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Efforts to create a sustainable hydrogen economy are gaining momentum as governments all over the world are investing in
hydrogen production, storage, distribution, and delivery technologies to develop a hydrogen infrastructure. This involves
transporting hydrogen in gaseous or liquid form or using carrier gases such as methane, ammonia, or mixtures of methane and
hydrogen. Hydrogen is a colorless, odorless gas and can easily leak into the atmosphere leading to economic loss and safety
concerns. Therefore, deployment of robust low-cost sensors for various scenarios involving hydrogen is of paramount importance.
Here, we review some recent developments in hydrogen sensors for applications such as leak detection, safety, process monitoring
in production, transport and use scenarios. The status of methane and ammonia sensors is covered due to their important role in
hydrogen production and transportation using existing natural gas and ammonia infrastructure. This review further provides an
overview of existing commercial hydrogen sensors and also addresses the potential for hydrogen as an interferent gas for currently
used sensors. This review can help developers and users make informed decisions about how to drive hydrogen sensor technology
forward and to incorporate hydrogen sensors into the various hydrogen deployment projects in the coming decade.

© 2023 The Author(s). Published on behalf of The Electrochemical Society by IOP Publishing Limited. This is an open access
article distributed under the terms of the Creative Commons Attribution 4.0 License (CC BY, http://creativecommons.org/licenses/
by/4.0/), which permits unrestricted reuse of the work in any medium, provided the original work is properly cited. [DOI: 10.1149/

2754-2726/ad0736]

Manuscript submitted June 23, 2023; revised manuscript received September 27, 2023. Published December 12, 2023.

The hydrogen economy has been envisioned as a low-pollution
alternative to the fossil fuel economy ever since the first article on
this topic was published in 1972."2 After 50 years and many false
starts later, the hydrogen economy seems to have turned a corner
with renewed interest. In this new hydrogen economy scenario,
hydrogen is expected to play a key role in the energy and
transportation sectors, the building sector as heat source, the power
sector as seasonal renewable energy, and significantly expand its
current utility in areas such as the industrial sector as a chemical
feedstock. Hydrogen is heavily used in chemical production and oil
refineries that accounts for more than 90% of its current consump-
tion. At the moment its contributions towards the transportation and
energy storage sectors are minimal, however, it is expected to grow
multifold over the coming decade in part as a response to climate
change. Many countries have started to invest in hydrogen technol-
ogies as a means to meet the goals set by the Conference of Parties
21 (COP21). Recently, the United States has increased its investment
in hydrogen with $9.5 Billion available for clean hydrogen initia-
tives in the Bipartisan Infrastructure Law (BIL).? As a result of these
investments from multiple governments, many new initiatives are
being formed to utilize hydrogen, especially in the transportation
sector. One of these initiatives is called Hysetco, a partnership
between four companies intending to use 600 hydrogen fuel cell
vehicles (Toyota Mirai) as faxis for commuting in Paris.* There are
fourteen Alstom Coradia iLint hydrogen-powered passenger trains
currently in use in Germany between Cuxhaven, Bremervorde and
Buxtehude with a single fueling station, the Linde facility in
Bremervérde.” Moreover, the global sales of fuel cell vehicles like
the Hyundai Nexo and the Toyota Mirai exceeded 15,000 cars in

*Electrochemical Society Member.
“*Electrochemical Society Fellow.
“E-mail: kramaiyan@unm.edu; rmukundan@Ibl.gov

2021. These trends clearly indicate that the use of hydrogen for
transportation is already on the rise despite the limited infrastructure.
In 2020, the demand for hydrogen was at about 90 million tons (Mt)
that were primarily utilized in three sectors: refineries, chemical
production and steel making. The demand is projected to increase
significantly, especially in the transportation and power sectors with
governments across the globe pledging net zero emissions by 2050
which requires the production of 530 Mt of H,.°

Nearly all of the current hydrogen demand is met by fossil fuel
processes such as methane gas steam reforming and coal gasification
in addition to water electrolysis utilizing renewable electricity.
While the share of hydrogen production by water electrolysis is
currently small, it is projected to grow from about 27 kilotons (kt) to
8 Mt by 2030 with the help of investments from governments all
over the world.® In addition to the high costs of electrolytic
hydrogen, the major roadblock for the hydrogen economy is actually
getting the hydrogen to the end user. Creating a hydrogen infra-
structure is challenging due to the low energy density of hydrogen
and its low boiling point (—253 °C vs —162 °C for methane gas).
Hence, hydrogen is mostly produced close to where it is used which
is predominantly in petroleum refineries and chemical plants.
However, for the widespread use of hydrogen as an energy source,
the infrastructure must be improved significantly. In this respect,
many methodologies are being explored with a variety of carrier
gases such as methane (CH,) and ammonia (NHj), which are
investigated as possible transportation fuels since pipeline networks
already exist allowing for relatively easy transportation in compar-
ison to the transportation of pristine hydrogen.”” The pipeline
networks for methane and ammonia extend about 300,000 miles and
2000 miles, respectively.'~'? The blend of methane and hydrogen is
also being explored for hydrogen transportation.'>'* An advantage
of blending hydrogen with ammonia is the increase in combustion
energy during power generation. Further, a cost analysis revealed
that using liquified carriers are advantageous for long distances
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above 1500 km while pipelines are more effective for distances
below 1500 km."® Clearly, hydrogen, methane, and ammonia could
all play pivotal roles in a sustainable hydrogen economy.
Hydrogen is the smallest molecule in existence and while it can
be efficiently produced in electrolyzers and converted to electricity
in fuel cells, the loss of energy during storage, transportation, and
utilization due to leaks is largely ignored today. It is a colorless,
odorless, and rapidly diffusing gas making the identification of leaks
challenging. Methane has an existing pipeline network for efficient
transportation, but this infrastructure also suffers from leaks that are
estimated to result in economic losses worth over two billion dollars
per year.'®!” Additionally, methane is a greenhouse gas that is
30 times more potent than CO,.'® This means the fugitive emissions
of about 3.5% of methane during its extraction from natural gas and
processing necessary for the production of hydrogen results in the
release of more greenhouse gas than burning natural gas
directly."®° Hence, significant effort is also being undertaken to
sense methane leaks efficiently or to convert it into higher hydro-
carbons to reduce fugitive emissions and flaring.*"** The other
carrier, ammonia can be harmful to human and animal health if
inhaled at concentration levels of 50 parts per million (ppm) over an
8h period according to the Occupational Safety and Health
Administration (OSHA).>* Key characteristics of all three gases
are listed in Table 1. One of the key points to note is the large
explosion range of hydrogen (lower explosive limit (LEL) 4 vol% to
upper explosive limit (UEL) 77 vol%) compared to methane (LEL
4.4 vol% to UEL 17 vol%) and ammonia (LEL 15 vol% to UEL
28 vol%) that should be considered while defining process condi-
tions for mixing hydrogen with either methane or ammonia. For
example, it was found that a mixture of 10 vol% H, in methane
changes the LEL and UEL of methane minimally (LEL 4.2 vol%
instead of 4.4 vol%, UEL 18.2 vol% instead of 17 vol%). Hydrogen
also has a very low minimum ignition energy (0.017 mJ) compared
to methane (0.23 mJ) and ammonia (8 mJ). The comparatively
higher LEL (15 vol%) and lower UEL (28 vol%), combined with the
higher minimum ignition energy and the higher boiling point makes
ammonia very interesting for liquid blends for the transportation of
hydrogen. Thus, developing sensors capable of detecting all of these
gases in varying concentrations is essential for the successful
implementation of the hydrogen economy and to avoid any serious
safety incidents. Resolving this transportation problem requires
future sensors that are sensitive, selective, fast responding, stable,
reliable, efficient, cheap, easily deployable, and mass-producible.
One major development underway is the deployment of
Hydrogen Refueling Stations (HRSs) that are being built and made
available to consumers at scale in the United States (e.g. California),
Japan, Europe, and South Korea to support the introduction of Fuel
Cell Vehicles that utilize polymer electrolyte membrane fuel cells
(PEMFCs).** The hydrogen quality being dispensed is of particular
concern because depending on the hydrogen source a large number
of impurities have been identified that can impact the performance
and lifetime of the PEMFC stack in the vehicle negatively.® It is
recommended that the hydrogen dispensed to the end-user meets the
SAE J2719 standards in the United States (and ISO 14687
Internationally that possess identical specifications as SAE J2719)

regarding the maximum allowable concentration of various
impurities.”® Currently, the hydrogen refueling stations are required
to periodically analyze the fuel to verify that it meets the purity
specifications. Since testing requires time and money, the analysis
interval can vary between 2 to 6 months and is required in particular
after any changes in the station’s configuration when the risk is
higher that the fuel is below the desired quality standards. These
configuration changes include but are not limited to temporary
changes of the hydrogen source, alterations in system’s equipment or
configuration used for production, compression, or storage.
However, even with periodic testing it can take some time to
discover quality issues and fuel cell vehicles could get damaged.
Therefore, continuous monitoring of hydrogen purity at the station
would be a significant improvement and extremely advantageous.?’
Unfortunately, the number of identified chemical impurities that can
impact the PEMFC’s performance negatively is quite large and,
moreover, no single detection technology is capable of sensing all of
the various chemical species. These impurities include atomic
species (He, Ar), simple diatomic molecules (N, O,), simple
covalent molecules (H,O, H,S, CH4, and NHj;), hydrocarbons,
halogenated hydrocarbons, more complex molecules like formalde-
hyde and formic acid (HCHO, HCOOH) as well as solid particulates.
In the wake of these recent developments, there is a renewed
need for advances in sensors for the hydrogen economy that are
capable of detecting and quantifying hydrogen, methane, and
ammonia and the impurities therein. Many sensor types are being
developed for the detection of all these gases. The U.S. Department
of Energy (DOE) has established targets for hydrogen safety sensors
such as the concentration range (0.1 vol% to 10 vol%), the response
time (<1 s), and lifetime (~10 years).28 However, no such estab-
lished targets are available for methane or ammonia sensors. The
most common sensor platforms include (i) electrochemical sensors,
(i) chemiresistive sensors,>>=! (iii) combustible gas  sensors
(CGS),* (iv) thermal conductivity sensors (TCS), and (v) optical
sensors. Among these sensor types chemiresistive sensors, CGS, and
TCS suffer from poor selectivity making them unsuitable for HRS
applications where the identification of impurities in a large
hydrogen background is essential to monitor fuel quality.
Additionally, hydrogen selectivity in air is paramount for safety
applications. For example, hydrogen emissions may also have
indirect effects on climate change as emitted hydrogen reacts with
atmospheric hydroxyl radicals converting them to water vapor,
resulting in reduced GHG scavenging as these hydroxyl groups are
essential for removing methane and other greenhouse gases, thereby
increasing GHG residency time and increasing global warming.>
In summary, the direct utilization of hydrogen in PEMFCs and
solid oxide fuel cells (SOFCs) as well as the production of hydrogen
from polymer electrolyte, liquid alkaline and solid oxide electro-
lyzers is expected to be at the center of energy conversion processes
in the hydrogen economy. As noted above, both methane and
ammonia have important roles to play in the production and
transportation of hydrogen. Hence, our focus here is to provide an
overview of various sensing technologies currently available for
these three gases including their working principles, commercializa-
tion status, and future prospects. Many review articles are available

Table 1. Key characteristics of the three main carrier gases; hydrogen, methane, and ammonia.

Properties Hydrogen Methane Ammonia
Density (kg/m®) 0.084 0.717 0.86
Boiling point —253°C —161°C —33°C
Odor No No Yes
Lower Explosive Limit (LEL) 4.0 vol% 4.4 vol% 15.0 vol%
Upper Explosive Limit (UEL) 77.0 vol% 17.0 vol% 28.0 vol%
Auto Ignition Temperature (AIT) 560 °C 595 °C 651 °C
Net Heating Value (NHV) (MJ/kg) 143 55 18.8
Minimum Ignition Energy (MIE) 0.017 mJ 0.23 mJ 8 mJ



ECS Sensors Plus, 2023 2 045601

31,343
on hydrogen sensors focused on general applications.’!?*37

However, there is not a systematic study on sensor requirements
for the hydrogen economy with new applications such as fuel cells
and electrolyzers combined with carrier molecules such as methane
and ammonia. Hence, in this article, we will review the latest
developments in sensors for these three gases with a focus on critical
applications in the hydrogen economy. We also address the major
technological advancements in  detecting these  gases.
Electrochemical (EC) sensors look to be the front runner and
provide one of the lowest power approaches while maintaining
good analytical performance. However, EC sensors are known to
suffer from selectivity problems.*®> The recent research focus on
improving selectivity and sensitivity in complex gas environments
will be discussed in the concluding part of the article. It is likely that
contributions from many sensor technologies including artificial
intelligent operation and data interpretation will be needed.

