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Abstract: The measurement of hydrogen concentration in fuel cell systems is an important prerequisite
for the development of a control strategy to enhance system performance, reduce purge losses and
minimize fuel cell aging effects. In this perspective paper, the working principles of hydrogen sensors
are analyzed and their requirements for hydrogen control in fuel cell systems are critically discussed.
The wide measurement range, absence of oxygen, high humidity and limited space turn out to be
most limiting. A perspective on the development of hydrogen sensors based on palladium as a
gas-sensitive metal and based on the organic magnetic field effect in organic light-emitting devices is
presented. The design of a test chamber, where the sensor response can easily be analyzed under fuel
cell-like conditions is proposed. This allows the generation of practical knowledge for further sensor
development. The presented sensors could be integrated into the end plate to measure the hydrogen
concentration at the anode in- and outlet. Further miniaturization is necessary to integrate them into
the flow field of the fuel cell to avoid fuel starvation in each single cell. Compressed sensing methods
are used for more efficient data analysis. By using a dynamical sensor model, control algorithms
are applied with high frequency to control the hydrogen concentration, the purge process, and the
recirculation pump.

Keywords: fuel cells; sensors; hydrogen concentration; control strategy; purge process; anode
recirculation

1. Introduction

A fuel cell system is a promising energy conversion technology in times of increasing
energy consumption, climate change and the rapid exhaustion of fossil fuel reserves [1]. In
fuel cell systems, hydrogen and oxygen react to form water, producing electrical energy
and heat. An optimal hydrogen concentration in a fuel cell system is a key aspect to avoid
fuel starvation and to reduce losses during the purge process. Hence, an optimal hydrogen
control can increase the fuel cell system efficiency and the lifetime of the fuel cell [2].
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Hydrogen controllers regulate the hydrogen concentration to a setpoint value. There-
fore, the actual hydrogen concentration in a fuel cell system must be measured regularly
and accurately. However, it is generally very challenging or outright infeasible to imple-
ment gas concentration sensors inside the fuel cell stack [3]. Furthermore, current gas
concentration sensors are expensive, suffer from slow response times and low accuracy,
and significantly increase the total system costs [4]. Therefore, the current fuel cell control
only monitors the total gas pressure at the anode side, neglecting the fact that impurities
(especially nitrogen) and water accumulate at the anode side of the fuel cell, resulting in
inaccurate knowledge of the hydrogen partial pressure. This increases the risk of degra-
dation effects, which lead to a reduction in fuel cell service lifetime. In order to maximize
the service lifetime, the membranes in the individual cells of the stack must be protected
against influences that promote degradation mechanisms. Membrane degradation can
be caused by mechanical, thermal or chemical mechanisms and is encouraged by unfa-
vorable operating conditions such as insufficient hydrogen supply (fuel starvation) [5,6].
These must therefore be avoided. By integrating hydrogen sensors and a proper hydrogen
concentration control in the system, measures can be taken to ensure that the hydrogen
concentration does not fall below a specified minimum. In this way, degradation effects
caused by fuel starvation can be avoided. To achieve this, accurate measurement of the
hydrogen concentration is required.

In this paper, the state-of-the-art of hydrogen sensors, their integration and usage for
the control of Polymer Electrolyte Membrane Fuel Cell (PEMFC) systems are analyzed,
and open challenges are critically addressed. From this, requirements for the development
of new hydrogen sensors are derived and a perspective on the development of such
hydrogen sensors is presented. This includes materials, measurement principles, efficient
data analysis to accelerate the determination of hydrogen concentrations, and an integration
strategy. The first prototypes were built and tested in an H, test chamber to demonstrate
the working principle as well as the potential to increase fuel cell system efficiency by
measuring and controlling the hydrogen concentration inside the fuel cell system.

2. State-of-the-Art Fuel Cell Control and Hydrogen Sensors

This section summarizes the state-of-the-art of hydrogen sensors, their integration into
fuel cell systems, and their control.

2.1. Fuel Cell System

When operating a hydrogen fuel cell system with hydrogen supply in recirculation
mode, as shown in Figure 1a, hydrogen is supplied to the fuel cell stack through the anode
inlet. To increase efficiency, the gas mixture on the anode side is recirculated after passing
through the fuel cell stack and fed back into the stack. This can be realized, for example, by
using a recirculation pump or an ejector. During the operation of such a fuel cell system,
crossover and back diffusion effects can lead to an enrichment of nitrogen as well as liquid
and gaseous water in the anode loop. This reduces the hydrogen concentration, and the
performance of the system deteriorates. To counteract these negative effects, the gas mixture
is removed from the system by a purge process at appropriate intervals and replaced by
fresh hydrogen flowing in from the tank [7,8].

