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Abstract

Acoustic time-of-flight (AToF) imaging has been demonstrated as a low-cost, rapid, non-destructive,
operando tool to characterize processes in the flow channels and liquid-gas diffusion layer (LGDL) of
polymer electrolyte membrane water electrolysers (PEMWEs). An array of 64 piezoelectric sensors
was used, with all sensors emitting input pulses and detecting the acoustic wave reflected by the
sample (pulse-echo mode). The shape and intensity of this reflected waveform depends on the ratio
of reflection and transmission at phase interfaces and is strongly affected by resonant scattering of
acoustic waves by gas bubbles. This AToF imaging technique was deployed to produce reflection
intensity maps of the anode flow-field and LGDL; by measuring the AToF response for current densities
ranging from 0.00 A cm™ to 2.00 A cm?, a close correlation was found between the acoustic
attenuation in the flow-field and the production and removal of oxygen gas through the flow channels.
Furthermore, a close link between the AToF response and water thickness in the LGDL was
demonstrated, as supported by literature data. The application of the AToF technique has been
established as a novel way of investigating PEMWE operation and as an alternative to more complex

imaging techniques such as neutron imaging.
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1 Introduction

Electrochemical energy conversion and storage devices are an integral part of modern life and hold
great promise for the transformation of our energy system. While battery technology has been the
focus of public awareness in recent years, hydrogen-based conversion and storage is increasingly
viewed as a viable alternative for many applications [1]. The commercially dominant hydrogen
production technology is steam methane reforming, but carbon-free, ‘green’ hydrogen synthesis is
predominantly achieved by water electrolysis [2]. Polymer electrolyte membrane water electrolysers
(PEMWESs) offer a number of advantages over the commercially more mature alkaline electrolysis.
These include higher attainable current density, improved safety due to reduced gas crossover, and a
more compact design. Further, the increasing research and commercial uptake of PEM fuel cells create

synergistic effects driving the development of PEMWEs [2].

As PEMWEs mature, capital investment costs are expected to drop further [3,4] and novel materials
and engineering approaches reduce operational voltage and therefore allow for much higher current
densities [5,6]. These developments will accelerate the industrial and commercial uptake of PEMWEs

[1,7].

The widespread industrial use of PEMWEs for hydrogen production and grid stabilization will be
accelerated through advances in the performance and cost of the technology. One of the most
effective ways of improving such technology is through the establishment and use of a robust set of
metrology tools to screen the effect of design modification, support optimization of operational
parameters and facilitate low-cost maintenance and repair. Traditional electrochemical testing
methods, including the interpretation of polarization curves and electrochemical impedance
spectroscopy, are valuable diagnostic techniques, but do not offer the same level of spatially resolved
information as modern imaging technologies. X-ray computed tomography [8—11], neutron imaging
[12-16] or optical imaging [17—-20] have been used to visualise internal operational processes such as
the two-phase flow in the flow channels, the microstructure of the liquid-gas diffusion layer (LGDL),

water-gas dynamics in the LGDL, or the particle structure of the catalyst layer. However, these
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techniques are often expensive and may require adaptations of the PEMWE cell to facilitate

measurement.
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Fig. 1: Schematic diagram of acoustic attenuation mechanisms in a PEMWE. The input signal (I,) is emitted by the AToF
sensor and penetrates the end-plate. At each phase interface, a portion of the signal is reflected (Ig), while the remaining
signal is transmitted through the next domain (I7). In the flow channels, the signal can be reflected at liquid/gas interfaces
(I), but also attenuated by resonant scattering with gas bubbles (I5). Arrow lengths indicate the relative intensity of an

acoustic signal.

Acoustic diagnostic techniques can overcome many of these disadvantages and promise low-cost, fast,
non-destructive operando analysis of PEMWEs and other electrochemical energy storage and
conversion devices. Acoustic diagnostics can be differentiated into passive acoustic emission (AE) and
active acoustic time-of-flight (AToF) techniques. AE relies on detecting mechanical perturbations
emitted by objects using a piezoelectric sensor and is routinely applied in monitoring of mechanical
stability and structural health in the construction sector [21,22]. It has also found applications for fuel
cells and batteries, which range from monitoring particle cracking and lithium intercalation in Li-ion
batteries [23-25] and characterizing seal stability for solid oxide fuel cells [26,27] to observing various

processes in PEM fuel cells [28—-30]. Maier et al. [31,32] applied AE to PEMWEs and demonstrated its



ability to monitor the processes in the flow channels, including qualitatively detecting bubble number

and size over current density, in real-time.