Sensors for the Hydrogen Economy

Hydrogen sensors.—Hydrogen safety sensors have been in
commercial use for several decades and numerous comprehensive
reviews have been gublished on the various technologies used to
detect hydrogen.*'*>%3 Several technologies including electro-
chemical (amperometric and potentiometric), chemiresistive, optical,
thermal, piezoelectric, acoustic, catalytic, and mechanical have been
widely studied for this application and Review of Currently
Available Commercial Sensors for H,, CH,, and NH3 section has
a comprehensive review of several of these technologies that have
been used for commercial sensing. A schematic representation of
some of these technologies is given in Fig. 1. In this section we
provide more details on two of the most widely used technologies
for hydrogen sensing, viz: chemiresistive and electrochemical.
Recent interest in chemiresistive sensors and electrochemical
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sensors have surged due to their low detection limits, low cost,
and durable sensor designs.

Chemiresistive sensors involving metal oxide semiconductors
(MOS) have shown the greatest promise for parts per billion (ppb)
level detection.’’*® MOS-based sensors mainly operate by the
reaction of analytes (H,) with the chemisorbed oxygen species on
MOS surface such as O~ and O, . Depending on the MOS type, these
oxygen species trap electrons and create electron depletion layers
(n-type MOS) or hole accumulation layers (p-type MOS) resulting in
the formation of Schottky barriers. Upon reaction with hydrogen,
these oxygen species form H,O and release electrons back into the
MOS, thereby changing the Schottky barrier height which can be
observed as a resistance change.’®*° MOS-based sensors typically
operate at higher temperatures that require high power consumption.
Novel MOS materials have been developed recently to detect ppb
levels of hydrogen in a laboratory setting.*'** Similarly, recent
innovations in two-dimensional (2D) materials have shown great
potential for gas sensing applications due to their large specific
surface areas and strong surface activities.**™*® For example, a 2D
vanadium carbide MXene was recently shown to have a low limit of
detection of 2 ppmv for hydrogen.*” However, the primary drawback
of this technology is the cross interference from other common
atmospheric gases and humidity. A detection limit of 10 ppbv was
demonstrated utilizing ceria loaded indium oxide hollow spheres.*
The detection of 50 ppbv H, was demonstrated with a MOS based
sensor utilizing Pd nanoparticles mixed in with an indium oxide
material containing zinc oxide nano-fibers.*> A theoretical detection
limit of 10 ppbv was achieved by the incorporation of Pd
nanoparticles on zinc oxide nanoflowers based MOS in chemiresis-
tive sensors.*® Incorporation of Pd nanostructures is commonly seen
to enhance the sensitivity and selectivity of many hydrogen sensors
as Pd enables a nearly barrierless hydrogen dissociation to chemi-
sorbed hydrogen atoms on its surface.*”~° Response and recovery
times of 1s and 10s have been demonstrated for the ceria loaded
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Figure 1. Schematic illustration of some of the hydrogen sensing technologies available in the literature with sample examples (i) Chemiresistive H, sensors
(adapted with permission from ACS Nano 2020, 14, 11, 14284-14322. Copyright 2020 American Chemical Society.*” (ii) Piezoelectric sensors (reprinted from
Ref. 38 with permission from Sensors 2012, 12, 5517, MDPI), (iii) Electrochemical sensors (Reprinted from Ref. 51, Copyright 2001 with permission from
Elsevier) (iv) Optical sensors (Reprinted with permission from ACS Sensors, 2019, 4, 3133, Copyright 2019 American Chemical Society)5 2 (v) Thermal
conductivity sensors (Reprinted from Ref. 53, Copyright 2020 with permission from Elsevier).
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indium oxide hollow sphere sensor at an operating temperature of
150 °C.*!

Electrochemical sensors, due to their potential to operate in a
wide temperature and concentration range, offer flexibility towards
specific applications. Electrochemical sensors can be broadly classi-
fied into three categories, (i) potentiometric, (ii) amperometric, and
(iii) conductometric. Conductometric gas sensors are rare on the
commercial sensor market and therefore will not be further discussed
in this review. Potentiometric and amperometric electrochemical gas
sensors are significantly more relevant on the sensor market and the
fundamental equations used for their evaluation are summarized in
Table II. An electrochemical sensor has at least two electrodes: an
anode where the oxidation takes place and a cathode where the
reduction takes place. In the case of hydrogen detection, H, is
oxidized to H" at the anode, while O, is reduced to H,O at the
cathode. Since the sensing reaction with the target gas takes place at
the anode, this electrode would be considered the working electrode
(WE), while the cathode would be considered the counter electrode
(CE). However, in a two-electrode setup the counter electrode is also
the reference electrode (RE). This can work acceptably well for
potentiometric sensors where a change in potential is measured. For
amperometric gas sensors, however, a non-polarizable reference
electrode is needed where a constant potential can be applied while a
change in current between the working and the counter electrode is
measured. Potentiometric sensors offer the choice for miniaturized
sensors as the potential generated is controlled by the Nernstian
equation that is independent of the electrode size. In amperometric
gas sensors, the measured sensor signal is current, and is generated
by the reaction of hydrogen at the sensing electrode. Operation of
these sensors under diffusion-limited conditions provides a direct
proportional relationship between current and the analyte hydrogen
concentration. A new type of sensing, the mixed potential sensing
phenomenon is often observed in high-temperature solid electrolyte
sensors where the sensing electrode (SE) is exposed to reducing
gases such as CO and H,.>*™® As a result, more than one redox
reaction occurs at the SE leading to the generation of mixed
potential. When the exchange current densities for the redox
reactions are equal, the mixed potential is attained and the device
response potential is the difference in the mixed potential obtained at
each electrode. As a result, mixed potential electrochemical sensors
(MPES) can work in single chamber configurations where both
reference electrode and sensing electrode are exposed to the same
gas environment.” The difference in kinetics towards each redox
reaction for the individual electrode determines the sensor response.
Hence, the choice of electrode and its geometry are important
characteristics for achieving reliable sensor response.’”>®

Electrochemical hydrogen sensors depending on the choice of
electrolyte and mode of operation, can offer a wide range of
operating temperatures and provide one of the lowest power
consumption approaches using low-power simple circuits. Low-
temperature operation involves liquid and polymer-based electro-
lytes while high temperature operation involves ceramic metal oxide
electrolytes. The most commonly used liquid electrolyte for
hydrogen sensor application is H,SO,4 which is normally distributed
in porous membrane matrixes such as Teflon or silica to reduce

electrolyte evaporation. Major requirements for a successful hy-
drogen sensor of this type are (i) selectivity towards hydrogen in
environments with cross interferents, (ii) stable and reproducible
sensor response. Traditional sensor configurations utilized Pt as the
reference electrode due to its fast kinetics towards hydrogen
electrooxidation. However, Pt electrodes suffer from significant drift
in measured potential due to hydrogen adsorption on the electrode.
Chao et al. have demonstrated that by changing the design and
choice of reference electrode, both these challenges could be
solved.>>>° In a conventional three electrode sensor with H,SO,
electrolyte, installing a fluoroethylene propylene membrane in the
gas inlet prevented common interferent gases such as CO while H,
permeated easily improving selectivity. The problem of hydrogen
induced potential drift associated with Pt reference electrode was
addressed by utilizing a Nafion” coated Ag/AgCl wire as the
reference electrode. The incorporation of Nafion coating helped
prevent the transport of chloride ions and cations between the
electrolyte and RE providing a stable potential. hydrogen sensor
fabricated with this configuration showed a reversible drift-free
response and negligible cross-sensitivity to CO, NHs, and H,S.>
Nafion” coated Ag/AgCl reference electrode was also utilized to
explore the hydrogen sensing property of a PdO deposited reduced
graphene oxide (rGO) composite electrode recently, although the
recovery time for the PdO/rGO sensor was comparatively higher.®

Compared to liquid electrolytes, solid polymer electrolytes have
advantages such as leakage free operation, reduced corrosion, and
volatilization, but suffer from changes in conductivity with relative
humidity (RH) change and membrane-water freezing at low tem-
peratures with subsequent loss of conductivity. For hydrogen sensors
based on solid polymer electrolytes, perfluoro sulfonic acid mem-
brane is the widely used electrolyte although polybenzimidazole
(PBI) and sulfonated polyether ether ketone (S-PEEK) have also
been explored.”> Many recent efforts focus on Nafion" as the
electrolyte with Pt and Pd as sensing electrodes.®’** A Pd on
carbon fiber (Pd/CF) with varying Pd loading (5, 10, and 20 wt%)
was utilized recently with Nafion” membranes where the 10% Pd/CF
showed a linear sensor response to H, concentration in the range of
200-10000 ppmv with a sensitivity of 0.0131 pA/ppmv H,.°' Due to
their resemblance to PEMFCs, this particular design has been tested
for hydrogen sensing in conditions relevant for PEMFC operation.
The next section describes some recent developments using this
particular type of sensors for accessing hydrogen quality. An
overview of commercially available electrochemical hydrogen
sensors is presented in Review of Currently Available Commercial
Sensors for H,, CH,, and NH; section.

Sensors for hydrogen refueling stations.—The aforementioned
hydrogen sensors focus on measuring the hydrogen concentration in
a given environment, either resulting from a leak or in a gas stream.
However, at HRSs, there are two types of sensors required, one for
the detection of hydrogen leaks and one for the quality control of
hydrogen. The various effects of impurities in hydrogen on the
performance of PEMFCs have been studied in depth over
the years.®>’* The mechanism of poisoning typically involves the
adsorption of impurities onto the anode’s platinum (Pt)

Table II. Operating principle of potentiometric and amperometric sensors.

Potentiometric sensors

Amperometric sensors

RT, P
E=E"+ -+ In é

R—gas constant,

F—Faraday constant,

T—temperature (K).

n—number of e involved in the redox reaction,
P,—Partial pressure in sample gas mixture.

P..r—reference partial pressure.

I =nFQC

I—current (coulombs/s),

Q—rate of gas consumption m°/s),

F—Faraday constant,

n—number of electrons involved in the redox reaction.
C—concentration of the analyte gas (mol/m>)
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electrocatalyst, thus blocking sites for the hydrogen oxidation
reaction (HOR) and lowering the PEMFC’s performance.®®
Moreover, impurities are also known to infiltrate the membrane as
ions, decreasing its conductivity. Some impurities have also been
observed to cross over to the cathode side of the fuel cell and to
adsorb on the Pt cathode, inhibiting the oxygen reduction reaction
(ORR). The effects of impurities on the fuel cell’s performance
depend on the operating mode of the fuel cell as well as the type of
impurity.”* For example, it has been shown that ammonia lowers the
membrane’s conductivity and cannot be easily reversed without
flushing the ammonium cations out of that ion-exchanged
membrane.”® The effects of some impurities are reversible, meaning
that the cell’s performance can be fully recovered when the impurity
is removed and clean hydrogen is introduced.”"”? Impurities like
CO,()7 and HZS,69 for example, adsorb onto the Pt electrocatalyst and
can be easily desorbed when the operating potential of the anode is
increased during the start-up and shut-down period. Hence, a simple,
reliable, and inexpensive set-and-forget sensor system for detecting
contaminants in hydrogen would reduce operating costs for the HRS
station operators and remove the necessity for complex
instrumentation.>’