Figure 1b shows the development of the hydrogen concentration and the resulting
cell voltage. Due to the accumulation of nitrogen, the hydrogen concentration decreases,
resulting in a loss of cell voltage and therefore a loss of efficiency. During regular open-
ing of the purge valve, the hydrogen concentration and cell voltage recovers. However,
unconsumed hydrogen is purged, resulting also in a loss of efficiency. Therefore, optimal
hydrogen control is required to minimize cell voltage losses and hydrogen losses in the
purge process.
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Figure 1. (a) Simplified illustration of the recirculating gas mixture within the anode circulation
system, connected to the tank and purge valve. (b) Development of hydrogen and nitrogen concen-
trations in a fuel cell stack and the resulting stack voltage [9].

In order to obtain the necessary information to determine purge intervals that ensure
an optimal compromise between performance output and hydrogen consumption, appro-
priate sensors must be integrated into the system close to the stack. In general, a wide range
of sensors can be integrated into various components of a fuel cell stack, e.g., temperature
or pressure sensors for the media moving in and out of the stack [10]. The end plate of
the stack is already used to integrate various sensors [11]. First concepts are presented to
integrate temperature sensors inside the bipolar plate [12]. According to the current state of
the technology, hydrogen concentration sensors are positioned outside of the anode loop to
detect leakages and fulfill safety requirements [3]. By integrating hydrogen concentration
sensors into the anode loop within the stack, performance, and efficiency improvements of
the fuel cell system can be achieved.

2.2. Hydrogen Sensors

Conventional hydrogen sensors are mostly used for leak detection and are therefore
designed to be sensitive to hydrogen concentrations from a few parts per million up to
4 vol-%. A variety of functional principles can be used for this purpose (cf. Table 1).
A typical catalytic gas sensor consists of two porous embedded coils, called beads, that
act as both a heater and a resistance thermometer. The sensor contains an active bead
coated with Pt or Pd and an uncoated inactive bead that serves as a compensation element.
When a voltage is applied, the coils heat up and ignite the target gas. The resulting
rise in temperature increases the resistance in the active coil, which leads to a voltage
mismatch in the Wheatstone bridge. This mismatch generates the sensor signal [13,14].
The model 705 HT combustible gas sensor from Honeywell can be an example of this
type of functionality. It can be used in a measuring range between 0 and 20% LEL, with a
response time of less than 10 s [15]. Catalytic gas sensing is also described in the patent [16],
which focuses on low-power combustible gas sensors. This patent highlights similar
detection methods but incorporates energy-efficient technologies for more energy-efficient
use. Furthermore, the thermal energy can be used to heat one side of an electrode. Due
to the thermoelectric effect, temperature differences result in a thermoelectric voltage that
is proportional to the temperature difference and therefore proportional to the hydrogen
concentration [17].

Hydrogen sensors based on metal oxides like the TGS821 from Figaro [18] change their
electrical conductivity due to redox reactions between the oxide and the hydrogen. This
leads to a release of electrons that migrate into the conduction band, thereby increasing
the electrical conductivity [19,20]. Sensors based on more complex electrical components,
such as diodes, transistors or capacitors, show changes in their electrical properties when
hydrogen is attached or diffused in [21]. Electrochemical sensors generate an electrical
signal proportional to the gas concentration. The sensor has a working electrode and a
counter electrode, which are separated by an electrolyte. The gas reacts with the electrode
surface, generating a current. A reference electrode ensures a stable potential, and the
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electrolyte transports ionic charges between the electrodes [13,22]. One example of this
sensor principle is the ES1-H2-5% from EC Sense. It uses three electrodes and a polymer
as an electrolyte. The measuring range for hydrogen is between 0 and 5 vol-%, and the
response time is less than 90 s [23]. The functionality of thermal conductivity sensors,
such as the PGS1000 Series offered by Posifa Technologies [24], is based on measuring
the heat loss between two bodies at different temperatures. These sensors consist of two
thermal resistors connected in a Wheatstone bridge circuit. When exposed to the gas to be
detected, the heat loss varies depending on the thermal conductivity of the gas compared
to a reference gas. This leads to a change in the temperature and resistance of the thermal
resistors, resulting in an imbalance in the Wheatstone bridge [13,25]. A similar approach is
also described in patent [26], which describes the basic principles of thermal conduction
gas detection. Such sensors, including the PGS 1000 Series, have a measuring range of 0 to
4 vol-% hydrogen and a response time of less than 2 s [24]. A similar approach is provided
by sensors that compare the propagation of sound waves in environments with different
gas compositions [13,27].

In recent decades, organic electronics have experienced tremendous growth due to
advantages such as low production costs, biocompatibility, biodegradability, flexibility,
and low power consumption [28,29]. However, gas sensors based on organic materials are
still relatively rare [30]. Chunhong et al. [31] developed an organic light-emitting device
(OLED)-based sensor with Alqs as the active material, demonstrating a decrease in current
with an increased contact barrier, which was attributed to NO; absorption.