In contrast to AE, AToF is an acoustic technique wherein samples are actively probed with ultrasound
waves; the transmitted or reflected response signal is recorded as a function of time-of-flight (ToF)
through the sample. The intensity of a reflection signal depends on how strongly the input signal has
been attenuated by the sample. Acoustic attenuation occurs at an interface between two different
materials due to reflection or resonant scattering, for example from a gas bubble or group of bubbles
(Figure 1). At each interface a portion of the incoming signal is reflected, while the remaining signal is
transmitted into the next domain. When an acoustic signal interacts with a bubble interface, it is not
only partially reflected, but can also be resonantly scattered if the signal frequency is close to the
resonant frequency of the bubble. In this case the signal is scattered in all directions, causing a very

high acoustic attenuation of the input signal.

AToF was first introduced to electrochemical energy storage and conversion devices by Sood et al.
[33], who successfully used AToF transmission measurements to detect interface degradation in a
cycled Li-ion pouch cell. Hsieh et al. [34], who conducted transmission and reflection AToF
experiments on cylindrical and pouch Li-ion and alkaline battery cells, demonstrated that changes in
the time-of-flight of the acoustic signal are linked to physical changes in the electrodes (density and
modulus), showed that these changes can be used to measure the state-of-charge of the battery, and
validated their results against a computational model of sound propagation in a series of battery
electrodes. This work was later advanced to show the ability of AToF to detect Zn gel dehydration and
Zn0, formation in Zn/MnO, batteries [35], to measure the effective stiffness of Li-ion batteries [36],
as well as to develop a supervised machine learning technique to predict battery state-of-charge from
the ultrasonic time-of-flight [37]. Measuring state-of-charge has been demonstrated by other authors
as well, using AToF [38,39] or guided acoustic waves [40,41]. Robinson et al. [42,43] combined AToF
mapping across the surface of a Li-ion pouch cell with X-ray computed tomography to further

demonstrate its ability to elucidate internal battery structure and investigated anode and cathode
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structure in detail during charge and discharge. This demonstrated the use of AToF to observe
mechanical processes and changes, such as diagnosing lithium plating in Li-ion batteries [44] and

mechanical defects in electrode structures [45].

This work, for the first time to our knowledge, applies AToF for fast, non-destructive, and operando
imaging of PEMWEs. Where previous work on AToF analysis of batteries has mostly relied on single
sensors, an array of 64 sensors was deployed in this work. Reflection (pulse-echo) measurements were
used to investigate gas/water (two-phase) processes occurring in the flow-field and LGDL as a function
of current density. This provides insights into mass transport phenomena in PEMWESs, which would

otherwise have required more expensive and time-consuming diagnostic approaches.

2 Experimental

2.1 PEMWE Cell
The PEMWE used for experiments (Figure 2 (a) and (b)) had a square 9 cm? active area and consisted

of acrylic end-plates, titanium flow-fields, a titanium LGDL on the anode side, a carbon paper gas
diffusion layer (GDL) on the cathode side, and a catalyst coated membrane (CCM). The flow-fields
consisted of nine parallel channels with a length of 3.00 cm, a width of 1.76 mm, and a depth of 2.00
mm. Sintered titanium powder (Merelex, USA) was used as LGDL and Toray H-060 carbon paper as
GDL. The CCM was coated with 3 mg cm2 iridium/ruthenium oxide on the anode side and 0.6 mg cm?
platinum on carbon on the cathode side (ITM Power, UK). The cell was held together with eight M5
screws, each fastened to a torque of 2.5 Nm. For all experiments, water was circulated through anode

and cathode with an inlet temperature of 50 °C and a flow rate of 50 ml min™* at each electrode.

A Gamry Reference 3000 Galvanostat/Potentiostat with a Gamry 30k Booster (Gamry Instruments,
USA) was used for electrochemical testing between 0.00 A cm™ and 2.00 A cm™. The i-V curve was
obtained following the guidelines of the Horizon 2020 Fuel Cells and Hydrogen Joint Undertaking
Programme [46]. Electrochemical impedance spectroscopy (EIS) data were recorded in the frequency
range from 10 mHz to 10 kHz at specific DC current densities between 0.00 Acm2 and 2.00 A cm~ with

an AC current modulation of 10 % of the applied DC current.
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Fig. 2: (a) The PEMWE setup consists of end-plates, parallel flow-fields, a titanium sintered liquid-gas diffusion layer
(LGDL), the catalyst coated membrane (CCM), and the gas diffusion layer (GDL) on the cathode side. (b) The AToF sensor

array is mounted on the outer surface of the anode end-plate.