Recently, many types of sensors for humidity, oxygen and dew
point are being developed and marketed for the detection of
impurities in hydrogen. These sensors were listed in a recent review,
though their application success is not yet known.” In this section,
we focus on a recently developed electrochemical hydrogen fuel
quality sensor or hydrogen contaminant detector (HCD) developed
by Los Alamos National Laboratory (LANL) as a possible solution
for HRSs. The HCD is designed to continuously monitor fuel quality
at the HRS based on CO levels as sentinel species and to alert the
station operator in case the CO level rises above the permitted level
in a hydrogen fuel stream.”® The device’s ability to detect H,S has
also been demonstrated. The HCD is based on a hydrogen pumping
cell with an ultra-low Pt loaded working electrode, which means the
HOR is very sensitive to contaminants. This includes not only CO
and H,S, but also any other impurity that inhibits the HOR like for
example ammonia poisoning.”” The key novelty of this device
compared to other electrochemical ones is the use of a patented
Nafion” 117 membrane system including a water wicking system for
humidification that enables the operation of the hydrogen pumping
cell in a dry hydrogen environment. The patented membrane system
in combination with a pulsed operating mode results in exceptional
long-term stability and durability.”” A similar methodology was
utilized by Noda et al., where the potential instead of the current was
monitored as impurities were introduced.”®’® The utility of this
HCD shown in Fig. 2a was successfully demonstrated in a field test
at the H2Frontier hydrogen refueling station in Burbank, CA USA.
The HCD was operated at an applied potential of 0.1 V with
periodical short exposure to 1.5 V that ensured the removal of any
accumulated impurities. The current measured at 0.1 V for a fixed
time is used to make an impurity determination whereas the short
exposure to 1.5V effectively re-sets the HCD. HCD current
response obtained for such a pulsed polarization protocol (PPP) is
shown in Fig. 2b where a dramatic difference in HCD response is
observed following the introduction of H, contaminated with 200
ppb of CO. Figure 2c illustrates the response of this HCD after an
actual restart of the steam-methane reformer system (SMR) at the
HRS clearly demonstrating the high levels of CO produced after a
SMR restart and the continuous reduction in CO levels due to the
pressure swing adsorption (PSA) system that removes all remaining
traces of CO before storage of the hydrogen. A planned introduction
of 1 ppmv CO in H; indicated that the CO levels during the restart of
the SMR are much higher than permitted by SAE J2719 and that the
HCD is capable of detecting these levels with the above described
operation protocol.”” The HCD when exposed to roughly 10 ppb
H,S (2.5x SAE J2719 standard) produced a comparable electro-
chemical impedance spectroscopy (EIS) response behavior as
observed with CO, indicative of contaminant binding to the Pt
catalyst in the WE although with a significantly slower electrode

kinetics (Fig. 2d).”” Tt should be noted that since this detector is
constructed with components that are similar to those actually used
in a PEMFC (membrane, electrocatalyst, catalyst support, and
ionomer) stack, it would be capable of detecting any impurity that
poisons any of these components irrespective of the poisoning
mechanism. The identification of ammonia contamination is theore-
tically possible because ammonia will lead to an increase in the high
frequenc;/ resistance (HFR) which will not be observed for either CO
or H,S.”’ For example, introduction of 25 ppmv NHj in a H, feed
has shown to increase the HFR from 0.10 Q-cm? before ammonia
exposure to 0.25 Q-cm? after 15 h of ammonia exposure.*® A recent
study demonstrated a similar increase in HFR after exposure to
10 ppmv NHj; although the duration of exposure is not clear.®'

The potentiometric sensors developed by Noda et al.”® have
similarly detected the introduction of 0.5 ppmv CO and 0.5 ppmv
H,S into the hydrogen fuel feed. The potential drop is well
pronounced in sensors with lower Pt loading (0.015 mgcm™>) in
comparison to sensors with higher Pt loading (0.05 mg cm™2).”®
Introduction of 5 ppmv ammonia was found to affect both high and
low Pt loaded sensors equally, suggesting that ammonia poisoning is
associated with lowering the membrane conductivity rather than
blocking the Pt sites. Other types of sensors such as optical sensors
and mobile-gas chromatography are being developed as well for this
application. An optical sensor based on laser-induced breakdown
spectroscopy was demonstrated to detect N,, O,, Ar and He in H,
fuel at concentrations below 100 ppmv.*> A hydrogen impurity
analyzer based on mobile gas chromatography was found to detect
O,, Ar, N, and CH; in an H, stream at concentrations below
3 pmol mol ' ** There clearly is a need for reliable quality control
to ensure that hydrogen fuel cell based vehicles do not get their fuel
cell stacks poisoned with contaminants and lose performance. The
current available technologies allow for periodic testing, however,
continuous monitoring of a broad range of contaminants is required.
Further research is needed to obtain the sensors that can readily
detect a wider variety of contaminants in the hydrogen fuel and
fulfill this need.

Sensors for methane and methane/hydrogen blends.—The
transportation of hydrogen requires either the buildup of new
transportation infrastructure, conversion of hydrogen into easier to
transport fuels, or the use of existing fossil energy transportation
networks. The US has over 300,000 miles of existing natural gas
pipelines.'® Instead of transporting pure hydrogen, it can be blended
with methane at concentrations up to 25 vol% H, while still being
able to be transported in the established natural gas transmission
system.'*®* This mixture attracted commercial attention by man
companies and is trademarked in the name of Hythane™ .58 A
technoeconomic analysis by Di Lullo identified hydrogen-methane
blends and pure hydrogen pipelines as the lowest cost methods for
long-range transport of hydrogen if the output pressure of H, is kept
<35 psi.®” The extensive network of natural gas pipelines available
for repurposing towards hydrogen-methane blends transportation
comes with the associated safety risks and greenhouse gas emissions
due to using old infrastructure. The current survey methods carried
out by natural gas companies involve walking surveys with handheld
meters that detect leaks.®® There is currently no widely deployable
sensor technology for continuous monitoring of hydrogen, methane
or hydrogen-methane blends leakage. In this section, we will review
methane sensors and discuss their integration into combined H,/CH,4
sensing systems. Figure 3 shows some examples of sensors used in
the detection of methane.

Methane monitoring is often performed using optical monitoring
methods. Methane absorbs in the infrared spectrum at 2.3 and
3.3 um and infrared (IR) absorption methods have been developed
for its detection at these wavelengths. Diatomic molecules like H, do
not absorb IR and selectivity for methane vs hydrogen is excellent.
Methods for methane detection have been developed using non-
dispersive infra-red (NDIR),”'™* cavity ring-down spectroscopy
(CRDS),’* tunable laser diode,®®?"° and photoacoustic
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Figure 2. (a) Field testing an experimental HCD system (HCD, flow controller, and potentiostat) at the H2Frontier hydrogen refueling station located in
Burbank, CA. (b) Generalized hydrogen pumping current behavior during HCD operation. The working electrode is stripped of CO at 1.5 V and current peaks
after a longer period of time at 0.1 V. The current at 0.1 V always shows decay due to the accumulation of ultra-trace level impurities that interfere with hydrogen
oxidation reaction however a significantly larger decrease in current is measured when 200 ppbv CO (the SAE J2719 standard) is introduced to the hydrogen
sample gas stream. (c) Data collected at H2Frontier filling station in Burbank, CA during steam methane reformer (SMR) restart. The HCD qualitatively tracked
level of CO contamination as H, station production reached optimized operating efficiency. (d) Electrochemical Impedance Spectroscopy (EIS) data from
150 kHz to 1 Hz collected as a function of exposure time for 10 ppbv H,S.
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Figure 3. Four different types of methane detection technologies. (a) Tunable laser infrared absorption sensing of a methane leak. Reprinted from Ref. 88 and
with permission via the OSA Open Access License. (b) A miniaturized low-power Pd-Pt catalytic sensor. Reprinted from Ref. 89 with permission from Elsevier.
(c) A SnO, metal-oxide semiconductor (MOS) sensor with a catalytic PtO-Al,O; filter to improve selectivity towards methane. Reprinted from Ref. 90 with
permission from Elsevier. (d) A mixed potential sensor containing Pt, Indium tin oxide (ITO), La g;Sr 13CrO; (LSC), and Au electrodes for methane gas
detection. Reprinted from Ref. 16 with permission via CC-BY license.

sensing.'%~'% Detection of methane alone is insufficient to confirm methane, ethane, and propane which are present in natural gas but

the presence of a natural gas leak since methane occurs naturally. IR not in other methane sources such as wetlands or
methods have also been developed that simultaneously quantify agriculture.'"'%-197 For example, Control Measure Regulation
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(CMR) group has launched a near infrared intelligent sensor (NIRIS)
for natural gas that can speciate methane, ethane, and propane and
measures the composition of natural gas in real-time.'"” However,
the measurement range for methane is 50-100 vol% that is suited to
optimize the fuel consumption than natural gas leaks. Also, gas
pipelines with varying hydrogen concentrations can act as a diluent
to the IR-active methane and can lead to measurement errors.
Another option is isotopic analysis by both CRDS and photoacoustic
methods sensitive enough to distinguish the expected C isotope
distributions from different sources.’”®'’ IR measurement techni-
ques have also been widely deployed on manned and unmanned
aerial surveys of emissions from existing natural gas
infrastructure.''~''? While IR methods have been extremely sensi-
tive and selective for natural gas emission studies, the requirements
to keep optical cavities clean and free from dust, and keeping IR
transparent windows stable in changing RH, make their long-term
deployment challenging for continuous monitoring applications.

Catalytic sensors for methane detection are widely deployed in a
safety context where they detect the concentration of flammable
gases in air (O, is necessary for operation) when it rises above their
LEL.'"'*'"* The increase in temperature during the exothermic
oxidation reaction of methane on a hot catalyst (Pt or Pd) coated
temperature transducer is used as a sensing parameter. Typical
detection ranges are in the 100’s of ppmv to 4 vol% LEL for
methane.3>"1>116 Park et al. demonstrated a dual Pd/ALO; and
Pt/Al,0O5 catalytic sensor that could detect total concentrations for
CH,, H,, and binary mixtures of CH4 + H, in the 200-2000 ppmv
range.''® Miniaturization of catalytic methane sensors with feature
sizes on the order of 100’s of microns have been shown to reduce the
power needed for heating the oxidation catalyst. Karpov et al.
demonstrated a device that could sense methane at 0.2-2.5 vol%
range while operating on 1.2 mW of power.%

Solid-state electrochemical sensors have been widely investi-
gated for methane and hydrogen detection and are expected to have
lower power and cost than IR methods. Hydrogen is commonly
studied as cross-interfering species in electrochemical and MOS
methane sensors but not NDIR. Sensors for methane include metal-
oxide semiconductor sensors and mixed potential electrochemical
sensors. In a metal-oxide semiconductor sensor, the reaction of
interest is the reaction of methane with oxygen within or adsorbed at
the MOS surface (Eq. 1); 117118

CH4 4+ 407 = CO; + 2H,0 + 4e~ [1]

This reaction results in a decrease in the resistance of the metal-
oxide layer (for n-type semiconductors) and resistance change is
used as the sensor response. Recent efforts in producing doped metal
oxide-based nanostructures have yielded improvements in methane
sensitivity. The typical range of detection for metal oxide semi-
conductor sensors usin% SnO; as sensing material is in the order of
10-10,000 ppmv CH,.'"® Nanostructured ZnO semiconductor sen-
sors were studied and had a reported detection range of 0.01-1 vol%
CH,.'"""'?° Pd-doped SnO, was used to detect methane in the range
of 25-1,000 ppmy with 67 times enhanced response compared to
pristine Sn0,.'?""'?? Pt-modified SnO, sensors showed a range of
sensitivity between 25-930 ppmv.'* In environments containing
both methane and hydrogen, the selectivity of the semiconductor
sensor can be controlled by surface modification and catalytic
coatings. The majority of the work has been focused on increasing
the selectivity to hydrogen against methane and other hydrocarbons.
Hexamethyldisiloxane modification of a SnO, sensor resulted in a
sensor not responding to CHy, CO, and heavier hydrocarbons but to
H, with a limit of detection of approximately 250 ppb.'** Similar
success was achieved using Au nanoparticles on SnO, to promote
sensitivit?/ to hydrogen over methane with a limit of detection of
400 ppb.''? Catalytic filters have been demonstrated to enhance the
selectivity of semiconductor sensors for methane over other hydro-
carbons and NO, species by reacting away unwanted
species.””'?12° A field demonstration of MOS based sensors for

the detection of methane was successfully able to measure methane
emissions from a simulated under§round natural gas pipeline leak at
rates of 0.042 and 0.127 kgh™'.'¥’

Mixed potential electrochemical sensors have been investigated
for methane sensing. The electrochemical half reactions are expected
to be the oxidation of methane (Eq. 2) and the reduction of oxygen
(Eq. 3):