Similarly, in 2012, Xie et al. [32] used a comparable layer structure for NH;3 detection,
revealing changes in current density due to gas absorption and altered surface energy.
Hence, organic materials seem to be highly suitable candidates for hydrogen gas sensing
too, especially since planar-type gas sensors using thermally activated delayed fluorescent
(TADF) materials [33] have shown promising sensitivity and rapid recovery times upon
exposure to ammonia gas. Notably, these sensors exhibit a detection limit of 2 ppm NHjs
at 98% relative humidity and room temperature [34]. Subsequent work by He et al. [35]
improved the detection limit to 0.5 ppm, enhancing the sensitivity of chemiresistive sensors.
In addition to chemiresistive sensors, there are a few reports on gas sensors based on organic
field-effect transistor (OFET) geometries. For instance, Kalita et al. [36] showcased devices
based on perylene diimides with a detection limit comparable to that reported by He
et al. [35] but with significantly lower humidity stability. Other studies show either reduced
detection sensitivity or instability, particularly under high-humidity conditions [37-39].

Table 1. Presentation of the various functional principles of hydrogen sensors and their suitability for
use in the anode side within a polymer electrolyte membrane fuel cell.

Working Principle

Pros Cons Suitability

Fast reaction times,

Catalytic reactions [14,40] high sensitivity Non-selective, requires oxygen Poor
Metal oxide-based / Fast reaction times, Requires oxygen to regenerate the Poor
redox reactions [19] simple, low-cost production oxide layer

Electrochemical [27]

Simple functionality,
high sensitivity, Requires oxygen Poor
low temperatures

Covers entire measuring range, no Reference gas, large set-up,

Thermal conductivity [27] . A Poor
oxygen required non-selective
Propagation of Covers. entire measuriilg range, Highly susceptible to humidity Medium
sound waves [27] simple functionality
Simple functionality, .\ .
Gas-sensitive metals [41] easy to manufacture, Additives required to protect Good

works without oxygen against hydrogen embrittlement
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Table 1. Cont.

Working Principle

Pros Cons Suitability

Chemiresistive [34,35]

Low production costs,

manufacturing on arbitrary surfaces Highly susceptible to humidity Medium

Organic

Low production costs, tailor-made

materials, biocompatible No proof of concept Good

However, there is a considerable gap in applications for monitoring high hydrogen
concentrations, especially when used on the anode side within a hydrogen fuel cell. The
hydrogen concentrations to be detected here are in the range of 75 to 100 vol-%, while
conditions of high humidity and the absence of oxygen have to be considered [42,43].
Most of the operating principles presented above depend on oxygen availability, either to
generate heat through catalytic reactions or, as in the case of metal oxide-based sensors, to
regenerate the oxide layer. Other factors, such as the electrical components, are complex
to set up or, as in the case of thermal conductivity measurement, require access to a
reference gas. On the other hand, sensors based on acoustic waves are susceptible to
humidity fluctuations. Sensors based on gas-sensitive metals, such as palladium, show
great potential for use in fuel cells. Hydrogen atoms diffuse into the metal lattice, and
the resulting electron-scattering effects impede the free flow of electrons, which leads to
a reduction in electrical conductivity. In addition, the literature shows the successful use
of these metals for the detection of low and high hydrogen concentrations over a wide
temperature range from room temperature up to 120 °C [44—47]. In addition to inorganic-
based sensors, organic sensors could be good alternatives, as they offer certain advantages,
e.g., easy scalability, development of arbitrary geometries and hence integration into fuel
cell stacks, molecules tailor-made to needs, miniaturization, cost efficiency, etc. [48-52].

In conclusion, amidst the ongoing global energy transition, the crucial role of hydrogen
underscores the imperative for prompt research on sensor technologies tailored to meet
the specific needs of application areas. This paper presents a perspective on the further
development of hydrogen sensors and their use for fuel cell control to improve both safety
and efficiency, filling a notable gap in current sensor technologies.

2.3. Fuel Cell Hydrogen Control

As mentioned above, hydrogen control is necessary to increase efficiency by reducing
losses in cell voltage and unconsumed hydrogen. In addition, a minimum amount of
hydrogen needs to be guaranteed to avoid the effect of hydrogen starvation, resulting in
aging effects and long-term efficiency losses [2].

The membranes in the individual cells of a stack must be protected against influences
that promote degradation mechanisms. Membrane degradation can be caused by me-
chanical, thermal or chemical mechanisms and is encouraged by unfavorable operating
conditions. Mechanical degradation can occur due to mechanical stress on the membrane,
which can be caused by pressure fluctuations or expansion and shrinkage due to humidity
fluctuations, for example. This leads to the formation of cracks and holes. Thermal degra-
dation caused by localized hot spots in the membrane and chemical degradation, in which
the molecular chains of the membrane are broken down, also lead to a reduction in service
life [5].

The hydrogen sensors that are to be integrated can be used to avoid the degradation
caused by insufficient hydrogen supply (fuel starvation). Fuel starvation can occur, for
example, when there are changes in fuel demand as a result of variations in load [53].