2.2 AToF Measurements
All measurements were taken with a near-wall phased array (length: 66 mm, width: 19 mm, height:

25 mm) of 64 acoustic sensors (Model 10L64-NW1, Olympus Scientific Solutions, USA) in pulse-echo
mode on the anode side of the PEMWE. Each data point was averaged from the signals received from
16 neighbouring sensors (1-16, 2-17, 3-18, ...., 49-64), which is called a ‘sensor unit’. Each sensor unit
recorded one measurement per second, and the signal of two neighbouring sensor units was averaged
so that 33 spatially resolved data points were obtained for each measurement. The signal received
was the reflected portion of the input signal, which was a pulse sequence with a maximum repetition
frequency of 20 kHz. All data was amplified before recording. The amplitude of this amplification is
called the acoustic gain. Sensors were controlled and read out with an Olympus FOCUS PX system
(Olympus Scientific Solutions, USA). All AToF data in this work is given as a percentage of the sensor
saturation value. Before each experiment, a layer of acoustic gel (D12 Couplant Gel, Olympus Scientific
Solutions, USA) was applied to the outer surface of the PEMWE and the sensor. This provided good
acoustic coupling between sensor and PEMWE surface and ensured a consistent signal across the

surface.



Two different types of AToF experiments were conducted: fixed position experiments and area scans.
For fixed position experiments, the sensor was mounted to a specific location and data were recorded
continuously while the current density was increased from 0.00 A cm™ to 2.00 A cm™?in 0.10 A cm™
increments, each lasting 120 s. Three different locations along the length of the flow-field were
defined, each covering the whole width of the flow-field. The lower location was 0.5 cm from the
bottom end of the active area, the upper location 0.5 cm from its top end, and the middle location
exactly 1.5 cm from either end of the flow-field. On the other hand, area scans were performed by
moving the sensor array across the active area (10 mm s) from the bottom to the top of the flow
channels, while operating the PEMWE at a constant current density. The sensor array was mounted
onto an additional Rexolite block (thickness: 2 cm) to avoid damaging the sensor surface while gliding

it over the PEMWE surface.

To analyse the acoustic response from different components of the PEMWE, different time-of-flight
intervals of the echo-response were analysed; as the LGDL was located after the flow-field, peaks at a
higher ToF were attributed to the LGDL, lower ToF peaks were attributed to the flow-field.
Experiments were conducted with different acoustic gains (signal amplification). A clear signal from
the anode flow-field was obtained at a gain of 40 dB, however, this acoustic intensity was not strong
enough to obtain a clear reflection signal from the LGDL. Therefore, experiments were also carried
out at a gain of 60 dB, in which case the signal from the flow-field was saturated, but sufficient signal
intensity for analysis was obtained from the LGDL. Preliminary experiments demonstrated that, at a
chosen acoustic gain, the relevant time-of-flight intervals were not saturated for the current densities

between 0.00 A cm™ and 2.00 A cm™ applied in this work.

For comparison to AToF measurements of the PEMWE during operation, measurements of the dry

PEMWE cell (without water inflow) at all three different sensor locations were taken as well.



2.3 AToF Data Analysis
Data was visualised in real-time in the FocusPC software (Olympus Scientific Solutions, USA), which

was also used for data export. The FocusPC interface was used to measure the maximum reflection
intensity in time-of-flight intervals containing the reflection peaks related to specific components of
the PEMWE, e.g. flow-fields or the LGDL. The waveform intervals correlated to components of the
PEMWE were chosen manually based on a number of AToF scans with varying parameters.
Subsequently, the peak intensity was recorded for each sensor unit and throughout the duration of

the experiment.

The resulting data points were mapped and analysed qualitatively and quantitatively. Each peak of the
waveform (intensity value in an acoustic map) is caused by the reflection of the acoustic input signal
at an interface. The intensity of a reflection peak relates to the fraction of signal which is reflected at
a given interface (the acoustic reflection coefficient R), while the fraction of acoustic signal which is
not reflected is the transmission coefficient T. The acoustic reflection (Equation (1)) and transmission
(Equation (2)) coefficients are a function of the acoustic impedances z of the phases 1 and 2, which

form the interface [47].
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The Equations (1) and (2) illustrate that the signal is not reflected if both phases at the interface exhibit
the same acoustic impedance. Increasing difference in acoustic impedance results in a consequent
increase in the intensity of reflection. The acoustic impedance of a material is a function of material
and acoustic wave properties as well as a wide range of physical conditions [47]. For many materials,
z is the product of density and the speed of sound in that material [42,47], illustrating that materials
are likely acoustically matched when they exhibit similar physical properties. This implies that signal

attenuation is more pronounced at a solid/gas interface than at a liquid/gas interface.



Understanding the causes of reflection in a system enables an understanding of the nature of an
interface from observing the intensity of the recorded reflection peaks. However, the pulse-echo
signal is not only influenced by reflection at interfaces, but also by resonant scattering. This occurs
when an acoustic wave travels through a medium containing gas bubbles (such as water in the flow
channels of a PEMWE). If the frequency of the wave is at or near the resonance frequency of a gas
bubble, a major fraction of the wave is scattered. According to Equation (3), the resonance frequency

fr of a bubble is, among others, a function of its radius r [48,49].

1 3YPoo
- 2m | pyr?

fr (3)

where the ambient pressure is p,, ¥ is the polytropic coefficient, and the density of the liquid is p;.