CH, + 202~ > CO, + 2H,0 + 4e" [2]

0, + 4e~ — 202~ 3]

Sekhar et al. showed indium tin oxide (ITO) vs Pt in a yttria-
stabilized zirconia (YSZ) solid electrolyte to have high selectivity
towards 100 ppmv CH4 vs CO, H,, CO,, and NO,, but weaker
selectivity against CzHe.'*® They reported a four times higher
sensitivity to methane when applying a pulse discharge method.
Halley et al. developed an additive manufacturing process for the
production of a four-electrode Pt, Lagg;Srg 13CrO3, ITO, and Au
mixed potential electrochemical sensor and demonstrated the ability
to identify 1,000-4,000 ppmv of simulated natural gas mixtures,
CH, only, and agricultural simulants containing CH, and NHj.'®
Yang et al. showed high selectivity for methane using a SmMn,Os
electrode against Pt with YSZ as solid electrolyte in a mixed
potential electrochemical sensor achieving a lower detection limit
of 25 ppmv CH,.'*’

The current drivers for future developments in methane sensing
are reduced cost, lower power, increased durability (long lifetime),
stability (no need for compensations or periodic calibrations),
specificity towards the target species (methane or hydrogen), and
improved sensitivity for environmental monitoring to perform both
identification and quantification of leaks. For example, satellite-
based survey methods recently demonstrated the significant under-
estimation of methane leaks from industrial sectors but it is not a
suitable method for leak site identification.'*® Hence, more specifi-
cally, the current requirements for electrochemical sensors with
improved stability require limits of detection at the 1 ppmv level.'*'
Tian et al. have estimated that a minimum of 6h of continuous
monitoring are needed to accurately predict a leak rate from an
underground methane source by atmospheric sampling.'** Few
efforts have investigated sensors that can simultaneously quantify
mixtures of methane and hydrogen. In the research reviewed above,
the two gases are typically treated as interferent species and
selectivity is tuned to either methane or hydrogen, but not both
although some limited examples are given in Multi-Sensor Arrays,
Electronic Noses, and Machine Learning for Hydrogen Sensing
section. The successful monitoring of emissions leaking from
hydrogen-methane blends or natural gas-derived hydrogen infra-
structure will require sensors that can simultaneously quantify both
species. Multi-sensor arrays (electronic noses) integrated with
machine learning methods are a promising solution to this, where
response from different sensors with varying selectivity towards
hydrogen and methane could be used to deconvolute the composition
(see Multi-Sensor Arrays, Electronic Noses, and Machine Learning
for Hydrogen Sensing section). Again, Al interpretation of complex
sensor data is a promising direction to achieve improved specifica-
tions for future sensors.

Hydrogen as an Interfering Gas

The use of gas sensors for monitoring the environment as part of
a broader Internet of Things (IoT) approach to improving the quality
of life is constantly increasing.'>* The market size of gas sensors that
monitor indoor air quality (IAQ) for homes and hospitals, outdoor
environments for cities and farms, and toxic gases and other
pollutants for industry is expected to grow in the coming
decades.'** However, the impact of the hydrogen economy on these
sensors is not understood and needs to be addressed to ensure a
smooth transition to smart clean technologies. The primary impact of
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the hydrogen economy on smart sensors will be its presence as an
interfering gas to the intended response of IAQ sensors. Current
standards for most sensors in use today do not consider hydrogen as
an interfering gas, since its presence is not prevalent in the
environments where these sensors function.'>* However, the recent
use of rechargeable lead acid battery systems has created a situation
where hydrogen can be released into an indoor environment during
the charging process.'> This accidental release of hydrogen has
already resulted in false alarms of existing CO sensors and has been
the subject of a 2019 publication.'*® In this section we will review
the publications related to the impact of hydrogen on some sensors
that are currently being considered for monitoring indoor air quality.

Several low-cost sensors including NO,, Oz, CO,, CO, t-VOC
(total-volatile organic compounds), PM (particulate matter), radon,
SO,, and H,S sensors have the potential to be used for indoor air
quality monitoring."*” The operating principles of these sensors vary
widely and could be based on one of several sensing mechanisms
including electrochemical, chemiresistive, photoionization (PID),
infrared, optical, catalytic bead, thermal conductivity, or piezo-
electric/pyroelectric. The impact of hydrogen gas on the response
depends on the sensing principle and is expected to play a significant
role in primarily chemiresistive, electrochemical, catalytic bead and
thermal sensors. For example, when seven commercially available
CO sensors were evaluated with 100, 200, and 500 ppmv Ho, all but
one of them resulted in false CO alarms.'*® Considering that the LEL
of H, is 4 vol%, and most safety systems will not alarm below
20 vol% LEL or 8000 ppmv, it is definitely possible for indoor
hydrogen concentrations to routinely exceed 500 or even 1000 ppmv
without any safety implications. Therefore, it will be critical to
ensure that other sensors in that environment can operate reliably in
a background of approximately 500 to 5000 ppmv of H,.

Chemiresistive sensors can respond to CO, VOCs, and all
combustible gases including hydrogen and will need to be carefully
designed to mitigate hydrogen interference. MOS sensing elements
are widely used in VOC sensors'*® and CO sensors'* and are as
such commercially relevant even though they are susceptible to
hydrogen interference. As described in the previous section, the
presence of hydrogen can decrease the amount of adsorbed oxygen
on the surface of a MOS-based sensor resulting in a decrease in
resistance. This decreased resistance would result in a false sensor
reading whose magnitude will depend on the exact sensor utilized.
The effect of the interference can be lowered by either using a filter
or by using multiple sensors with modified surface coatings that can
increase or decrease the sensitivity to hydrogen. Filters are routinely
used in MOS sensors to provide better selectivity'*>'*! and in
specific, a BaTig 9sRhg 0505 layer can be used to provide selectivity
towards CO in the presence of H,.'*> Moreover, activated charcoal
filters are routinely used in MOS based CO sensors to provide
selectivity against absorbable VOCs. As an alternative to filters,
additives like noble metals could be used to modify the intrinsic
selectivity of the used MOS materials.'*® Specifically, as earlier
noted, addition of Pd has been shown to improve the hydrogen
sensitivity of a MOS based chemiresistive sensor.*> While these
individual methods result in improved selectivity, they are not ideal
solutions since the concentration of hydrogen could significantly
exceed the concentration of the target gas. Therefore, multiple
sensors or sensor arrays with different selectivities to CO/VOC
and hydrogen can be utilized to further compensate the interfering
effect of hydrogen.

Electrochemical sensors are also subject to interference from
hydrogen which can be electrochemically oxidized at the working
electrode of the sensor resulting in a sensor signal that can be
mistaken for the target gas. The influence of hydrogen on the
response of electrochemical CO sensors has been evaluated in detail
in a recent publication.'** The authors reported significant inter-
ference with just 500 ppmv of H, (false CO readings from 100 to
150 ppmv) and “out of range” readings for 2 vol% H, (50%LEL).
The CO sensor’s response to hydrogen was also found to change
with time impacting the lifetime of the sensor with its hydrogen

response decreasing at a faster rate than the CO response with
ageing. The incorporation of additional electrodes can be utilized to
further decrease the H, interference by correcting the signal for CO
from one electrode pair with the total H,+CO response from the
other electrode pair. These multi-electrode electrochemical sensors
are commercially sold as CO/H, low or CO/H, Null sensors.
Changing the electrocatalyst from Pt to Pd or Au for an H, sensor
can also virtually eliminate the CO signal.

Catalytic bead sensors are also widely used in combustion gas
sensing due to their sensitivity to LEL levels, long lifetime, and
relatively low cost.'*> These sensors will invariably respond to
hydrogen since it can be oxidized on the catalyst bead that surrounds
the Pt wire that acts as a Pt-resistance thermometer. Catalytic bead
sensors are widely used as hydrogen LEL detectors in indoor and
outdoor environments but do get saturated at high concentrations of
H, and low oxygen levels. Therefore, these sensors will not be
suitable for t-VOC detection in indoor environments where a
significant hydrogen concentration is expected. On the other hand,
IR-based detection technologies that are currently being used for
indoor air quality monitoring (CO,, VOCs) are not susceptible to
interference from hydrogen.'*® Other technologies including
Photoionization detectors (PID) and tunable diode lasers that are
used for t-VOC and individual gas detection respectively are also
immune to interference from hydrogen and offer promising alter-
natives for indoor air quality monitoring in the presence of
significant hydrogen concentrations.'*®'4’

Multi-Sensor Arrays, Electronic Noses, and Machine Learning
for Hydrogen Sensing

Sensor arrays are used where multiple gas species must be
quantified simultaneously or cross interference between sensed
species is present. The term “Electronic Nose” originates from the
senses in biological noses where multiple signals generated by an
array of receptors interacting with aromatic molecules are combined
to produce the sensation of smell in the brain.'**='>' Following this
analogy, multiple sensors can be combined to produce multidimen-
sional signals from complex chemical mixtures. Sometimes these
signals can be deconvoluted mathematically in n-dimensional space
and produce identification and quantification for some or all of the
gas species present in the sample. Electronic noses have been
developed for hydrogen sensing since hydrogen’s high reactivity
makes discriminating it from other combustible gases challenging
with currently available single sensor approaches. A chemically
sensitive field effect transistor (FET) array was developed for H,,
CO, CH,, and liquefied petroleum gas.'>* FET based sensor arrays
were also used to quantify simultaneously mixtures of NH; and H, at
the 3-10000 ppmv and 10-10000 ppmv levels respectively.'>
Sensor arrays that can quantify humidity have also been developed
and limits of detection of 12 ppmv for H, and 30 ppmv for CO were
demonstrated once humidity effects were compensated.'>> Sysoev
et al. developed a nanowire-based SnO,/TiO,/Ni-SnO, semicon-
ductor sensor capable of discriminating between H, and CO at the
1072 Pa partial pressure range.'>*

An example for sensor array related to hydrogen and hydro-
carbons is shown in Fig. 4'°° that was developed as a “Lick and
Stick” leak detection system which can be stand-alone and be
applied wherever necessary.'>® The complete electronics system
with hydrogen, hydrocarbon (see Hydrogen Sensors in Air
Transportation Applications section) and oxygen sensors is shown in
Fig. 4a. Testing results of a prototype model of the “Lick and Stick”
sensor system is shown in Fig. 4b which highlights the response of
the SiC-based gas sensor at various hydrocarbon jet fuel (RP-1)
concentrations and under constant oxygen concentration. The
hydrocarbon sensor, a silicon carbide (SiC) Schottky diode, detects
fuel concentrations from 300 ppmv to 3000 ppmv. The hydrogen
sensor signal shows no response, suggesting a lack of cross-
sensitivity between the hydrogen and hydrocarbon sensors to the
detection of this fuel. This example demonstrates the ability to
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Figure 4. (a) “Lick and Stick” leak detection system configured with different wireless antennae and a hydrogen, hydrocarbon, and oxygen sensor. (b) Response
of the three sensors, (hydrogen, hydrocarbons, and oxygen) to a constant oxygen environment and varying hydrocarbon (RP-1) concentrations. The sensor signal
shown is the output from the signal conditioning electronics which processes the measured sensor current at a constant voltage (Ref. 155).

integrate these three sensors into a complete sensor array with a full
complement of supporting sensor electronics and hardware. Another
example of this sensor array approach is where an array of SiC
Schottky diode sensors were used for methane, formaldehyde, and
acrolein for first responder safety applications.'”®

Figure 5 presents some examples of machine learning and sensor
modeling in the gas sensing space. Machine learning (ML) methods
are commonly used to analyze sensor signals to perform identifica-
tion and quantification of gas species in mixtures.'>® The use of
artificial neural networks (ANNS) paired with sensor arrays was
studied as early as 1991 where an array of Metal Oxide
Semiconductor Field Effect Transistors (MOSFET) sensors was
used to quantify concentrations of Hy/NH; and Hjy/Acetone
mixes.'> In the three decades since this early work, advances in
computing power, the availability of open-source libraries, and the
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(c) MOS Sensor Fault Detection with CNN + RF
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proliferation of mobile computing platforms have made machine
learning methods attractive for the development of field deployable,
portable sensor array devices. Tsitron et al. developed a Bayesian
algorithm combined with an electrochemical response model to
extract concentration from mixed potential sensors in binary mixtures
of ammonia and propylene.'® Javed et al. and Ramaiyan et al. applied
support vector machines and Gaussian process regression to identify
1-4 component mixtures of NO, ammonia, and hydrocarbons with an
array of multiple mixed potential sensors (Fig. 5a).'®"'%> Today, deep
learning methods leveraging increased computational capability have
resulted in the development of ANNs consisting of 10s-100s of
layers. ANNs are categorized as black box methods, where the
development of an explicit physical model for the sensor response is
not needed. This is an advantage in multi-species analysis where the
number of chemical interactions increases combinatorically with the