Hydrogen concentration can be influenced by the pressure regulator valve, the purge
valve and the recirculation pump (see Figure 1a). However, in the absence of hydrogen
sensors, direct control of the hydrogen concentration is not possible. Therefore, different
strategies have been developed to avoid direct hydrogen control.
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The amount of hydrogen consumed in the chemical reaction is directly proportional
to the fuel cell current and the fuel cell power. Therefore, in stationary applications with
a constant load, the amount of hydrogen required is calculated directly and advanced
hydrogen control is not required. However, this strategy fails under varying loads [54]. As
a solution, it is common to increase the incoming hydrogen stoichiometry [55]. Optimal
hydrogen stoichiometries are analyzed and different control techniques are applied, from
simple PID control [56] up to complex control algorithms such as model-based predictive
control (MPC), fuzzy logic control and neural networks [2,54,57]. To avoid the loss of
unconsumed hydrogen, which reduces the overall efficiency of the fuel cell system, the
anode exhaust gas is recirculated. Since nitrogen and other gases from the cathode side
permeate through the membrane into the anode gas mixture, impurities accumulate during
the recirculation and the hydrogen stoichiometry of the recirculated gas mixture cannot be
accurately determined.

Another method to indirectly control the hydrogen is to control the fuel cell voltage.
The voltage is easy to measure and depends on the hydrogen pressure. However, due to
non-linearities in fuel cell polarization and strong dependence on other operating condi-
tions, such as current density, temperature, humidity and hysteresis effects in dynamic
operations, indirect hydrogen control via voltage control is challenging [1,58]. In recent
years, neuronal network-based control ideas have been proposed to tackle this challenge
and avoid the difficult physical modeling [1]. However, data-driven approaches cannot be
realized in the absence of hydrogen measurement data.

In addition to pure physical or neural network-based models, semi-empirical mod-
els are used to model the dependence of fuel cell voltage on hydrogen concentration. A
multi-strategy tuna swarm optimization approach results in a better accuracy and con-
verging speed than the salp swarm algorithm, particle swarm optimization, Harris hawk
optimization and the slime mold algorithm [59].

Note that gas pressures in fuel cell systems with anode recirculation are observable [4].
However, the hydrogen observers presented in the literature [4,60] are often based on linear
models or unrealistic model assumptions for dynamic applications.

3. Requirements for New Hydrogen Sensors

In the last section, the current state-of-the-art of hydrogen sensors were summarized.
These sensors are commonly used for leak detection by measuring hydrogen concentrations
up to 4 vol-% in ambient air. However, hydrogen sensors for hydrogen control in fuel
systems have special requirements due to the limited space and challenging operating
conditions. In the following, we discuss the requirements for their development and
integration into fuel cell systems and their use for advanced control techniques.

Firstly, the available space in a fuel cell system depends on the component where
the sensors will be inserted. Various components and positions within the stack can be
considered for sensor integration. The most space is inside the end plate, located at the inlet
or outlet of the fuel cell stack, whose diameter is between 15 and 30 mm. Typical hydrogen
supply lines have a diameter between 4 and 8 mm. The most limited space is inside the
gas flow channels inside each single cell, which have a 0.5-2 mm diameter [61-63]. With
hydrogen sensors inside the end plate or pipe work, the hydrogen concentration at the inlet
and outlet of the fuel cell stack can be measured. For more detailed information about the
hydrogen concentration in each cell, sensor integration inside the flow field is necessary.
However, not only the size and shape of the sensors to be integrated is limited by overall
space. This is because the sensors should be integrated in such a way that the operation
of the fuel cell system is not too heavily influenced or not affected at all. Especially the
geometries of the gas flow channels in the single fuel cells are optimized. An inserted
sensor should not reduce the gas flow to avoid fuel starvation effects.

Secondly, the sensors must be able to withstand the loads that occur under typical fuel
cell operating conditions. The media inside a fuel cell stack can reach temperatures of up to
80 °C during operation [61]. The sensors must therefore be able to measure at such high
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temperatures. When fuel cells are used in vehicles, temperatures below freezing must also
be considered.

Thirdly, the gas mixture in the anode loop of a PEM fuel cell system mainly consists
of hydrogen, nitrogen and water vapor. In addition, liquid water may occur due to
condensation [7,42]. The integrated sensors must also withstand this kind of influence.
In addition, different kind of impurities like carbon monoxide and carbon dioxide can
permeate from the air at the cathode side into the anode. Also, different kinds of carbon
hydroxides could be residual products of hydrogen production [64,65].

Fourthly, the integration concept must provide contact between the active surface of
the corresponding sensor and the gas mixture of the anode loop. To minimize the effect
on the fuel cell system, the connection points must be sealed, and no changes may be
made that affect the flow rate or temperature distribution. Similarly, the conductivity of the
current-conducting components should not be affected. Depending on the specifications of
the sensor, the integration concept may need to ensure that the sensor is protected from
harmful influences from the fuel cell system (such as liquid water).

Fifthly, fuel cell systems in automotive applications have a target durability of 8000 op-
erational hours [66]. All these requirements need to be fulfilled to successfully integrate
hydrogen sensors inside fuel cell systems. In the following section, two promising candidate
hydrogen sensors are presented.