During operation of a PEMWE, a multitude of gas bubbles are produced, covering a wide range of
bubble sizes; hence, a wide range of frequencies exist within which resonant scattering between
acoustic wave and bubbles can occur. However, this multitude of bubbles can be described as a group
of coupled oscillators, exhibiting collective oscillation modes, and is commonly referred to as bubble
cloud [50]. The resonant frequency of a bubble cloud is not the summation of all individual bubble
resonance frequencies, but a specific resonant frequency due to the collective oscillation [48,50,51],
which, for a spherical cloud of individual bubbles (radius 7;.), can be calculated depending on the

fraction of gas, y, in the cloud [48].
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In Equation (4), the polytropic coefficient is usually taken as 1.0 for isothermal operation and 1.4 for
adiabatic operation [48]. The operation of a PEMWE in a realistic scenario will fall between these two

extreme cases.



In the following, Equation (4) will be used to calculate the resonant scattering frequency of bubbles in
the flow channels of a PEMWE. During operation, the flow channels are typically filled with a multitude
of gas bubbles, so that the use of a single bubble model (Equation (3)) for the characterisation of
PEMWE flow channel scattering frequency appears inadequate. The use of the bubble cloud model

for the calculation of the resonant scattering frequency is well established [48,51,52].

The radius of a bubble cloud will, in the following, be assumed to be identical to the width of a flow
channel, as previous work has shown that at any current density the generated gas bubbles are
scattered across the width of the entire channel [31]. The ambient pressure will be assumed to be
atmospheric, as the PEMWE is operated with minimal excess pressure, and the density of the liquid is
taken as the density of water. The calculation of the gas fraction in the flow channels is described

elsewhere [31,53].

To obtain frequency information from the pulse-echo response, fast Fourier transform (FFT) analysis
of the AToF waveform was performed using the FocusPC software. The pulse-echo response across
the entire time-of-flight was analysed, yielding an intensity spectrum as a function of frequency. The
frequency at which the maximum intensity was found, will be referred to as peak frequency in the
following. Comparison of the peak frequency with values obtained from Equation (4) serves to indicate

whether the obtained signal predominantly originated from resonant scattering.

3 Results and Discussion

3.1 Electrochemical Testing
The PEMWE cell showed typical polarization behaviour (Figure 3 (a)), consistent with previously

reported data sets [17,54-56]. EIS was used to examine the influence of mass transport effects on the
overall PEMWE performance (Figure 3 (b)): while the width of the left-hand arc (high-frequency) in
the Nyquist plot determines the activation overpotential, the right-hand arc (low-frequency) indicates
the magnitude of the mass transport overpotential [54,57,58], even though inductive effects, as

observed for 0.25 A cm and 1.00 A cm™, can make an exact quantification difficult. The width of the
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right-hand arc increased from low to high current density, by around 30 % from 0.25 A cm™ to 2.00 A

cm?. This indicates a significantly higher overpotential due to mass transport processes at higher

current densities.
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Fig. 3: (a) Overall PEMWE cell performance, shown as voltage against current density ranging from 0.00 A cm2to 2.00 A
cm-2, (b) Electrochemical impedance spectra of the PEMWE between 0.1 Hz and 10 kHz, represented as negative imaginary

impedance —Z;,,,;, against the real impedance Z,. (Nyquist plot), for 0.25 A cm'2, 1.00 A cm?, and 2.00 A cm™.

On the anode side of a PEMWE, as current density increases, an increasing flux of water has to be
transported to the active catalyst sites, while increasing amounts of oxygen have to be removed from
the system. The water transport capacity from the flow-field, through the porous LGDL, to the CCM
and oxygen transport in the reverse direction is finite and consequently increasing mass transport
inefficiencies occur with increasing current density and lead to an increase in PEMWE operational

voltage. This rise is due to the mass transport overpotential, which is caused by the overall increase

of mass transport in the PEMWE system.

3.2 Structural Investigation with AToF
The ability of acoustic waves to penetrate through layers of material can be used for rapid inspection

and diagnostics. AToF scanning of the entire active area (as described in Section 2.2) provided a
spatially resolved 3D imaging technique, visualising the structure of different PEMWE components.
Experiments at two different acoustic gains were used to investigate the structure and assembly of

11



flow-field and LGDL in the PEMWE. Each AToF experiment offered depth-profiling of the same layers
of the PEMWE, such as flow-field and LGDL, but investigation of different layers was carried out in

separate experiments to obtain an optimal and clear signal from each component.
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Fig. 4: (a) AToF scan of the anode flow-field of the PEMWE, showing rib and channel areas, as well as water inlet and
outlet. (b) The CAD design of the flow-field, shown for comparison. (c) AToF scan of the LGDL, illustrating a granular
distribution of high and low reflection intensity. (d) SEM image of the LGDL microstructure given for comparison. Image
was obtained on a Zeiss EVO MA10 (Carl Zeiss, USA) at an electron accelerating voltage of 15 kV and a magnification of
100x. Both AToF area scans were obtained during operation of the PEMWE at a constant current density of 0.25 A cm=2.