(b) ANN Regression of Methane Concentration
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Figure 5. (a) Gaussian Process Regression for quantification of 1-4 component mixtures of NO, NO,, C;Hg, and NH3. Reprinted from Ref. 161 with permission
from Elsevier. (b) ANN regression of methane concentration with a four-element mixed potential sensor array. Reprinted from Ref. 16 with permission via
CC-BY license. (c) Fault detection for MOS sensors with a combined convolution neural network and random forest algorithm achieving 100% detection of
sensor fault. Reprinted from Ref. 165 with permission via CC-BY license. (d) Atmospheric modeling combined with drone surveying of methane concentration
to predict a leak rate. Reprinted from Ref. 112 with permission via CC-BY license.
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number of gas species analyzed, and it is not feasible to develop a
model for each possible chemical reaction driving the sensor response.
Zhang et al. benchmarked ANNs combined with other ML methods
including random forest and support vector machines to show that a
multi-sensor array of semiconductor sensors could accurately identify
and quantify CO, H,, and CO/H, mixtures.'® An array of four metal
oxide semiconducting sensors could quantify hydrogen across a
concentration range of 17-3000 ppmv with a measurement error of
5.8% in the presence of hydrocarbons by use of ANNs.'® Halley et al.
demonstrated the application of ANN and ML methods to not only
detect fugitive methane emissions but also to discriminate the source
of that emission (Fig. 5b)."® ML has also been applied to monitor the
health of the sensor and is especially important for systems prone to
drift. Sun et al. developed a convolution neural network plus random
forest algorithm to detect for sensor drift in hydrogen sensitive metal
oxide sensors (Fig. 5¢).'%

There is a need in emissions monitoring from a leak source not
only to provide the absolute concentration of an analyte at a point
but also to localize the emission to a point in space. This may be
accomplished by integrating data collected from sensors spaced
around a potential leak source combined with computational
methods using these data. Gas dispersion models such as inverse
plume methods then use the aggregate sensor data along
with atmospheric conditions to predict the source of an emission
(Fig. 5d).!! 132.166-169 B1ack box artificial neural networks without a
physical atmospheric model have also successfully localized the
emissions for gases from data collected with an array of
sensors.'’*!7! These methods have been applied for methane
emissions monitoring but are expected to be applicable for hydrogen
or hydrogen-methane blends as well. The increased processing
power available for mobile and embedded processors has enabled
the deployment of ML algorithms on IoT platforms. This enables
them to perform automatic identification, quantification, and self-
calibration without the need to connect to a remote server.'’>~'7°
Mondal et al. demonstrated an ANN algorithm with an array of 6
metal oxide sensors capable of performing identification of CO, H,,
and CH4 which fits in a 185kb file that was deployed on a
microcontroller.'”” Sensors mounted onto drones and autonomous
robots could enable survey of hard to reach areas or cover large
distances.'”*'%" The development of ML technology integrated with
edge computing and sensor arrays is a promising route for high
accuracy processing of sensor data to identify, quantify, and locate
emissions from hydrogen infrastructure. Physical models promise a
better understandability of the results produced by the algorithm,
while black box ML models are easier to develop. The main
constraint with ML is obtaining large enough datasets that super-
vised learning can be successfully applied to. Sensors which are
robust, have low drift, and high part-to-part reproducibility will be
needed to minimize the amount of time expended in collecting data
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and performing recalibration. Field testing in relevant environments
outside the laboratory is also expected to be critical to producing ML
algorithms such that computations on sensor responses accurately
represent the real world.

Hydrogen Sensors in Air Transportation Applications

Hydrogen has been widely used in aerospace applications for
rocket propulsion and is emerging as a green fuel for civilian
aircraft.'®""'®2 Hydrogen offers the potential for carbon-free
emissions from aircraft using hydrogen turbine engines and as a
fuel for electrifying aircraft primary and auxiliary systems with
fuel cells. The introduction of hydrogen based technologies in
aircraft systems requires new sensor technology for leaks and
safety in tankage, transport, and use to support widespread
adoption.'®*'®* NASA Glenn Research Center and collaborators
have endeavored to improve hydrogen leak detection capabilities
including the development of an automated hydrogen leak
detection system using micro hydrogen sensors.'>>!37:185 The
objective is to produce a hydrogen leak detection system which
does not need oxygen or depend upon moisture to operate. Two
different hydrogen detection approaches are used depending on
the concentration range. The detection of low concentrations of
hydrogen involves using palladium (Pd) alloy Schottky diodes on
a silicon (Si) substrate. The Schottky diode structure is composed
of a hydrogen-sensitive metal (Pd-alloy) deposited on an oxide
(silicon dioxide) adherent to a semiconductor. This forms a
Schottky diode in the form of a very thin layer (approximately
50 A) of silicon dioxide (SiO,). In this approach, when hydrogen
reacts with the Pd-based catalytic layer, it dissociates into
atomic hydrogen. The resulting atomic hydrogen is absorbed
into the Pd-based layer forming a dipole layer at the Pd/SiO,
interface causing a change in the diode electrical properties that
varies with the hydrogen concentration. The hydrogen concentra-
tion can thus be measured by detecting a change in the current for
a given bias voltage of the diode. The advantage of a Schottky
diode sensing structure in gas sensing applications is its high
sensitivity.

The detection of higher concentrations of H, (up to 100%) can be
accomplished using a hydrogen sensitive resistor. Also based on
hydrogen absorption, the resistance of the sensor changes propor-
tionally with the amount of hydrogen in the ambient. The amount of
resistance change is dependent on the hydrogen concentration in the
ambient. Both the Pd-based Schottky diode and resistor do not need
oxygen to quantitatively measure hydrogen. The overall approach
for wide range hydrogen detection from low concentrations to 100%
is to combine the characteristics of both the Schottky diode and
resistor to provide a reliable response throughout the range of
possible operational environments. >

Figure 6. (a) Schematic diagram of the silicon-based hydrogen sensor. The Pd alloy Schottky diode (rectangular regions) resides symmetrically on either side of

a heater and temperature detector. The Pd alloy resistor is included for high concentration measurements. (b) Picture of the packaged sensor.
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The design of the referenced Pd alloy sensor is shown in Fig. 6.
The structure includes a Pd alloy Schottky diode and resistor, a
temperature detector, and a heater all incorporated in the same chip
(Fig. 6a). Also shown is a picture of the packaged sensor (Fig. 6b).
The response of the Schottky diodes was determined by measuring
the diode’s reverse current. This Fig. 6 highlights the sensor’s small
size, multiple structures on the same chip, and integration with
temperature control capabilities. The response of the Schottky diode
and the resistor, both based on a palladium chrome (PdCr) alloy, is
shown in Fig. 7.'5 The raw sensor data is shown as well as the
processed and calibrated data. The processing includes filtering of
signal noise. Figure 7a shows the response of a diode to hydrogen in
air at low concentrations. The resistor response in air is shown in
Fig. 7b to a range of high hydrogen concentrations. The calibrated
response is provided to the user; the processing eliminates noise in
the signal and produces a more “square wave” response while still
representing the concentration present in the environment. Other
data taken in inert environments (not shown), i.e., helium or
nitrogen, show a diode with a slower recovery time but a more
sensitive and responsive resistor.

Another approach to sensitive hydrogen detection is to replace
the silicon semiconductor with a silicon carbide (SiC) semiconductor
in the Schottky diode sensing structure.'¥*'3” The advantage of this
approach is that SiC has a much wider temperature range as a
semiconductor than Si allowing for use in high temperature
applications, up to 600 °C, not achievable with silicon-based
devices. In order to prevent reactions between the catalytic metal
and the semiconductor, a controlled thickness of palladium oxide
(PdO,), is used as a barrier layer between the catalyst and the SiC.
Palladium oxide is chosen as a barrier layer due to its inertness and
compatibility for inclusion in the Schottky diode structure.

This palladium/palladium oxide/silicon carbide (Pd/PdO,/SiC)
Schottky diode sensor design is sensitive to both hydrogen and, at
higher temperatures, hydrocarbons (including methane depending on
the sensor temperature).'®® Figure 8 shows the output current of
Pd/PdO,/SiC sensor biased at 0.45 V at 180 °C during exposure to
hydrogen concentrations in nitrogen at a concentration range below
1.25 ppmv. The sensor at these higher temperatures is capable of
sensing H, as low as 0.25 ppmv at this bias voltage. Such sensitivity
was not seen at lower temperatures and so this data demonstrated
tuning the sensor response using temperature control.'® Overall, this
sensor has demonstrated a broad range of detection capability and
has been applied in multiple applications begond leak detection, e.g.,
emissions monitoring or fire detection.'5>1*°

Implementation of hydrogen sensor systems for aircraft applica-
tions requires certification and design considerations which differ
from ground infrastructure.'®’ Hydrogen sensors and associated
electronics for aircraft applications must be capable of operating in
reduced and oxygen-free environments during flight, operate at
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Figure 8. Plot of output current of the Pd/PdO,/SiC sensor biased at 0.45 V
at 180 °C. Sensor was exposed to different hydrogen concentrations in
nitrogen with exposure to air and then nitrogen in between each hydrogen
exposure. This data shows that the sensor can be optimized to detect
hydrogen concentration as low as 250 ppbv.'®’

maximum temperatures well below potential hydrogen ignition
temperatures, and be capable of flight safety certification. hydrogen
sensor systems require electronics and packaging. The typical safety
system certification requirements for aircraft sensor systems include
compliance with RTCA DO-254 Airborne Electronic Hardware
Design Assurance, RTCA DO-178C Software Considerations in
Airborne Systems and Equipment Certification, and RTCA DO-
160G Environmental Conditions and Test Procedures for Airborne
Equipment. Additionally, new technical standard guidelines are
currently under development for aircraft and airports which may
drive technology requirements for aircraft hydrogen sensors.'*?

Review of Currently Available Commercial Sensors for H,, CH,,
and NH;

This section is focused on existing commercial and near-term
sensors for the target gases hydrogen, ammonia, and methane. The
near-term sensors are included since they have possibilities to impact
the commercial markets with only minor developments or specific
deployment options that can make them immediately useful. The call
for smart measurements, automated systems, and intelligent feed-
back in every aspect of life result in an increasing demand for all
types of gas sensors. This is reflected by the projections for the
commercial gas sensor market which had a value of $1.4 billion in
2022 and is projected to increase to $2.1 billion by 2027.'%
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Figure 7. Pd Alloy based (a) Schottky diode and (b) resistor response to hydrogen in air. Both the raw signal and calibrated response are shown. The responses

of the two sensor types are complementary spanning the hydrogen concentration range from low concentrations to 100%.

155



ECS Sensors Plus, 2023 2 045601

~ Sensor: _~Electronics™
b Resolution \\

concentration range o
(analytical) sensitivity A Alarm \
selectivity ,/ Background/Offset \
. s /
precision/repeatability / response time \‘
/ response time / temperature range \
temperature range ‘ output (signal/analog/digital) |
| pressure range accuracy
operating voltage f

background humidity levels |
\ power consumption \ / physical/chemical stability fﬁ
stability »<]__ compensated for T/rh/p /

lifetime calibration /
warm-up time warm-up time

sensitivity
response time cost
environmental conditions weight
operating voltage size
package-interface alarms
technology issues

approval by agencies

Figure 9. Overview of the different requirements for the three components
of a modern gas sensor that will influence the choice for a specific
commercial application.

Additionally, the use of natural gas and hydrogen as an energy
source is growing rapidly while at the same time our understanding
of the role that gases like methane and hydrogen play in climate
change increases. Another environmentally relevant gas is ammonia,
a toxic gas, and it is also relevant to the safe emergence of the
hydrogen economy. The increasing use of hydrogen and methane as
an energy source, as well as the increasing need for fertilizers to feed
the world’s population are foundational for the increasing need in
commercial monitoring methods to detect gas leaks and monitor
these specific toxic, environmentally significant, and explosive
gases.