4. Perspective

After analyzing various functional principles of hydrogen sensors summarized in
Table 1, gas-sensitive metals and organic working principles were found to have the highest
potential to fulfill the requirements in fuel cell systems discussed above. This section
provides a perspective on the development of such hydrogen sensors, their integration and
use for efficient hydrogen control in fuel cell systems.

4.1. Development of Hydrogen Sensors

On the one hand, we are focusing on optimizing a hydrogen sensor based on the
sensitive metal palladium, whose properties with regard to hydrogen are well known and
have been largely characterized [67]. We are specifically investigating the potential of thin
palladium layers as a sensor element for use on the anode side within the fuel cell. For
this reason, we characterize different palladium thin-film structures within the operating
parameters of a PEMFC. The sensing principle for measuring the H, concentration is based
on the formation of palladium hydride (PdHx) and the associated decrease in electrical
conductivity [68]. First, the hydrogen molecules adsorb onto the Pd surface and dissociate
into two hydrogen atoms. These atoms can diffuse into the interstitial sites of the metal
lattice (see Figure 2a.1), forming PdHx and reducing free electron movement because of
electron-scattering effects [41,69]. To use these effects in an Hy-sensitive sensor, thin-film
structures of SiO,, titanium and palladium are manufactured on 6” silicon wafers using
photolithographic techniques, including a combination of thin-film deposition methods,
such as Physical Vapor Deposition (PVD) and lift-off processes based on photoresists. These
structures (see Figure 2a) are then separated, applied onto a printed circuit board (PCB)
and integrated into a hydrogen test chamber (see Figure 3).

Initial measurements at different hydrogen concentrations from 50 to 100 vol-% in Nj
carrier gas show a noticeable increase or decrease in electrical resistance depending on the
H; concentration (see Figure 4b).

The results confirm the working principle and show the considerable potential of these
thin-film structures.

A Wheatstone bridge consisting of four sensor elements is required to compensate
for temperature variations. Since two of the sensor elements must be protected against
hydrogen diffusion, we characterize different barrier layers for their integrability with
the Pd thin-film structures and their influence on hydrogen diffusion. The focus is on
silicon nitride (SizNy), silicon carbide (SiC), aluminum oxide (Al,O3) and a combination of
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these three materials, as they have a very low hydrogen permeability [70,71]. In addition,
an encapsulation is being sought that protects the structure from humidity but does not
significantly impair hydrogen diffusion.
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Figure 2. (a) Model of a sensor prototype. Ti/Pd thin-film structures are used as the sensor element.
Contact pads made of Au are required for the electrical connection to the circuit board. (a.1) Schematic
representation of the working principle, according to which the H atoms diffuse into the metal lattice
of the palladium, where they reduce the electrical conductivity of the Pd due to electron scattering.
(b) Device layer stack with an organic active material and a structured bottom electrode to generate
several (here, six) sensors on one chip. (b.1) Schematic drawing of the hyperfine interaction. The
precision of the spins around the hyperfine field is altered with the application of an external magnetic
field (if Bext > Bpyp). Hence, the precision of the spins aligns with the external magnetic field, leading
to a change in the current of the device.
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Figure 3. Side view of the H, test chamber and the integration of the (1) palladium-based sensor,
(2) the reference sensor BME680 (Bosch) and (3) the organic-based sensor (based on organic TADF
materials) with light emission at a wavelength of ~440 nm. The gas is introduced into the gas chamber
during the measurement.

The diffusion of hydrogen in palladium also leads to a volume expansion that causes
stresses between the metal layers and the SiO, substrate. These stresses can have a negative
effect on both hydrogen diffusion [72,73] and the structural durability of the metal layers.
In order to reduce these stresses and the associated effects, more flexible substrates are
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used in addition to SiO,. For this purpose, a process has been developed in which Pd
thin-film structures can be deposited on Parylene. The structures produced in this way will
be characterized and compared with the Pd structures on SiO5,.
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Figure 4. Demonstration of the working principle of both sensor types. (a) Hy-Gas response for the
organic material-based sensor, where 4-vol-% H; was injected at the times marked by the vertical
black dashed lines, leading to a significant decrease in the current through the device, in the case
when the measurements were performed under an applied magnetic field. (b) Time course of the
electrical resistance as a function of the hydrogen concentration. The hydrogen concentration was
changed by 5 vol-% every 150 s, starting at 100 vol-%.

On the other hand, hydrogen sensors based on the phenomenon of organic magnetic
field effects (MFEs) will be investigated according to their advantages, such as low produc-
tion costs, flexibility, customizable geometry and high suitability for miniaturization [74,75].
MFEs arise when an external magnetic field influences the conductivity, resistivity or
electroluminescence (in the case of OLED structures) of an organic device. Depending
on the chosen organic material, this effect can result in either an increase or a decrease in
the variable of interest when a weak external magnetic field is applied (Bext = £300 mT,
MEFE(%) = (X(B) — X(B = 0 mT))/X(B = 0 mT), where X represents the variable of interest,
e.g., conductivity or resistivity); see, e.g., [76]. According to the literature, such effects are
only observed in the presence of hydrogen atoms [77]. This phenomenon is attributed to the
hyperfine interaction originating from the coupling of a polaron (=a quasiparticle consisting
of an electron/hole and its polarized environment) to the spins of hydrogen protons. Two
charges of equal sign can form an intermediate state, a polaron pair or bipolaron. The
singlet and triplet polaron pair formation rate alters in the presence of an external magnetic
field; see, e.g., ref. [76]. While the device is exposed to hydrogen, it is assumed that more
hydrogen atoms are present, while the bipolaron formation rate changes, and consequently
the conductivity and electroluminescence change. TADF materials are well known for their
excellent MFE response (see, e.g., ref. [78]) and for their high external quantum efficiencies,
suggesting a lower power consumption compared to other organic materials, e.g., small
molecules and/or polymers [79].