Hence, water was circulated through the flow-field, and LGDL and flow channels contained water as well as oxygen.

The PEMWE was operated at 0.25 A cm™ for both experiments, hence water and oxygen gas both exist
in flow-field as well as the pore phase of the LGDL. Based on preliminary experiments, different time-
of-flight intervals were chosen for each component, measuring the maximum reflection peak intensity
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in the respective interval. The resulting reflection intensity maps are shown in Figure 4 and should be
understood as approximate representations of the investigated physical structure. A more detailed
and quantitative investigation of the reflection characteristics of flow-field and LGDL can be found in

Section 3.3.

The structure of the flow-field was visualized with AToF, showing details of the flow channels, the ribs
and water inlet and outlet. A low reflective peak was observed in channel areas (blue areas in Figure
4 (a)), while the ribs were marked by high reflective peaks (yellow areas). Comparison between the
actual geometry of the parallel flow-field (Figure 4 (b)) with the AToF image showed that all eight ribs
and nine channels were detected. The ratio between rib length and width was 17.05 for the actual
flow-field design, and was manually measured to be 18.70 from the AToF image. Based on the width
of the active area (30 mm, 32 pixel) a spatial resolution of 0.94 mm was obtained. The fact that high
reflection intensities were detected in the rib areas, while lower intensities were found in the channel
areas, suggests that the acoustic impedance of the acrylic end-plate was more closely matched with
the acoustic impedance of the water-filled channels than with the acoustic impedance of the titanium
flow-field ribs. This might seem counter-intuitive, but can be derived from the material values (Section
2.3). Further, the very low reflection intensity in the flow channels is likely to be attributed to resonant

scattering from oxygen bubbles. This will be further validated in Section 3.3.

Investigating a different set of peaks at a higher acoustic time-of-flight (hence relating to a PEMWE
component located behind the flow-field), an AToF image of the LGDL was obtained during operation
of the PEMWE at 0.25 A cm™ (Figure 4 (c)). The LGDL was a porous sintered titanium structure (Figure
4 (d)) with pores being filled with either water or gas. For the AToF response, a granular distribution
of high and low reflective peaks, randomly distributed over the LGDL area, was observed. AToF is a
depth-profiling technique, hence the reflection intensity from the LGDL was affected by acoustic
processes in the flow-field and end-plate. As the reflection at an interface is a function of the acoustic

impedance of both materials at this interface, the acoustic response from LGDL pores and particles
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was different in rib and land areas. This makes it difficult to clearly assign low or high reflection peaks
to either pores or particles. Further, the granularity of the AToF response was much coarser than the
microstructure of the LGDL. As observed above, the spatial resolution of the AToF measurement is
0.94 mm, while the size of pores and particles of the LGDL are significantly smaller (Figure 4 (d)). This
suggests that with the given experimental equipment AToF cannot be used to distinguish individual
pores or particles, but rather larger accumulations of gas or water in a network of adjacent pores.
However, by observing the overall reflection intensity as a function of current density, conclusions can

be drawn on the volume averaged macroscopic processes in the LGDL (Section 3.3).

The above results show that AToF scans are a powerful 3D imaging and depth-profiling tool for quick
inspection and qualitative analysis, and further examples of imagining the structure of the flow-field
and LGDL at 0.00 A cm? and 2.00 A cm™ can be found in Figure S1 in the Supplementary Information.
However, to obtain quantitative data as a function of current density, fixed position AToF
measurements are also investigated below to reduce any error that may be introduced while moving
the acoustic sensor.

3.3 ATOF for Quantitative Assessment

By applying AToF across the whole width of the active area at a fixed location, while varying current
density, statistically reliable data (probing of a constant state of operation for 120 s) on the acoustic
response was obtained. Experiments were conducted at three different sensor locations (lower,
middle, and upper as defined in Section 2.2) and two different acoustic time-of-flight intervals to

access the flow-field and LGDL, respectively (Section 2.2).
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Fig. 5: (a) AToF reflection map of the flow-field across all flow channels at the middle sensor location for current densities
ranging from 0.00 A cm2 to 2.00 A cm-2. The reflection intensity was measured every second across the width of the active
area, while the current density was increased in 0.10 A cm intervals lasting 120 s. This illustrates the evolution of the
reflection intensity in a segment across the width of the flow-field, roughly the same height as the AToF sensor, as a
function of current density. The intensity of the reflection peaks is indicated using a logarithmic color map. Dashed black
lines indicate parabolic lines of identical intensity. (b) The average intensity of reflection peaks across all flow channels
for lower, middle, and upper sensor locations as a function of current density. The average intensity band measured in
the dry cell is shown for comparison (dashed black lines). (c) For comparison, the inverse of the amount of oxygen per

flow channel, G, is shown as a function of current density for all three sensor locations.