The basic sensing element must meet specifications that allow a
successful application. One must know the requirements imposed by
the application in order to either develop a successful sensor or to
select a commercial sensor for field use. The system or package has
an additional requirement that the entire sensor package has to be
supported and have a reliable supply chain. Commercially available
sensor solutions are based on a variety of technologies. This includes
electrochemical, chemiresistive, Shottky diodes devices, optical
sensors using absorptive or emissive techniques, thermal sensors
based on thermal conductivity or catalytic combustion, and mechan-
ical sensors based on piezoelectric films. Each technology has
certain advantages and disadvantages, as well as application cases
where one of the technologies is more favored than another. The
choice for a specific technology is often based on the requirements
that can be achieved with the entire sensor system and packaging.
Specifications for commercial sensors are typically presented in a
table to enable easy selection of the sensor for a given application. It
implies that one knows a lot about the condition of deployment of
the sensors. The specification for the commercial sensor must
include the performance of sensor, electronics, and system with
packaging. Commercial applications are generally examined differ-
ently than sensor investigations and the final performance specifica-
tions are driven by the system and not necessarily those of the
discreet sensor element within. This is easily seen wherein the
package limits the gas access and thereby determines the measure-
ment response time no matter how fast the sensor element may be.
Within this cadre of specifications (Fig. 9), one considers the
measurement to be made, the situation in which these are made
and all the variables therein. These complex considerations provide
focus for development as well as applicability of commercial

sensors. Figure 9 provides an overview of the different requirements
for the sensor, the electronics and the system that need to be met by
the sensor of choice for a specific application. There is also a
disciplined tiered approach to the evaluation of a sensor towards
satisfying a specific commercial application.'®* It is reasonable to
assume that the sensor signal has an error due to fluctuations in any
variable that changes the signal (output) of the sensor. These are
typically modeled as a simple term that adds or subtracts to the
overall signal vs concentration equation.

This section of the review provides a brief introduction into each
technology including references for more detailed explanations of
the working principles, as well as tables with commercially available
sensors. It should be kept in mind that there are more sensor
manufacturers out there than will be listed in Tables III-VIII. These
tables are just intended as a short glimpse into the vast variety of
commercially available sensors, and we apologize to anyone who is
not included in this review at this time. Whenever possible, the
tables presented includes information on concentration range, power
consumption, cross sensitivities, expected lifetime and the link to the
manufacturer data sheet/url.

Electrochemical sensors.—The working principles of electro-
chemical sensors are discussed in Sensors for the Hydrogen
Economy section and will not be discussed again at this point.
Electrochemical gas sensors can be used for a broad range of gases
and can therefore be used in hydrogen, methane, and ammonia
detection and monitoring applications. The advantages of electro-
chemical gas sensors are their relatively small size, low cost, and
low power consumption allowing for designing portable or fixed site
instrumentation as well as disposables. Electrochemical sensors
often have high sensitivity coupled with selectivity but can be
inadequate for some field applications even today because of the
stability of the electrolyte or package in different conditions,
especially humidity and temperature. In many commercial electro-
chemical gas sensors, the electrolyte is an aqueous acidic solution
which swells in high humidity due to water uptake but can also dry
out in low humidity resulting in severely changing volumes and
impedances of the electrolyte. High-temperature cells avoid aqueous
electrolytes but also have limitations. Swelling of the liquid
electrolytes is typically handled with a built-in cavity to accom-
modate the electrolyte volume changes. Despite the cavity, electro-
lyte leaking can occur which can result in a loss of sensor
performance due to a loss of electrolyte but a good package can
have lifetimes in excess of 10 years. The operational temperature
range of electrochemical sensors is also limited due to the physical
properties of the electrolyte and package. To be more exact, if the
electrolyte is an aqueous solution, the external temperature of the
sensor is limited to above the freezing point of the electrolyte and to
temperatures low enough so that the electrolyte will not evaporate.
Current research in the field of electrochemical sensors involve
investigations of both aqueous'® and non-aqueous electrolytes like
room temperature ionic liquids (RTILs) which enable a wider
temperature range as well as can limit the water uptake due to
inherent hydrophobicity.'”®'®” While no or few devices imple-
menting RTILs are currently commercially available, the progress
in this field is promising. Despite the disadvantages just discussed,
the versatility, low cost, low power, small size and reliability of
electrochemical gas sensors make them extremely interesting for a
broad range of applications which results in a high number of
commercially available sensors for hydrogen and ammonia
(Table III). Despite research papers on amperometric methane
sensors'®® since 1983, there are no commercial amperometric
sensors for this gas and therefore Table III focuses on presenting
sensors for hydrogen and ammonia.

Chemiresistive gas sensors.—Many commercially available
sensors for methane are based on metal oxide semiconductors
(MOS), often loaded with noble metals, other MOSs, or with carbon
nanotubes (CNTs).22422% In the early 1960s, it was discovered that



Table III. Overview of several commercially available electrochemical gas sensors showing their concentration ranges, power consumptions, cross sensitivities and lifetime.

Concentration Power
Gas Manufacturer range consumption Cross sensitivities Lifetime References
H, Alphasense 0-2000 ppm CO, NO,, Cl,, NO, SO,, H,S, C,H,4, NH;3, CO, 2 years 199
Control Instruments 0-2000 ppm 2 years 200
Corporation
Critical Environment 0-2000 ppm NH3;, CO, Cl,, ethylene, ethylene oxide, formaldehyde, H,, HF, H,S, NO, NO,, 2-3 years 201
Technologies 0,, 03, SO,
Det-Tronics 0-1000 ppm 0.8 W H,S, NH;, O,, CO, SO,, Cl,, NO, 18 months 202
Drigerwerk AG 15-3000 ppm Toxic gases 203
Euro-Gas manage- 0-4% CO, ethylene 2 years 204
ment services
Teledyn Detcon 0-100 ppm 750 mW 2 years 205
0-2000 ppm 2W 0,, H,S, NH3;, CO, NO, NO,, SO,, Cl,, HCI, HCN 2 years 206
Industrial Scientific 0-2000 ppm CO, H,S, SO, >5 years 207
Membrapor 0-40000 ppm CO 2 years 208
International Gas 0-1000 ppm 0,, CO, SO,, H,S, NH3 >2 years 209
Detectors
Safety Systems 0-5000 ppm H.,S, CO, Cl,, ethylene oxide, NH;, HCI, HCN, H,0,, NO, NO,, PH;, SO, 1 year 210
Technology
Sensitron 0-3000 ppm 54 W 0,, CO, H,S, NO, NH; 2-3 years 211
SGX Sensortech 0-1000 ppm CO, NO,, ethene 2 years 212
Zhengzhou Winsen 0-1000 ppm CO, 0,, H,S, NO,, HCI, NH3;, PH3, SO,, O3, Cl,, HF 2 years 213
Electronics
Technology
NH; AlphaSense 0-100 ppm H,S, NO,, Cl,, NO, CO, H,, ethene >2 years 214
Drigerwerk AG 15-3000 ppm Toxic gases, Hy, O, 203
Eikon OU 0-1000 ppm <2W None listed >2 years 215
Figaro Engineering 0-5000 ppm H,S, NO,, SO, >2 years 216
Teledyne 0-1000 ppm 2W 0,, H,S, H,, CO, NO, NO,, SO,, Cl,, HCI, HCN 2 years 206
0-100 ppm 750 mW Acetylene, arsine, Br,, butadiene, CO, Cl,, ClO,, diborane, ethanol, ethylene, 2 years 217
ethylene oxide, F,, formaldehyde, germane, H,, HCI, HCN, HF, H,S, methanol,
methyl mercaptan, nitric oxide, NO,, O,, O3, phosphine, silane, SO,
Honeywell 0-1000 ppm None listed 3-5 years 218
Industrial Scientific 0-500 ppm None listed >5 years 207
LogiDataTech 0-100 ppm Cl,, CO, H,S, NO,, 0,, SO, 219
Membrapor 0-10000 ppm H,S, NO, NO,, SO, 2 years 220
Nemoto Sensor 0-5000 ppm H,, H,S, SO,, NO, 2 years 221
Engineering
International Gas 0-100 ppm 0,, CO, H,, H,S, SO, >2 years 222
Detectors
Safety Systems 0-5000 ppm H,S, CO, Cl,, ethylene oxide, H,, HCI, HCN, H,0,, NO, NO,, PH3, SO, 1 year 210
Technology
Sensitron 0-5000 ppm 54W 0,, CO, H,S, NO, H, 2-3 years 211
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Table III. (Continued).

Concentration Power
Gas Manufacturer range consumption Cross sensitivities Lifetime References
Process Sensing 0-1000 ppm None listed 222
Technology
SGX Sensortech 0-1000 ppm 1.3W H,S, NO,, SO, >2 years 223
Zhengzhou Winsen 0-100 ppm CO, 0,, H,S, NO,, HCl, H,, PH;, SO,, Os, Cl,, HF 2 years 213

Electronics
Technology
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ZnO changed resistance depending on the composition of the
atmosphere.”?’ This was followed by the development of the first
commercial MOS-based chemiresistive sensor in the late 60’s by
Naoyoshi Taguchi who developed a low-cost sensor that was
installed easily enough to be a bestseller for people that used natural
gas for cooking (mostly methane). The commercialization of this
device significantly reduced the number of domestic gas explosions
in Japan and improved safety.>*® The sensor was based on SnO,
loaded with PdO, and was the initiator for a surge in research on
chemiresistive gas sensors.

MOS based chemiresistive sensors are in general considered to
be easily processible, low-cost, robust, and easily miniaturizable and
can be a MEMS (micro-electromechanical system) compatible
technology. The sensors usually consist of a heating element which
ensures the optimal operating temperature of the sensing layer
deposited on 2 or more electrodes that are used for the electrical
readout of impedance. Gas sensing with chemiresistive gas sensors
can be separated by the nature of the reaction of a target gas at the
surface of the sensing material, and the transduction mechanism
which is the translation of this reaction into a readable sensor
response. In the case of chemiresistive sensors, surface reactions that
result in a charge transfer are translated into a change in resistance.
A detailed explanation of the chemical reaction and signal transduc-
tion mechanisms can be found in Refs. 229-231. Sensors based on
pristine MOS materials often suffer from a lack of selectivity, strong
cross-interferences with especially humidity but also other gases, in
addition to requiring high operation temperatures (between
200 °C-600 °C) which results in a relatively high-power consump-
tion. It was found that the implementation of heterostructures can
result in both a reduction of the operation temperature and/or
increase of the sensor’s selectivity and sensitivity to certain target
gases through chemical or electronic sensitization effects. While the
underlying sensitization mechanisms are now fairly well understood,
it is still difficult to predict how a sensor based on a heterostructure
will react to a target gas since the structure-function relationships are
not yet fully understood. The sensor mechanisms and their current
understanding are discussed in detail in the literature.*>>**

Most commercially available chemiresistive sensors contain
heterostructures made from MOSs as base material surface modified
with noble metals or other metal oxides. They can be purchased for
several target gases. This includes the gases of interest in this review
(CHy4, H, and NH3;) but also other gases like CO, CO,, VOCs, O3
and NO,. Among the most well-known companies marketing MOS-
based sensors are Figaro Engineering Inc. (Japan), Alphasense
Sensors (United Kingdom), Sensirion AG (Switzerland) and
Honeywell Analytics, Inc. (United States).”*”> There are numerous
other companies that produce and market MOS-based sensors.
Table IV lists some of those companies and their commercially
available sensors for methane, ammonia and hydrogen.

Optical sensors.—The fundamentals of optical sensors (UV to
IR) can be explained with the help of the Jablonski diagram which
shows the electronic states in addition to the vibrational levels that
are characteristic for each target molecule.>*® Optical sensing can
result when light is measured after interacting (absorption or
emission) with these energy levels within the target molecule. This
mechanism can often result in very high selectivity by selection of
the specific wavelength of light to match the molecular energy
transitions for the specific gas, Many recent reviews on this topic are
available in the literature.>*>**->>? Sensors using different regions of
the electromagnetic spectrum are available today for many gases.
The different electromagnetic regions are: UV (200-400 nm), near-
IR (700 nm-2.5 pm) or mid-IR (2.5-14 pum) and while UV radiation
interacts to cause electronic transitions, IR radiation interacts with
molecular vibrational and rotational states (mid-IR: fundamental;
near-IR: overtone and combination).

