Pd-WOs/RGO 50 ppm 150-350 °C - - [97]
Pd/RGO 0.16% RT - - [98]
Pd/GO 200-2000 ppm RT 10 min 20 min [99]
Pd/GR ~20 ppm RT ~18s - [100]
Pd/GR 0.1-100 ppm RT - - [101]
Pd-Pt/GR 2% -50-100 °C <2s 18s [102]

where: GR—graphene; RGO—reduced graphene oxide; NPs—nanoparticles; GNRs—graphene
nanoribbons; MLGN —multi-layer graphene nanoribbon; SLG—single layer graphene; ppm — parts
per million; RT —room temperature.

2.3.3. Graphene-Metal Oxide Nanocomposite

In the last two decades, different metal oxides, like ZnO, CeOz, CuO, IrO2, NiO, and SnOz, were
explored as active materials for hydrogen sensors [52,103-109]. In metal-oxides-based hydrogen
sensors, the change in resistance upon the contact with reducing gas molecules (including Hz). One
of the disadvantages metal oxide resistive sensors is their limited selectivity towards different
reducing gases (including Hz). The second main drawback is a high operation temperature which
may be as high as 200-400 °C. Substantial activation energy is required to trigger the oxidation of
reducing gases under detection [110]. Thus, there is to eliminate the drawbacks by fabrication of a
new class of materials. A reduced operational temperature as well as better selectivity may
significantly increase the number of potential applications. The use of composites with multiple
components seems to be potentially useful methodology for the fabrication of a new class of advanced
hydrogen sensor.

The enhancement of the Hz sensing performance of semiconductor metal oxide sensors may be
achieved by different strategies, including the application of 1D nanostructures like nanotubes,
nanowires, and nanorods [27,52,105]. Another progressive strategy relies on the utilization of metal
oxide-carbon nanomaterials hybrids [51,111]. In particular, the incorporation of carbon
nanostructures, such as carbon nanotubes (CNTs) described in Section 2.2. or graphene described in
this section, in Hz-sensing devices seems to be a promising approach. Such research attempts try to
combine selected unique electronic, catalytic and structural properties of the materials to be
incorporated in a gas sensor. In addition to its high electronic conductivity, graphene may have a
very well developed large surface area (multiple larger as that of multiwalled carbon nanotubes).
Other positive features are structural flexibility and low electrical noise as a result of its 2D crystal
lattice (extremely favorable for gas-sensing applications) [112]. However, it has to be stated once
again the pristine graphene is not sensitive to hydrogen [113]. Graphene oxide (GO) or reduced
graphene oxide (rGO) can be an alternative, due to their presumed good adsorption sites [85,114].
Moreover, the use of nanocomposites based on metal oxides and graphene for Hz sensing is relatively
unexplored.
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Metal-oxide semiconductor nanomaterials like SnO: are considered to be one of the most
promising candidates for sensing material, thanks to their wide band gap (3.6 eV, at 300 K) and high
sensitivity. Compared with other semiconductors, SnO: nanomaterial has better gas detecting
features, so it has been frequently applied for composite fabrication with graphene [115]. Various
methods of creating these sorts of compounds have been reported in recent years. For example, to
resolve the problem of the high working temperature of hydrogen sensors, in a paper by Munasinghe
et al. SnO: nanowires were combined with graphene oxide (GO) to form a heterojunction [116].
Hydrogen sensing with heteronanostructures based on reduced graphene oxide and tin oxide is also
investigated in an article by Russo et al. [117]. In another paper, by Zhang et al., sensing material,
based on graphene as well, was hydrothermally synthesized to obtain SnO:-graphene (S-G)
composites for H sensing at a low operating temperature. The probable growth mechanisms of the
radial flower-looking SnO2 domains and S-G composites are proposed [118]. Moreover, Dhall et al.
has proven that the specific form of Pd and SnO: domains (isolated nanoparticles) on graphene
ensured improved sensitivity and selectivity towards H: which was superior to typical
chemiresistive gas sensors [119]. Esfandiar et al. used rGO in order to enhance sensing properties to
wards hydrogen of Pd-decorated TiO: nanoparticles [120] and Pd-WQOs3[121]. Outstanding sensitivity
of 92% and spectacularly short response time ca. 20 s were noticed for experiments with 500 ppm of
H> at 180 °C. Furthermore, the Pd-WOs/RGO-based gas sensor was sensitive to a 20 ppm
concentration of hydrogen gas at room temperature. Hen et al. also describe a hydrogen sensor
containing Pd and WO:s (Figure 7) [122]. The device, when exposed to the hydrogen (4 vol% Hz/Ar
mixed gas), confirms that the short-circuit current and open-circuit voltage nearly disappear (Figure
8a) due to the gasochromic Pd-WO:s film being colored. Figure 8b demonstrates the detailed response
of the device to the hydrogen gas, where it is set to be illuminated by the 980 nm laser of 10 mW.
Furthermore, as shown in Figure 8¢, the device can repeat effectively.