15



Flow-Field
Figure 5 (a) shows the AToF response from the flow-field at the middle location on a logarithmic scale

between 0.00 A cm™2 and 2.00 A cm™, hence, illustrating the evolution of the reflection intensity in the
middle segment of the flow-field across the entire active area (and all flow channels and ribs) as a
function of current density. To visualize this large relative changes in intensity across the current
density range, the use of a logarithmic scale was required. A general trend from high reflection
intensity to low reflection intensity was observed as current density was increased. While the average
intensity of the flow-field reflection peaks was around 55 % at 0.00 A cm?, it dropped to 5 % at 2.00 A
cm2. At 0.00 A cm?, the AToF signal was reflected at the interface between the end-plate and flow
channels/ribs. Due to the mismatch in physical properties, and hence acoustic impedance, the
transition from end-plate to water in the flow channels produced a strong reflection peak. As current
density increased, the flow channels were not only filled with water, but also with an increasing
amount of oxygen bubbles. As outlined in Section 2.3, gas bubbles attenuate the AToF signal via
resonant scattering. This explains why the averaged intensity decreased continuously with increasing
current density. As more gas was produced, the acoustic input wave was scattered (anisotropically)

more strongly, which reduced the intensity of the echo signal detected.

This also suggests that resonant scattering was the dominant attenuation mechanism in the flow
channels. As current density increases, the amount of oxygen increases, and a number of flow regimes
is typically observed in the flow channels. It is well-established that at low current densities the bubbly
flow regime is observed, which then consecutively develops into slug and annular flow with increasing
current density and location along any given flow channel [53]. Due to the large number of individual
bubbles [31], the bubbly regime exhibits by far the highest amount of liquid/gas and gas/solid
interfaces. If acoustic reflection at interfaces were to be the dominant attenuation mechanism, a
maximum of reflection would be expected in the bubbly regime, with a decrease in reflection intensity
for higher current densities due to the reduction in interfaces and the increasing amount of resonant

scattering. However, as a continuous decrease in reflection intensity was observed experimentally, it
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appears likely that the dominant mechanism of acoustic attenuation in the flow channels was resonant

scattering.

To establish the link between oxygen gas production and AToF signal, the pulse-echo response
averaged across all channels (Figure 5 (b)) and the inverse (increasing gas flow reduces the reflection
intensity) of the gravimetric gas flow per flow channel, G, (Figure 5 (c)) are displayed as a function of
current density. The gas flow was calculated theoretically based on Faraday’s law [31,53]. The
different gas flows at the sensor locations was accounted for by adapting the active area used for the
calculation, according to the location of the sensor along the flow channels. The pulse-echo response
showed a continuous decrease with current density, which mirrors the behaviour of the inverse
oxygen flow 1/G' An initial drop at low current densities was followed by a linear decrease from
around 0.50 A cm™ to 2.00 A cm™. The distance between the curves for different locations was not as
pronounced for the pulse-echo response as for the calculated inverse gas flow. This implies that
attenuation due to resonant scattering was the dominant mechanism. However, it was convoluted by

other attenuation mechanisms, such as reflection from gas/liquid and liquid/solid interfaces.

This was further supported by comparing the average reflection intensity in the flow channels under
operation and in the completely dry cell. The band of average reflection intensity (two standard
deviations) ranged between 11.46 % and 20.75 % (dashed black lines in Figure 5 (b)) for AToF
measurements of the cell completely filled with air and void of water. However, the dry reflection
intensity was considerably higher than values obtained during PEMWE operation at current densities
beyond 0.75 A cm?, where the flow channels contained a water-gas mixture. The reflection intensity
obtained is influenced by two main factors: signal attenuation at interfaces and resonant scattering
from bubbles and bubble clouds surrounded by water. While the attenuation at a solid-gas interface
is higher than at a solid-liquid interface (see Section 2.3), resonant scattering is an additional
mechanism of signal attenuation which is dependent on the gas fraction in the flow channels. Hence,

in the dry cell there is very strong signal attenuation at the interface between end-plate and flow
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channels as the channels are only filled with air, but no resonant scattering as this requires gas bubbles
in a liquid medium. Under operation of the PEMWE, on the other hand, the attenuation between end-
plate and flow channels is much less pronounced, as it is a solid-liquid interface. However, with
increasing current density (gas fraction) the attenuation via resonant scattering increases, so that the
overall measured reflection intensity decreases with current density and reaches values lower than
for the dry cell. Hence, the signal attenuation in the flow channels could not be solely caused by the
reflection at the gas interface. It is therefore implied that resonant scattering caused the unexpectedly

low reflection intensity values.