The working principle of an organic-based hydrogen sensor is depicted in Figure 2b.
The layer stack contains an organic active layer, e.g., a TADF material (cf. [80]), which
further emits light (cf. Figure 3). This light emission serves a dual purpose: it acts as a
measurable parameter to monitor the influence of hydrogen, and it also provides a direct
indication that the device is functioning properly. The device structure is based on a vertical
stacking geometry, similar to an OLED structure, to achieve a high magnetic flux. The
device is exposed to hydrogen gas, as displayed in Figure 3, with an adjustable magnet
mounted on top to control the external magnetic field. The current through the device is
measured, where an additional difference (next to the applied magnetic field) is expected



Energies 2024, 17, 5158

10 of 18

upon the hydrogen concentration, originating from the altered bipolaron formation rate
(cf. Figure 2b.1). Initial measurements, which can be found in Figure 4b, at a hydrogen
concentration of 4 vol-% in N carrier gas demonstrate the fundamental working principle.
Only when an external magnetic field was applied to the device a decrease in the current
upon hydrogen gas injection was detected. As can be seen in Figure 4b, the signal-to-noise
ratio is relatively high for this test device. We propose two improvement strategies to
address this issue: (1) Investigation of the encapsulant material. It is crucial to balance the
high gas permeability for H, [81] with low permeability for O, and H,O [82,83]. Potential
materials suiting those needs include parylene, poly(methyl methacrylate) (PMMA) and
polydimethylsiloxane (PDMS); see ref. [84] for a review on encapsulation technologies for
organic electronic devices. (2) Increasing the reactive surface area, which can be achieved
by structuring the top electrode to enhance the contact area between hydrogen and the
organic material, resulting in an increased measurable response. To operate organic-
based sensors in a real fuel cell stack, it is essential to demonstrate suitable temperature
stability at 80 °C. In the past, organic solar cells faced similar challenges related to their
usage, e.g., cars, building fronts and roofs, but these issues have long been addressed and
organic solar cells are commercially available. It is well known that high temperatures
can increase structural defects, bubbles and dark spots, leading to a decrease in device
lifetime. Various aspects of OLED stability and degradation mechanisms are discussed in a
recent review [85]. Tokito et al. showed that the critical temperature at which significant
degradation occurs is related to the glass transition temperature, Tc. They demonstrated that
stable devices can be built to withstand temperatures up to 150 °C. Therefore, we suggest
using materials with a high glass transition temperature, which can result in a longer
device lifetime, such as 5'-(4-(4,6-diphenyl-1,3,5-triazine-2-yl) phenyl)— 5'H-spiro[fluorene-
9,8 -indeno [2,1-c] carbazole] (4-SCZ) (180 °C), 5'-(4-(4,6-diphenyl-1,3 5-triazine-2-yl)-2-
fluorophenyl)-5'H-spiro [fluorene-9,8'-indeno [2,1-c] carbazole] (4SCZ-F) (197 °C) [86] and
3-(N,N-Diphenylamino)carbazole (~170 °C) [87]. On the other hand, other studies, such as
those by Adachi et al., do not fully support this theory. They found that several materials
with a low glass transition temperature exhibited no direct correlation of the T, with the
device durability. It was argued instead that good band alignment is crucial for minimizing
device degradation. Therefore, further research is needed to understand the interplay
between the T, band alignment and device stability and to find optimal materials/material
combinations for hydrogen sensing devices.

4.2. Sensor Integration

The concepts for sensor integration are developed on the basis of the experimental
research platform ‘Open-Source Stack’ (OSS), which was designed and set up in house [88].
The aim is to create an initial test setup (with hydrogen sensors integrated into the stack)
which can then be used to identify possibilities for further optimization. At the current
stage of development, the sensors require a significant amount of installation space due to
their size. For this reason, when comparing suitable components of the OSS for integration,
the end plate of the fuel cell stack, which conducts media in and out of the stack, proved
to be particularly appropriate for the integration of sensors of such proportions. The end
plate provides sufficient installation space, good access to the anode flow channels and
easy adaptability without affecting the medium flow inside the fuel cell. The integration
into the end plate of the stack also enables measurements to be taken close to the cells
of the stack. Figure 5a shows the basic structure of the OSS. The end plate in its original
design is highlighted. As shown, as an example, in Figure 5b, integration could be achieved
by increasing the thickness of the end plate and creating access to the media channels.
Additionally, suitable mounting elements would need to be designed to ensure that the
sensor’s active surface contacts the medium effectively, while appropriate sealing elements
ensure a secure and tight fit, exemplarily depicted in Figure 5b. The sensors could simply
be attached to the corresponding connection points.
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Customized end plate design

Original
end plate design

@ Pressure plate @ Holder
@ Sensor ® Sealing
@ Sealing == Anode flow

Figure 5. (a) CAD model of the experimental fuel cell platform Open-Source-Stack (OSS). (b) De-
tailed CAD model of the customized end plate with an example sensor and corresponding
fastening elements.