(c)

WQO; coating
R Y Graphene

Ni/Au

Figure 7. Device architecture of the tandem gasochromic-Pd-WOs/graphene/Si optoelectronic
hydrogen sensor. (a) Tilted schematic device structure; (b) Cross-sectional schematic structure;(c)
Cross-sectional SEM image; (d) Optical photograph of a produced device [122]. Copyright (2020),
with permission from Elsevier.
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Figure 8. Tandem gasochromic-Pd-WOs/graphene/Si device for optoelectronic hydrogen sensors. (a)
I-V curves of the device in darkness and under 10 mW laser illumination, with and without Hz; (b)
Response of the device to the 4 vol% Hz/Ar; (c) Cyclic performance of the device [122]. Copyright
(2020), with permission from Elsevier.

Zinc oxide itself is historically one of the most common metal oxides that has been widely
explored in chemical sensors. ZnO attracted the attention of research due to several useful properties,
such as good conductivity, low toxicity, and good thermal stability. Many
fabrication/modification/utilization scenarios have been elaborated in order to ensure the highest
sensitivity and selectivity of ZnO. The addition of noble metals is a typical modification route along
with adjusting of the optimal operating temperature [123]. A highly sensitive and selective Hz sensor
of rGO and ZnO nanofibers, fabricated using a low-cost and versatile electrospinning process is
reported by Abidden et al. [124]. Singh et al. report that ZnO-decorated luminescent graphene acts
as a potential gas sensor at room temperature, in which reduced graphene oxide acts as a highly
conductive mesh in gas sensing [125]. Anand et al. describe the incorporation of graphene into ZnO
nanorods for high-efficiency hydrogen sensing applications. Authors suggest that the optimum
amount of graphene for the creation of a rGO/ZnO nanocomposite hydrogensensor is 1.2 wt %. From
Figure 9 it is obvious that RGO/ZnO based gas sensor has a quicker response and shorter recovery
time as com-pared to bare ZnO based sensor [126]. In the paper by Tebarez et al. relative humidity is
shown to be a critical factor for the performance of Hz sensors based on rGO/aluminum zinc oxide,
which suggests the need for more controlled in-situ experiments for a proper calibration of these
devices [127]. Drmosh et al. investigate a long term stability and selectivity test of a ZnO, rGO/ZnO,
Au/rGO/ZnO sensor towards 500 ppm of H>with and without UV irradiation at room temperature
(Figures 10 and 11) the detailed gas sensing mechanism being shown on Figure 12 [128]. In a different
work by Liu et al., the authors present a novel method for the large-scale production of hybrid
semiconducting metal oxide-graphene nanostructures by floating graphene sheets on the surface of
a solution [129]. Huang et al. report that ZnO nanorods (NRs) were grown using sol-
gel/hydrothermal methods on SiOz, carbon nanotubes (CNT)/SiOz, and graphene/SiO: substrates to
fabricate H2 sensitive chips. Results indicate that ZnO NRs/CNT/SiO: structures exhibit better H
sensing performance than the other two types of ZnO NRs-based structures [130].
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Figure 9. Sensor response vs time graph for ZnO and RGO/ZnO sensors towards 200 ppm of
hydrogen at their respective optimum operating temperatures, i.e., 400 °C for ZnO and 150 °C for
RGO/ZnO composite [126]. Copyright (2020), with permission from Elsevier.
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Figure 10. (a—c) Responses at different temperatures of ZnO, rGO/Zn0O, and Au/rGO/ZnO sensor with
and without UV irradiation; (d) Dynamic response at room temperature of rGO, Au/rGO/Zn0O, and
UV activated Au/rGO/ZnO [128]. Copyright (2020), with permission from Elsevier.
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Figure 11. (a) Dynamic response curve of different hydrogen concentrations; (b) Repeatability
measurements of the Au/rGO/ZnO sensor toward 300 ppm of Hz; (c, d) long term stability, and
selectivity test of Au/rGO/ZnO sensor toward 500 ppm of H>, tests were realized at room temperature
and under UV irradiation [128]. Copyright (2020), with permission from Elsevier.
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Figure 12. Gas sensing mechanism of Au/rGO/ZnO sensor in (a) air (b) air with UV light, and (c) H2
environment with UV irradiation [128]. Copyright (2020), with permission from Elsevier.