Another feature of the AToF signal was that it exhibited an approximately parabolic profile across the
flow channels. From left to right, the transition from a given acoustic intensity level to a lower one
(e.g. blue to yellow in Figure 5 (a)) occurred at an increasingly high current density. Therefore, the
lines of equal AToF intensity (black dashed lines in Figure 5 (a)) formed a parabolic profile roughly
increasing from left to right. The effect of non-uniform flow distribution, following a parabolic profile,
in a parallel flow-field is well documented [59-61] and has been observed with optical imaging of the
PEMWE flow channels [19]. This is a consequence of the flow-field being designed in a Z-pattern, with
water inlet and outlet being located at diagonally opposed ends of the parallel flow-field, which causes
the water flow rate to be higher in the channels to the right (closer to the outlet) by a factor of up to
five compared to the remainder of the channels [59]. This further established the ability of AToF to

represent the physical processes in the flow-field.
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Fig. 6: The resonant scattering frequency of a bubble cloud with the diameter of a flow channel for isothermal and
adiabatic operation of the PEMWE as a function of current density. The peak frequency of the AToF signal (obtained via
FFT analysis) is shown as single data points, which are consistent with the resonant scattering frequency. The lower
frequency detection limit is given for reference (dashed blue line). All calculations and measurements refer to the middle

sensor location.

To further confirm resonant scattering as a dominant force of acoustic attenuation in the flow
channels, for the middle location, the calculated frequencies for resonant scattering were compared
with the peak of the signal frequency spectrum obtained via FFT (Figure 6). The frequency of resonant
scattering was calculated as a function of current density using Equation (4) from Section 2.3, using a

mass balance and Faraday’s law to determine the gas fraction [31,53]. For the middle location, the

active area was assumed to be half of the entire active area, thus only accounting for the amount of
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gas which had accumulated in the flow channels at the middle sensor location. Assuming the bubble
cloud diameter being equal to the width of a flow channel, the resonant frequency is trending towards
infinite values for 0.00 A cm™ and falls to around 0.50 MHz at 2.00 A cm™. Additionally, the frequency
of peak intensity was determined from the AToF signal for each current density via FFT analysis of the
waveform along the entire observed time-of-flight. This indicated the most common echo-signal
frequency occurring in the PEMWE and was linked to the processes causing the echo-response. The
peaks related to the flow channels were by far the most dominant signal; hence, it is assumed that
the obtained frequency spectrum was representative of the flow channel processes. Peak frequencies
were observed in the range from around 2.70 MHz to 0.95 MHz. The development of the observed
peak frequency broadly followed the trend of the calculated bubble cloud frequency. This indicated
that a major part of the received pulse-echo signal originated from the resonant scattering of bubbles
and bubble clouds, respectively. Due to its anisotropy, this mechanism caused strong attenuation of
the overall signal; however, the fraction of signal scattered towards the AToF sensor was still

significant, as indicated by the measured and calculated frequency spectra.

LGDL
By increasing the acoustic gain and investigating a different time-of-flight interval, a detailed AToF

investigation of the LGDL was made possible. The LGDL lacked clear macroscopic structures compared
to the flow field (channels, ribs), but consisted of a high number of water or gas-filled pores and
titanium particles. As for the flow-field, the LGDL was probed between 0.00 A cm? and 2.00 A cm™ at
upper, middle, and lower sensor locations. The resulting current (time) / location map is shown for
the middle position in Figure 7 (a). The x-axis shows the line scan across the middle section and the y-

axis the varying average cell current density as it increases with time.
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Fig. 7: (a) AToF reflection map across the LGDL width at the middle sensor location for current densities ranging from 0.00
A cm2 to 2.00 A cm2, The intensity of the reflection peaks is indicated using a linear color map. (b) Average intensity of

reflection peaks across the LGDL width for lower, middle, and upper sensor locations as a function of current density.

For low current densities below 0.50 A cm, randomly distributed reflection maxima and minima were
observed, which is similar to Figure 4 (c). Above 0.50 A cm™, this random distribution disappeared and
a structure of clearly localized maxima and minima developed, which mirrored the rib/channel
structure of the flow-field. It is well established through neutron imaging studies that the LGDL carries
more oxygen gas and less water under the rib areas than under the channel areas of the flow-field in
an operating PEMWE [13,14,16]. This trend was confirmed by AToF imaging, providing further
confidence in this technique and establishing the possibility to examine the water-gas distribution in
the LGDL in more detail via AToF. However, it has to be noted that the measurement of LGDL processes
through AToF is affected by the flow-field. As the acoustic signal has to travel through the flow-field
before reaching the LGDL, and the signal reflected by the LGDL has again to cross through the flow-
field before being detected, processes in the flow-field can potentially lead to deviations in the signal
associated with the LGDL, e.g. the existence of rib/channel features in the AToF response from the
LGDL can potentially be an artefact caused by the input signal being transmitted through the flow-

field before penetrating the LGDL.
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The overall intensity of reflection peaks attributed to the LGDL decreased with increasing current
density (Figure 7 (b)). The variance between individual locations is likely caused by differences in local
porosity of the LGDL and the formation of gas and water pathways in specific areas. As the local
distribution of LGDL pores can vary across the active area, and it is well established that often
preferential gas pathways are formed through the LGDL [12,62—-64], these local non-uniformities in
water and gas content in the LGDL might cause variations in the reflection intensity as observed in

Figure 7 (b). However, this will need to be confirmed by further research.