Optical gas sensors can either be absorption-based or emission-
based. Emission-based optical sensors include sensors that are based
on chemiluminescence and fluorescence. Chemiluminescence-based

sensors are often used for the detection of nitrogen oxides since
excited NO, releases light with a characteristic wavelength when it
relaxes. Fluorescence-based sensors can be used for the detection of
sulfur-containing compounds like SO, and are similar to the just
mentioned chemiluminescence-based sensors, the gas absorbs light
and ends up in an excited state. Upon relaxation, the molecules
release light of a characteristic energy that can be measured. The
differences between chemiluminescence and fluorescence are dis-
cussed elsewhere.>*® Both just mentioned technologies are usually
packaged into stationary instruments (larger than what is considered
a simple sensor device) due to the required equipment for these
methods. The most well-known UV-based optical sensors that are
available as hand-held devices are photoionization detectors (PIDs).
They contain a UV radiation source that ionizes gases if the
chemicals have ionization energies lower than or equal to the energy
of the UV radiation produced by the lamp. The ions are then counted
by neutralization at an electrode resulting in a current. The more
ionizable gasses that are present, more ions that are produced,
resulting in a larger current signal. While ionization energies are
characteristic for each molecule, PIDs are not considered to be
selective gas sensors since the UV radiation source will ionize
everything that can be ionized at that lamp energy level. This will
result in a measurable current that directly correlates to the
concentration of total ionized gas. While PIDs lack selectivity,
they are capable of measurement over a wide concentration range
and are capable of detecting gases like ammonia which is often
difficult to detect with other technologies.

Absorption-based optical gas sensors are used significantly more
often than emission-based ones for the gases of interest. They
usually consist of a light source, a gas cell, and a detector. The exact
design of the absorption-based optical sensor varies greatly in size
and power consumption. The most common optical gas sensors are
non-dispersive infrared (NDIR) sensors which are often used for the
detection of CO,, but with the help of filters can be used for virtually
any gas that is IR active including methane and ammonia. Diatomic
molecules like H, are not IR active. With recent developments, it is
possible to build compact devices with dimensions of approximately
16 x 20mm?® for gases with high excitation coefficients. They
contain a micro bulb as a light source, a gold-coated reflective light
path, and an integrated detector with at least two filtered detection
channels. The emission of the micro bulb is directed through the two
channels—a sample channel and a reference channel. Both channels
are equipped with carefully selected filters to improve the selective
detection of a specific gas by filtering any radiation outside the
required energy range. When the beam hits a gas, the gas will absorb
certain energies and will get excited. The detector will measure the
energy loss in the vibrating molecules (in case of an NDIR sensor)
due to absorption by the gas vs the non-absorbing reference light
beam. The amount of absorbed energy is directly correlated to the
concentration of the gas via the Beer—Lambert law. The reference
channel ensures that changes in the background will be eliminated
from the resulting spectrum. It should be noted that diatomic
molecules like H,, N, or O, are not IR active and are not detected
with simple IR sensors, but CH, and NH; are good candidates for IR
sensors. Among the key players on the NDIR market are Honeywell
Analytics (United States), Senseair AB (Sweden) and S+S
Regeltechnik (Germany),>* although not for the gases discussed
herein. The overall NDIR market had a value of $0.7 billion in 2022
and is projected to grow to $1 billion by 2027.2%

Open-path IR sensors have been used in the petrochemical and
related industries for the detection of methane and other hydro-
carbons. The sensors are called “open-path” because the IR beam
passes through open space between the transmitter (radiation source)
and the receiver (detector) unit. This results in a measurement of the
sum of all gases present in the path and usually has the unit ppm.m
or LEL.m.” The path lengths can be as long as several hundred
meters but can also be significantly shorter. An example for an open-
path device would be sensors using differential optical absorption
spectroscopy (DOAS). They are equipped with a high-power Xenon



Table IV.

Overview of several commercially available chemiresistive gas sensors showing their concentration ranges, power consumptions, cross sensitivities and lifetime as reported.

Concentration Power
Gas Manufacturer Range consumption Cross sensitivities Lifetime References
H, ScioSense 0-1000 ppm Ethanol, acetone, CO, toluene 236
Duoyi >5 ppm Methane, ethane, propane, butane, acetone, ethane, 237
ammonia, naphthalene
Envin Scientific Limited 1-150 ppm 40 W CO, CHy 238
Evikon OU 0-100% LEL <2W CHy,, acetylene, propane, butane, hexane, octane >5 years 239
Nissha Fis Inc. 10-10000 ppm 120400 mW CHy,, iso-butane, ethanol, propane, CO 240
SGX Sensortech 1-1000 ppm 200 mW Ethanol, H,, propane, iso-butane 241
CH4 Evikon OU 0-100% LEL <2W None listed >5 years 242
Figaro Engineering 1-25% LEL 10-280 mW Iso-butane, propane, H,, ethanol, CO 243
NISSHA FIS Inc. 100-10000 ppm 34-400 mW H,, iso-butane, ethanol, CO, propane, 244
LogiDataTech 0-50% LEL VOCs 245
Zhengzhou Winsen Electronics 300-10000 ppm <1W Alcohol, butane, H,O 10 years 246
Technology
SGX Sensortech >1000 ppm 200 mW CO, ethanol, H,, NH; 247
NH; SGX Sensortech 1-500 ppm 200 mW Ethanol, H,, propane, iso-butane 241
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lamp which can cover path lengths of up to 1 km or more and are
often used for gases that are not IR active but relevant for air quality
monitoring. DOAS sensors are also often used to monitor emissions
in ventilation ducts.>>

Differential absorption light detection and ranging (LIDAR) is a
laser-based optical gas detection method that is capable of measuring
gas concentrations down to low-ppb concentrations at a remote
point. It is a very powerful tool, but also a very costly one that
requires a lot of space (often housed in a van or even bigger
vehicles). The high-power laser is operated at two different
wavelengths—one which the gas of interest absorbs and the other
at a wavelength the target gas does not absorb. Based on the
differences in the signal detected at the two different wavelengths,
the concentration of the target at the remote point can be estimated.
The distance of the remote point can be tuned with the help of the
frequency one switches between the two different wavelengths. By
integrating both an IR and a UV laser, the number of gases that can
be measured increases, however, the instrument becomes also more
expensive. Devices like these are often used to monitor leaks from
processing or storage facilities, greenhouse gas emissions from
landfill sites, or emissions from petrochemical plants. Table V lists
some of the companies and their commercially available optical gas
sensors for methane, ammonia and hydrogen. Optical detection can
even be performed from the International Space Station by looking
at specific wavelengths of light emitted by the earth from its surface.

Thermal sensors.—There are different types of thermal sensors.
The most common type is the pellistor-type catalytic sensor, often
called a combustible gas sensors (CGS). They are generally used for
the detection of combustible gases like volatile organic compounds.
Since the combustible gas is oxidized in this process, there must be a
minimum O, level of 5-10 vol% in the environment, otherwise the
combustible gas will only be partially burnt resulting in false
readouts and the catalytic sensor will get covered in soot.
Pellistor-type catalytic sensors often consist of two oxide beads
covering a fine Pt wire. One of the beads is coated with a catalyst,
the other one is unreactive to combustible gases up until the lower
explosion limit (LEL) is reached. The latter is used as the reference
bead. When a combustible gas gets in contact with the catalytically
activated bead, the gas is burned. This process is exothermic and
results in an increase in temperature of the active bead. The
temperature change can be detected as a change in resistance of
the fine Pt wire of the active bead relative to the resistance of the
wire in the reference bead. This change in resistance is directly
related to the concentration of the combustible gas. Pellistor-type
sensors should not be used for concentrations above the lower
explosion limit (LEL) since a fall-off of the signal will be observed
at higher concentrations causing possibly fatal false negative
responses. The company MSA has a slight variation in the beads:
both beads are platinum wires which is a catalytically active
material, however, the reference bead is coated with glass resultin%
in an inert bead while the other bead is still catalytically active.””
Coating the reference bead with the inert glass layer is reported to
improve baseline stability compared to the other designs.

The other type of thermal gas sensor often found are thermal
conductivity detectors (TCD). Their advantage is their ability to
measure H, from 0-100% and their ability to measure any gas with
differing thermal conductivities. Pellistor-type sensors can only
detect combustible gases but cannot differentiate gases with
differing thermal conductivities. In contrast, thermal conductivity-
based gas sensors are built very similarly to pellistor-type sensors
but differ in the signal of the TCD which is now the change in
thermal conductivity of the gas causing a change in temperature thus
resulting in a change in resistance of the TCD filament or a change in
the power required to keep the TCD elements at constant tempera-
ture. While pellistor-type sensors are limited to the detection of
combustible gases, thermal conductivity sensors have a significantly
broader range of gases that can be measured since virtually every gas
has a differing thermal conductivity. While this is a benefit most of

the time, the fact that TCDs require the measured gas to have a
significantly different thermal conductivity compared to the back-
ground results in a different set of limitations. For example, it is
difficult to measure O, in a N, background since the two gases have
very similar thermal conductivities. H, or CHy in air, however, can
be easily measured over the full 0-100% concentration range and
hydrogen is especially sensitive since its thermal conductivity is
about 10 times that of background air. TCDs also become more
sensitive as they are miniaturized and can respond very fast
(microseconds) when miniaturized.>*?71272

To summarize, thermal sensors are in general not selective for
gases. Pellistor-type sensors cannot distinguish between two dif-
ferent combustible gases. Similarly, TCDs need a defined back-
ground to give reliable concentration measurements of certain gases.
Additionally, thermal sensors are susceptible to interferences with
other gases that could damage the sensor preventing the recovery of
the sensor by covering it in soot or contaminating the beads.
However, in contrast to most other sensor technologies, thermal
sensors are less sensitive to humidity changes as well as external
temperature variations, can last a very long time, and can be used for
rapid detection and alarm situations. Table VI lists some of the
commercially available thermal gas sensor manufacturers for
methane, ammonia and hydrogen.

Piezoelectric sensors.—Piezoelectric sensors are the oldest and
simplest acoustic gas sensors and have been used since 1964.%%
They detect changes in the properties of acoustic waves due to
adsorption at the surface or absorption in the bulk of a piezoelectric
material. One of the detected properties is the resonance frequency
which will change in dependence of the deformation of the crystal-
line sensing element, and therefore can be used to indicate the
concentration of the target gases hydrogen, methane, or ammonia.
There are multiple causes for the piezoelectric materials resonance
frequency changes: (1) the accumulation of mass on the surface of
the crystal changes the resonance frequency; (2) the catalytic
oxidation of the target gas on the surface of the crystal increases
the temperature and causes an increase in the resonance frequency of
the crystal.>** Various noble metal catalyst coatings have been tested
and a Pt—Ir film resulted in the best performance;2 > (3) the change in
target gas concentration (e.g., Hy, CHy, or NHj3) results in a shift of
the sound-resonance state of the piezoelectric element. A
piezoelectric—sound-resonance—cavity (PSRC) sensor, for example,
utilizes this mechanism.”’® The sensor has a sensitivity limit of
8 ppmv, a broad operational concentration range and a fast response
time. Moreover, some surface acoustic wave (SAW) gas sensors
utilize the advantage of the sensitive material’s piezoelectric effect,
whose frequency shifts due to the adsorption of analyte gas
molecules; the electrical conductivity changes when the sensing
layer (e.g., the palladium or copper phthalocyanine layer) absorbs
the target gas resulting in a detectable change in the frequency.

The most commonly used piezoelectric substrate material is
LiNbO3, although LiTaO3**” has been used as well. LiNbO3 or
LiTaO; are coated onto the piezoelectric substrate’s gas selective
layer between the two sets of interdigitated transducers (IDTs).
Multiple sensing layers (e.g. PdA/WOj3 bilayer), or tube structures are
used to improve the performance and sensitivity.