However, integrating the sensors into the end plate means that only the entire stack
can be analyzed, not the individual cells. The hydrogen concentration can only be measured
at the inlet and outlet. Reducing the size in future versions, the bipolar plates of the stack
would also be particularly interesting for integration. This would allow measurements to be
made within individual cells of the stack, analyzing the differences between certain areas.

In order to integrate the sensors into the bipolar plate, the sensors must be further reduced
in size to meet the requirements. Furthermore, the tightness of the stack must not be impaired
by the electrical connections leading to the outside, and the gas flow must not be negatively
affected by the integrated sensors. According to the current state of the art, sensor integration
concepts for bipolar plates [12] and gas diffusion layers [89] have already been worked on.
Figure 6 shows an anode bipolar plate of the OSS and the corresponding flow field.

@ Inlet integration area @ Outlet integration area ==3> Anode flow

Figure 6. (a) CAD model of an anode bipolar plate of the experimental fuel cell platform Open-
Source-Stack (OSS). (b) CAD model of an anode bipolar plate of the OSS with highlighted perspective
sensor integration areas.
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As shown in Figure 6b, based on the bipolar plate design of the OSS, further corre-
spondingly developed sensor versions could be integrated into the bipolar plate in the area
of the anode inlet and outlet of each single cell.

4.3. Enhancement of Data Analysis to Increase Computational Efficiency

In contrast to the palladium-based sensor (where the hydrogen concentration is di-
rectly a function of the ohmic resistance), for the organic sensor approach, the hydrogen
concentration is parameterized by the magnetic field. An important question is how many
measurements with different magnetic field strengths are necessary to determine the correct
hydrogen concentration. By using subsampling strategies, the number of measurements
with different magnetic field strengths are reduced. This influences the lifetime of the
sensor, since fewer measurements with fast changing magnetic field strengths are neces-
sary. Instead of reducing the number of measurements, subsampling strategies could also
be used to increase the overall measurement rate by reducing the number of necessary
measurements with different magnetic field strengths while keeping the overall amount
of measurements constant. The challenge is to find as few data points as possible while
still providing enough information for reliable control. Mathematical theories provide
multiple different approaches, such as sparse recovery from compressed sensing [90], sub-
sampling strategies from information-based complexity [91-94] and reconstruction via
random measurements [95]. By reducing the number of measurements, the damage to
sensors can be reduced. Hence, we aim to use recent advancements in compressed sensing
and information-based complexity, in particular, subsampling strategies as developed
in [94], and apply them to our problem of optimal measuring. Thus, the task is to find as
few data points as possible that still provide enough information for reliable control.

The algorithm in detail works as follows: we take sample values which are modelled in
an abstract space (describing temperature, pressure, conductivity, magnetic field effects, etc.)
and use these to recover a function via a least-squares approximation, which in turn gives
us our desired values (concentration, partial pressure, etc.). The precise relation between
the function and the values remains to be determined, also via real-world measurements.

This theory is still relatively new and, to our knowledge, has not yet been applied
to engineering problems. It remains to analyze its applicability to our research question
and to adapt it for our purposes. In this compressed sensing problem, we have three
spaces of parameters: X, Y and Z. Here, X is the space of parameters that we need for
the measurements (magnetic field strength, voltage, etc.), Y is the set of parameters we
measure (electroluminescence, electric resistivity, etc.) and Z is the set of parameters that
determine the state of the gas (hydrogen concentration/pressure, etc.). A measurement is
then a function f : X — Y, where f = f, depends on the state of the gas z € Z. We want to
reconstruct f (to obtain the state z) via samples of f. Taking N measurements and keeping

~ N
possible measurement errors in mind, we obtain measurements <xi, f (xi)> and want
i=1
2
with respect to Z (or

~

to find that f = f, which minimizes the error Y- | f(x;) — f(x;)

some other suitable notion of error). Obviously, taking more measurements will give us
a more reliable reconstruction of f at the cost of higher degradation of the components.
Thus, we need to find the smallest possible set of nodes x; to sample that will still give us
good reconstruction guarantees. One way to do this is to choose a random set of N nodes
and apply algorithms from [92] to find a subset of size ~ % that still reliably gives good
reconstructions. Thus, during the course of the project, we need to extract the smallest set of
parameters that will matter (to reduce the dimension of the problem f : X — Y, improving
reconstruction rates) and determine good sample points along the way.