A decrease from around 52 % acoustic intensity at 0.00 A cm™ to around 38 % at 2.00 A cm™ was
observed for the middle position. However, the typical decrease in reflection peaks with current
density was considerably smaller in the LGDL than in the flow channels. Other than in the flow-field,
where almost the entire channel was filled with gas at high current density, in the LGDL only certain
parts of the porosity of the LGDL contained gas at any given time. The remainder consisted of solid

titanium and water pathways, which change little with current density.

The development of reflection intensity with current density observed here is consistent with through-
plane water thickness measurements performed using neutron imaging [12]. Neutron imaging can
reliably measure the absolute water thickness in a sample due to the strong interactions of neutrons
with hydrogen atoms and therefore data on the water thickness in the LGDL obtained via neutron
imaging can be used for validation and calibration of AToF data. Maier et al. [12] found a decrease in
water thickness by 12 % between 0.25 A cm™ and 1.50 A cm™ averaged across all rib areas using the
same LGDL material as this work. This compares to a decrease of 13 % in reflection intensity across
the active area found in this work between 0.20 A cm™ and 1.50 A cm™. The close correlation in
neutron imaging data and AToF response emphasized the possibility of applying AToF imaging to LGDL

processes and validated the chosen methodology.
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4 Conclusion

This works establishes AToF imaging as a powerful diagnostic tool for PEMWEs. It is demonstrated
that the internal structure and assembly of flow-field and LGDL can be visualized using AToF scans
across the PEMWE active area. This can be used for rapid, non-destructive inspection and diagnosis of
PEMWE systems and offers a much lower cost and easily deployable operando imaging capability than
established methods, such as X-ray or neutron imaging. By measuring the pulse-echo response of a
PEMWE operated between 0.00 A cm?2 and 2.00 A cm a range of effects typical for PEMWEs have
been observed, which corroborates the effectiveness of AToF imaging. These effects were related to

the flow-field as well as the LGDL.

Acoustic investigation of the flow-field showed a general decrease in reflection intensity with
increasing current density. This indicates an increasing acoustic attenuation, which is caused by the
increasing amount of oxygen gas produced and removed through the flow channels. It is shown by
calculating the amount of oxygen produced due to electrochemical activity that the AToF signal scales
closely with the inverse of the amount of gas in the flow channels. By determining the peak frequency
of the AToF signal as a function of current density using FFT analysis, and comparing these data with
theoretical expectations for the frequency of resonant scattering of bubbles, the link between gas
bubbles in the flow channels and acoustic attenuation was confirmed. Further, AToF imaging yielded
a parabolic profile of intensity across the flow channels, an effect well established in literature, which

corroborates the validity of the data obtained in this work.

AToF imaging of the LGDL showed a granular distribution of reflection maxima and minima. However,
the spatial resolution of the AToF equipment was not sufficient to resolve the LGDL microstructure of
gas/water pathways and titanium particles. Just as for the flow-field, a general trend of decreasing
reflection intensity with increasing current density was observed between 0.00 Acm2and 2.00 Acm™.
However, the trend was less pronounced than for the flow-field. It was demonstrated that the AToF

response scales closely to data on the water thickness in the identical LGDL material, obtained via
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neutron imaging. Further, AToF imaging showed a distinct difference between areas of the LGDL under
rib and land areas of the flow-field, respectively. This can potentially be attributed to the accumulation
of gas and water under rib and channels of the flow-field, respectively. This effect has been well
documented by neutron imaging. Overall, this confirms the ability of AToF imaging to investigate

macroscopic processes in the LGDL.

In conclusion, it was demonstrated that AToF imaging is well suited to investigate mass transport
processes in flow-field as well as the LGDL of PEMWEs. It offers a low-cost, rapid, non-destructive,
operando imaging tool. In a research context, it can potentially replace more time-consuming,
expensive and specialized investigation techniques such as neutron and X-ray imaging. Commercial
applications could include rapid inspection of single cells and PEMWE stacks or the diagnosis of non-
uniform distribution of reactants across the active area, which could indicate faulty cell assembly or
issues related to the CCM. Future work will focus on developing AToF techniques to selectively obtain

data on the state of the CCM and develop lifetime predictions based on AToF data.
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