Hydrogen, methane, and ammonia have higher sound velocities
compared to air as shown in Table VII. This difference can be used
for their concentration measurement in gas mixtures. Several sound-
velocity based gas sensors have been developed. Wan et al.
generated acoustic waves in a gaseous medium by laser irradiation
of a chemically inert sensitizer and measured the propagation time of
these waves as a function of the hydrogen concentration.””® More
recently, Vyas et al. described such a sensor using a Eulse-receiver to
generate the acoustic wave and to detect the echo.””® Variations in
temperature also affect the wave’s velocity and therefore must be
compensated for.

Piezoelectric based sensors have the potential to detect hydrogen,
methane, and ammonia over a wide concentration range spanning



Table V. Overview of several commercially available optical gas sensors showing their concentration ranges, power consumptions, cross sensitivities, and lifetime.

Concentration Power
Gas Manufacturer range consumption Cross sensitivities Lifetime References
H, Materion GmbH 0.1-100% 960 mW None listed >2 years 256
CH,4 AlphaSense 0-100% 300 mW None listed >3 years 257
Drigerwerk AG None listed 22W None listed 258
Teledyne Gas & Flame 0-100% 35W carbohydrates 5 years 259
Detection
0-20% LEL 35W carbohydrates 5 years 260
>0.15 IEL.m 6W carbohydrates 10 years 261
Honeywell 0-100% LEL <45W Carbohydrates 262
Industrial Scientific 0.1-100% carbohydrates 207
MSA—the safety company 0-5 IEL.m 10-12 W H,S, ethylene, NH3, CO,, HCIl, HF >5 years 263
Nova Analytical Systems 0-100% hydrocarbons 264
Process Sensor Technology 0-500 ppm <480 mW hydrocarbons 222
0-100%
Fer Strumenti 0-50 ppm 70 W CO, CO,, NO, SO,, HCI, NH3, O, 265
SGX Sensortech 0-100% 180 mW Hydrocarbons, humidity >10 years 266
NH; Ton Science 0-10000 ppm 10-12 W H,S, ethylene, CH4, CO,, HCI, HF >5 years 267
Fer Strumenti 0-50 ppm 70 W CO, CO,, NO, SO,, HCI, CHy, O, 265
SPECTREX 0-500 ppm.m <64 W None listed 268
MSA—the safety company 0-5 IEL.m 10-12 W H,S, ethylene, CH,, CO,, HCI, HF >5 years 263
Honeywell 0.01-1000 ppm <0.6 W Benzene, NHs, vinyl chloride, toluene, phenol, acetone, 1-2 years 269

xylene
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Table VI. Overview of several commercially available thermal gas sensors showing their concentration ranges, power consumptions, cross sensitivities and lifetime.

Concentration Power
Gas Manufacturer range consumption Cross sensitivities Lifetime References
H, ADEV ltaly 0-3% 45 W Combustible gases 273
AirTest 0-5% 6w Butane, LNG, CHy, 3 years 274
Analox Group 0—4% None listed 275
Crowcon 0-2000 ppm None listed 5 years 276
Det-Tronics 0-100% LEL Combustible gases 3-5 years 277
Driéger 10-100% LEL <35W combustible gases 278
Evikon OU 0-100% LEL <2W CH,, acetylene, propane, butane, hexane, octane >5 years 279
Figaro 0-100% LEL 525 mW Butane, propane, CH, 280
Engineering
General Tools >5 ppm CH,, iso-butane, ethanol, ethylene, tetrachloroethylene, dimethyl sulfide, toluene, 3 years 281
formaldehyde, diethyl ether, ethyl acetate, dichloromethane, ammonia
Kane <20 ppm CH,, propane, acetone, alcohol, ammonia, benzene, butane, ethylene, naphthalene 282
MSA—the 0-100% LEL Combustible gases 5 years 283
safety company
City 0-100% LEL 295 mW CHy, ethane, propane, butane, pentane, hexane, CO 12 months 284
Technology
Engineering
LogiDataTech 0-100% LEL CH,, CHy, LPG, formaldehyde 285
Kebaili 0-100% LEL 30 mW None listed 286
Nemoto Sensor 0-100% LEL <440 mW None listed >5 years 287
Engineering
Posifa <4% 40 mW CH,, humidity 288
Technologies
Inc.
Process Sensor 0-100% LEL Hydrocarbons including CH4 222
Technology
SGX Sensortech 0-60% LEL 255 mW Combustible gases 1 year 289
Xensor 100 ppm-100% 100 mW Non-selective 290
CH4 Dréger 10-100% LEL <35W combustible gases 278
Figaro 0-100% LEL 525 mW Iso-butane, propane, H, 280
Engineering
Teledyne 0-100% LEL 2W Combustible gases 291
City 0-100% LEL 295 mW H,, ethane, propane, butane, pentane, hexane, CO >5 years 284
Technology
Engineering
0-100% LEL 295 mW H, 12 months 284
Industrial 0-5% Combustible gases 207
Scientific
LogiDataTech 0-100% LEL H,, CH,, LPG, formaldehyde 285
Safety Systems 0%-100% LEL Combustible gases 5 years 292
Technology
Sensitron 0-100% LEL 54W Combustible gases 4-5 years 211
Process Sensor 0-100% LEL Hydrocarbons, H, 222
Technology
SGX Sensortech 0-60% LEL 150 mW Combustible gases 1 year 289
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TabggoVII. Sound Velocity of hydrogen, methane, ammonia, and
Air.

Gas m/s
Hydrogen (27 °C) 1320
Methane (41 °C) 466
Ammonia (30 °C) 440
Air (20 °C) 343

from ppm level to 100%, with rapid response times and relatively
low power consumption. However, their long-term stability needs to
be improved and their sensitivity to temperature and interference
from other gases need to be considered and compensated by using a
reference element.”®> Due to their high mass sensitivity, piezo-
electric sensors are very vulnerable to interferences from coexisting
gases, including humidity. Table VIII gives an overview over several
commercially available piezoelectric gas sensors.

Other technologies.—There are technologies that are less
common than the above-mentioned technologies but very powerful.
Gravimetric sensors have shown some success in recent years. The
most common gravimetric sensors are probably surface acoustic
wave gas sensors, where an input interdigitated transducer (IDT) is
used to induce an acoustic wave that propagates through a piezo-
electric substrate to an output IDT. When a gas adsorbs on the
piezoelectric substrate in between the two IDTs, the properties of the
acoustic wave are influenced and the change in properties will be
detected at the output IDT. Among other things, the detected change
depends on the mass of the adsorbed molecule, therefore, SAW gas
sensors are considered to be gravimetric sensors. By depositing a
second material in between the two IDTs, the sensor’s selectivity can
be changed to favor one gas adsorbate or another.

The company H2scan commercialized a sensor based on a diode
structure and resistive film that changed electrical properties upon
exposure to hydrogen (developed originally at Sandia National
Lab)**” and has developed a highly selective gas sensor for
hydrogen. This commercial sensor uses an approach similar to that
described in Hydrogen Sensors in Air Transportation Applications
section, and it uses a Pd-Ni alloy that first splits H, into hydrogen
atoms on the Pd particles and then reversibly absorbs the atoms into
the material. The selectivity is based on the thermodynamics of the
different reactions on the Pd particles and apart from the reaction
with hydrogen, the approach is quite selective since no other
reactions occur at a relevant rate.>*®

An overview of acoustic and resistive based hydrogen gas
sensors is given in Table IX. Det-Tronic markets an acoustic gas
sensor that is equipped with a microphone that is capable to detect
gas leaks by analyzing the sound generated by a pressurized leak.
The detected signal depends on pressure, leak rate, gas viscosity and
distance from the acoustic sensor. An advantage of this acoustic
technology over other technologies is the fact that wind has no

significant influence on the detected signal. With other technologies,
wind can carry away the gas from the detector resulting in delayed
alarms or false readings of lower concentrations.** The disadvan-
tage of this technology is that it is not selective for a specific gas. It
detects sounds of leaks not gases.

Riken Keiki Co., Ltd produces a device that combines an optical
sensor with an acoustic sensor.’'® The measured value is calorific
which means that gases without heat content like N,, CO, and O,
will not be detected. The device is used in multiple industries like oil
refining, steel industry, laboratories, gas companies and turbine
manufacturing. Commercial gas sensors based on a magnetic
working principle utilize the change in one of the magnetic proper-
ties of active materials due to exposure to the target gas molecules.
These properties include: (1) the Hall effect, (2) magnetization, (3)
spin change effects, (4) the ferromagnetic resonance (FMR) effect,
(5) the magneto-optical Kerr effect (MOKE), (6) the magneto-
plasmonic effect, (7) magneto-static wave oscillation effect, and (8)
the magneto-static spin-wave (MSW) effect. When the Hall-effect is
the property of interest for the detection of hydrogen, adsorbed
species of H, and O, at the surface of SnO, nanowires react with
each other and change the electron density at the surface of the SnO,
nanowires, resulting in a change in Hall voltage.®'' In the Magneto-
optic Kerr effect (MOKE) case, the change in the polarization and
intensity of reflected light from a magnetized surface is measured.
This type of magnetic gas sensing uses a very small magnetic field
(~50 Oe) at room temperature. The MOKE technique offers great
advantages due to its high surface-sensitive properties and the signal
is not affected by the paramagnetic and diamagnetic contributions of
the substrates.>'

Conclusions

Hydrogen as a clean energy source is making significant inroads
with government investments across the globe. Due to the unique
properties of hydrogen, developing reliable sensors for its applica-
tion in various parts of the supply chain is essential from safety,
environmental, and economic perspectives. The search for a gas
sensor fitting all the requirements of a specific application is a
difficult task. There are many different hydrogen sensor technologies
with different advantages and disadvantages. In order to make an
informed decision, one has to understand the specifics of the
different technologies and how they are compatible with the
application. For example, a remotely operated sensor will preferably
require low power consumption compared to a sensor at a regularly
maintained facility. The background conditions such as humidity,
pollutants, presence of VOCs, operating temperature, and pressure
should all be taken into consideration while choosing a sensor for a
specific application. Guidance in sensor selection can be obtained by
answers to questions such as; (i) is it possible to put a sensor close to
a possible leak site or is it necessary to test from a distance? (ii) how
sensitive must the sensor be and what range of concentrations with
what resolution is required? (iii) how selective must the sensor be?
One has to keep in mind that there is no handbook for the perfect

Table VIII. Overview of several commercially available piezoelectric gas sensors showing their concentration ranges, power consumptions, cross

sensitivities, and lifetime.

Gas Manufacturer Concentration range Power consumption Cross sensitivities Lifetime References
H, ATO 0-5000 ppm 3.7W 301
Industrial Scientific 0-500/1000/2000 ppm 302
Analytical Technology 0-500/2000 ppm 303
Inc.
NH; Industrial Scientific 0-500 ppm 304
GasSensing 0-50/500 ppm 305
BW Honeywell 0 to 100 ppm 305
CH,4 Macurco 0 to 50% LEL Sensor Range 0-240 V AC (50 to 60 Hz) C;3Hg, CHy, H, 306



Table IX. Overview of acoustic and resistive based hydrogen gas sensors showing their concentration ranges, power consumptions, cross sensitivities, and lifetime.

Concentration Power
Gas Manufacturer Range Consumption Cross sensitivities Lifetime Technology References
H, H2Scan 0.4-5% 10-15W None listed Diode/resistive 313
CH,4 Riken Keiki Co, Ltd 25-50 MJ*m 3 5-18 W Paraffinic hydrocar- Optical and acoustic 310
bons
All Det-Tronics undefined 2-35W Not selective 3 years acoustic 309
All Emerson Rosemount™ undefined 6 W Not selective 18 months acoustic 314
All Driger Polytron” 6100 EC WL undefined Not selective 2 years 315
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solution for any application. Most of the time, one will have to
accept a compromise of selectivity, price, power consumption, size,
lifetime, concentration range, or other sensor characteristic. At the
same time this means that the market needs improved sensor
solutions regarding price, performance (sensitivity and selectivity),
power consumption and stability (ranges of temperatures, pressures,
and humidity levels as well as lifetime). The research in the field of
hydrogen sensors is ongoing and yielding promising new tech-
nology. We expect the current commercial sensors to play an
important role in implementing the hydrogen economy while also
recognizing the need to develop more robust, lower cost, intrinsi-
cally safe, sensitive, fast responding, stable, and selective hydrogen,
methane and ammonia sensors. Combinations of new materials,
operating protocols, and computational methods, many surveyed
herein, will improve our ability to achieve effective and efficient
rollout of the hydrogen energy solutions.
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