4.4. Development of Advanced Fuel Cell Control

Due to challenges in recalculating the amount of hydrogen inside a fuel cell stack
based on the fuel cell voltage model with non-linearities, hysteresis effects and model
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inaccuracies, as well as temperature and humidity dependencies in the polarization curve,
indirect fuel cell control based on stoichiometries fails during fast load changes [54].

By integrating hydrogen sensors in a fuel cell system, as presented in Figure 7a,
frequent measurements of the hydrogen concentration are possible, thus allowing for direct
hydrogen control (instead of indirect hydrogen control via voltage). This circumvents
the above-mentioned problems of recalculating the amount of hydrogen inside the fuel
cell stack. Therefore, the hydrogen value is more precise and directly available. Since the
presented sensors have a response time of around 5 s, a dynamic sensor model is used to
evaluate the sensor output at a higher frequency. The sensor is modeled as a gain-scheduled
PT1-system with a varying gain constant, K. As can be seen in Figure 4b, the time constant
of the sensor response is constantly 5 s over the entire range, while the gain increases with
reduced hydrogen concentration.

(a) Pressure (b)
Regulator 0610 - J
Cathode l NG
Inist Tank . 0.608 - .
3
©
A Ci i &
Cathods Q) glrculatlon £ 606 | |
Outlet Ly

——MPC purge
0.604 |-
\ purge at 1 mV voltage drop
purge at 3 mV voltage drop
Trap 1 1 1 1 I 1 I
100 150 200 250 300 350 400
ilA

Figure 7. (a) Simplified illustration of the recirculating gas mixture within the anode circulation
system with integrated hydrogen sensors. (b) Comparison of fuel cell system efficiency between
standard purge processes at a specific voltage drop and a model predictive control (MPC) approach
with hydrogen measurements for different operating points [9].

A wide range of controllers, from simple PID controllers [56] up to adaptive and model-
based controllers [2,54], could be applied to control the hydrogen present in the fuel cell for
the chemical reaction. While PID controllers have the advantage of simple implementation,
optimal control approaches like model predictive control offer improved fuel cell system
efficiency and guarantee constraint satisfaction, such that sufficient hydrogen is present in
the fuel cell for the chemical reaction and fuel starvation is avoided at all times. In contrast
to classical stoichiometry-based fuel cell control strategies, fuel starvation (e.g., due to the
absence of hydrogen during fast load changes) can be avoided even in the presence of
other impurities.

In addition to controlling the hydrogen concentration inside the fuel cell, hydrogen
sensors could also be used to enhance the control of the purge valve. Commonly, the
purge valve is opened after a certain voltage drop or at a higher regular frequency to avoid
this drop, resulting in a higher loss of unconsumed hydrogen. With precise knowledge
of the hydrogen concentration, the purge valve can be opened before the reduction in
hydrogen results in a voltage drop and avoid unnecessary purge valve openings, reducing
the loss of unconsumed hydrogen. Studies have shown that a model predictive control
(MPC) approach with actual hydrogen measurements has the potential to outperform
standard purge approaches, resulting in a higher system efficiency along the complete
operating range of the fuel cell system (see Figure 7b) while guaranteeing a limited amount
of impurities in the anode [9].

Furthermore, the performance of the recirculation pump in the anode loop depends
on the gas concentrations [96]. Hydrogen measurements can be used to control the recircu-
lation pump more precisely, which is important for the durability and stability of the fuel
cell system [2].
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5. Conclusions and Outlook

This perspective paper reviews current hydrogen sensor technologies and their appli-
cations in fuel cell control. Most existing sensors require oxygen, are moisture-sensitive, or
need extensive setups, and typically detect hydrogen concentrations from a few parts per
million to 4 vol-%. Nevertheless, there is a lack of sensors that can detect a high hydrogen
concentration (up to 100 vol-%) in the anode circuit of fuel cells, which is a major challenge
due to the lack of oxygen, high humidity (up to 100%) and limited space.

We explore two novel sensor approaches: a resistive sensor using palladium and an
organic material-based sensor leveraging the organic magnetic field effect. Prototypes and a
test chamber have been developed to validate these sensors under fuel cell conditions—no
oxygen, high humidity, temperatures up to 80 °C and high hydrogen concentrations. The
prototypes show the potential to detect hydrogen through conductivity and electrolu-
minescence of the organic material or resistance measurements on palladium thin films.
A Wheatstone bridge comprising four sensor elements can be used to compensate for
temperature variations. The efficacy of a variety of barrier materials has been evaluated.

We propose integrating these sensors into the anode loop by modifying the fuel cell
stack’s end plate at the anode gas flow points. The analysis includes enhancing data process-
ing to improve efficiency, extend sensor lifespan, and optimize hydrogen control. Effective
hydrogen measurements could boost fuel cell performance by refining hydrogen flow
control and optimizing purge valves and recirculation pumps, thereby increasing efficiency,
durability and stability. It is essential to protect sensors in PEMFCs from high relative
humidity. Polymers are the solution, offering the best balance of hydrogen permeability
and water resistance.
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