Besides the more common graphene modifications with SnOz or ZnO, papers can also be found
where authors examine the influence of In20s, TiOz2, NiO, LiTaOs, ZnFe20s, and CuO modifiers on Ha
sensing [55,131-135]. Mansha et al. present the synthesis of an In.Os/graphene heterostructure and
its hydrogen gas sensing properties. The synthesized materials exhibited good sensitivity, ranging
from 250 to 2000 ppm at 250 °C. The better sensitivity and slower recovery time of the heterostructure
sensor are attributed to a reduction in the band gap achieved by the addition of graphene layers [55].
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A sensor containing p-TiOz/n-graphene that prompted hydrogen sensing in the temperature range of
75-150 °C is presented by Dutta et al. [131]. In another paper, a high-performance NiO-decorated
graphene sensor showed high repeatability, high response, and excellent recovery properties with a
powerful response behavior for increasing Hz concentration in a relatively low working temperature
(200 °C) compare to pristine NiO [132]. In an article by Zhang et al., a CuO-reduced graphene oxide
sandwiched nanostructure is described with its hydrogen sensing characteristics, where response
and recovery times of less than 80 and 60 s were observed [133]. Using graphene-like nano-sheets
deposited on lithium tantalate (LiTaOs)for Hz sensing gave a response time that in 90% of cases was
12 s of 0.125% and a recovery time that was less than 1 min [134]. Among them, spinel ferrites with a
chemical composition of MFe204 (M = Cu, Co, Mn, Zn, etc.) have shown themselves to be especially
promising, and semiconducting properties were displayed by the majority of spinel ferrites with two
different cationic species occupying the complex voids. Achary et al. report efficient synthesis of rGO-
ZnFe204-Pd nanocomposites via a rapid and microwave route. The designed nanocomposite was
sensitive to Hz in a wide range of concentrations. The structural tuning of reduced graphene oxide
with ZnFe20O4 and Pd nanoparticles was performed aiming at the design of an effective H2 sensing
material. Such based Hzsensor ensures high sensitivity with a short response/recovery times, and
reversibility towards Hz. The sensing mechanism is depicted on Figure 13 [135]. The parameters of
all mentioned hydrogen gas sensors based on graphene, graphene derivatives, and various metal
oxides are summarized and listed in Table 3.

rGO layer

Pd

ZnFe,0,

Resistance (0)

@ Atmospheric oxygen

Figure 13. Schematic representation of sensing mechanism [135]. Copyright (2020), with permission

from Elsevier.

Table 3. Comparison of the H2 sensors based on graphene and their composites with metal oxides.

SensorMateral e Tempesture  Tome  time. R
Sn02/GR 100 ppm 50 °C - - [115]
SnO2/GO 20-100 ppm 20-150 °C - - [116]

Pd-SnO:/RGO 0.5-3% RT 3-7s 2-6s [117]
SnO2/GR 100% 150 °C - - [118]
Pd-SnO»/GR 2% 25-200 °C - - [119]

Pt or Pd-TiO2/RGO 100-10,000 ppm RT <1 min <1 min [120]
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R e A i
Pd-WOs/RGO 20-10,000 ppm  RT-250 °C <1 min <Imin  [121]
Pd-WOs/GR 0.05 vol% RT 13s 43s [122]
5282//1;%% 10 ppm 300-450 °C - - [124]
ZnO/GR 200 ppm 100-150 °C 22-96'5 90-190s  [126]
ZnO/RGO 30-160 ppm RT - - [127]
ZnO/RGO 500 ppm RT 8s 612s [128]
ZnO/GR 0.06-1% RT - - [129]
ZnO/CNT/GR 1000 ppm 300 °C - - [130]
TiO2/GR 0.5% 75-150 °C 16 61s [131]
NiO/GR 400-2000 ppm  100-350 °C - - [132]
CuO/RGO 50-1500 ppm RT 80's 60's [133]
LiTaOs/GR 1% RT-40 °C <1 min 10min  [134]
GR 50-1000 ppm 25-100 °C 18s 95 [135]

where: GR—graphene; RGO —reduced graphene oxide; GO—graphene oxide; ppm — parts per million; RT—
room temperature.

3. Summary

In this article, we have reviewed the recent literature on hydrogen sensors based on different
sensing materials with particular attention paid to the application of graphene and its derivatives.
Plenty of various parameters (molecular reactivity, interface accessibility, chemical and mechanical
durability, and electrical robustness) may influence sensing performance of hydrogen detectors. With
ongoing technological developments in the area of sensors, researchers have been greatly
preoccupied with the progress of hydrogen gas sensors. Advanced sensing systems demand methods
and devices which should be controlled online and offer a fast and sensitive response. Cost
effectiveness is a crucial issue as well. Also, the performance of a chemical sensor should be stable
and basically independent on temperature, humidity, and other interfering substances. The explosive
nature of Hz gas urges detection at low levels of concentration. Thus, hydrogen should be detected at
ppm/ppb level which is associated to hydrogen installation leakages to avoid explosion hazards.
Upon the time passed, various hydrogen detection principles and materials became well explored.
This current article has reviewed what materials have been used for detection, what techniques have
enhanced performance, as well as reviewing ppb level detection studies for Hz gas. Predominating
part of literature announcement concentrate on the development of Hz gas sensors with a shortened
response/recovery time, high selectivity, and extended stability. Hydrogen’s volatile character and
the ability to penetrate some solids implies the necessity of constant monitoring of H2 presence. Thus,
room operation temperature is welcome due to the reduction of energy consumption. This would
clearly minimize calamity risk.

Due to the two-dimensional nature of graphene, nearly every carbon atom in a graphene sheet
lays on the surface and, as a result, each such carbon atom may contribute to interaction with chemical
species in the gas phase. This feature of graphene can is considered to be responsible for its
outstanding sensing behavior in the presence of some gases including hydrogen. Even lowest-level
detection capability may be expected, finally reaching the level of a single molecule. Further, the ease
of functionalizing graphene, either by a chemical manner (preparative adsorption of surface
modifying substances) or by a physical manner (electrical and pressure treatments), enables
engineering of electronic properties, which in turn may help to solve to the selectivity issue in fact
the crucial problem of chemical sensors. Endowed with a large surface area, chemically/catalytically
reactive centers, and steerable chemical and electronic features, graphene derivatives like graphene
oxide GO and reduced graphene oxide rGO have several valuable properties as potential gas sensing
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material or a platform for further surface engineering. Engineered graphene/graphene derivatives
may have a proven advantage over pristine metal oxides, carbon nanotubes, and conductive
polymers. Even though both carbon-based nanomaterials such as CNTs and graphene exhibit specific
electrical properties that suit them for H2 gas sensing. Some of sensing properties like enhanced
sensing features of graphene originated sensing materials over CNTs can be attributed to the high
accessibility of the graphene surface (sensing surface), which is greater than that of CNTs. The
introduction of the chemically active functionalities was usually performed aiming to enhancement
of the detection level, shortening of response/recovery time in room conditions (key sensing
parameters for a H> detection device). The spectacular progress in sensing parameters as compared
to unmodified graphene are resulting from the synergy of individual features of graphene and
modifiers. There is great potential in graphene originated hybrids comprising graphene, graphene
derivatives, metal and metal oxide domains, and polymers. The conclusion is supported by large
amounts of research projects dealing with detecting a wide range of H: concentrations and
temperatures aiming at enhanced sensing response and high selectivity.

Theoretically, any progress of graphene originated hydrogen sensors envisages graphene as
being able to fulfill most hydrogen sensor requirements even regarding the needs of industrial
applications. Selectivity to hydrogen is the most compelling issue for graphene-based sensors because
some substances (like CO, CHs4, and NHs) exhibit reductive properties, which usually cause some
cross-response. The application of graphene and its derivatives in sensing hydrogen gas belongs to
the newest research trends in chemical sensing. This trend is a result of the general popularity of
graphene, hailed as the material of the future; however, we also owe it to several exceptional features
offered by this emerging sensing material. To begin, one may put forward steerable conductivity,
evident chemical stability, and insertion of heteroatoms ranging from nitrogen and phosphorus to
noble/transition metals like platinum. Additionally, graphene is susceptible to 3D structuring and
fabrication of hybrid materials, including polymer blends. Thus, a broad scope of parameters may be
manipulated to achieve the desired sensing performance toward hydrogen gas. Although the
application of graphene for Hz sensing purposes is still in the stage of intensive laboratory tests, some
advantages and drawbacks are already apparent. Several important achievements presented in
studies can be quoted as: (i) lowering the operational temperature to room temperature (in some
cases), (ii) linearity of the hydrogen detection characteristic, i.e., output signal is linearly dependent
on hydrogen concentration, (iii) partly adjustable sensing range, (iv) limitation of cross-sensitivities,
and (v) relative ease of manufacturing.

As mentioned, the current state of research in the area of hydrogen gas sensing by graphene-
based devices can be described as the laboratory testing level. Consequently, the technology being
under development may be considered its main drawback. Most research announcements fail to
deliver adequate information on the chemical stability of graphene-based materials working in the
particular conditions required by chemical processes that occur in the sensing layer. Strongly
exothermic oxidation of hydrogen is one of them. Usually sensing performance stability is not tested
and is therefore unknown in general. At the current state of knowledge, graphene-based hydrogen
gas sensors cannot compete with those commercially available, which are still mostly based on
modified semiconductor metal oxides. These sensors have a long application history behind them
and the stability problem has already been properly addressed by existing manufacturing and
exploitation technologies. Nevertheless, this situation should encourage the sensor research
community to focus on the issue of stability in future works, rather than to abandon the subject.
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