Mass Transport in Polymer Electrolyte Membrane Water Electrolyser Liquid-
Gas Diffusion Layers: A Combined Neutron Imaging and X-ray Computed
Tomography Study

M. Maierd, J. Dodwell?, R. Ziesche?, C. Tan?, T. Heenanab, J. Majasan?, N. Kardjilov¢, H. Markéttere,
I. Manke¢, L. Castanheirad, G. Hinds?, P.R. Shearing2?, D.J.L. Bretta.0b*

@Electrochemical Innovation Lab, Department of Chemical Engineering, UCL, London,
WCL1E 7JE, United Kingdom

® The Faraday Institution, Quad One, Harwell Science and Innovation Campus, Didcot, OX11
ORA, UK

¢ Helmholtz-Zentrum Berlin (HZB), Hahn-Meitner-Platz 1, 14109 Berlin, Germany
4 National Physical Laboratory, Hampton Road, Teddington, Middlesex, TW11 OLW, UK

" Corresponding author. Tel.: +44 (0)20 7679 3310; fax: +44 (0)20 7383 2348. E-mail
address: d.brett@ucl.ac.uk (D.J.L. Brett).

Abstract

The increasing use of intermittent renewable energy sources calls for novel approaches to large-scale
energy conversion and storage. Hydrogen can be readily stored and produced from renewable sources
using polymer electrolyte membrane water electrolysers (PEMWEs). Mass transport of water and
product gas in the liquid-gas diffusion layer (LGDL) is critical for PEMWE performance, particularly at
high current densities. In this work, neutron radiography is deployed to measure the spatial
distribution of water within three different LGDLs, while X-ray micro-computed tomography (XCT) is
used to characterize the microstructure of the LGDL materials. The combination of these two
techniques yields valuable insight into water transport within the LGDL. Significant local water
heterogeneity is observed and a link between flow-field geometry/location and LGDL mass transport
is identified. It is further shown that the pore volume in these LGDLs is significantly under-utilized,

pointing the way towards design optimisation of LGDL materials and architectures.
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1 Introduction

The existence of a concentration (or mass transport) overpotential in polymer electrolyte membrane
water electrolysers (PEMWESs) is a major cause of performance limitation when operating at high
current densities [1]. However, detailed mechanistic elucidation and reliable quantification of this
effect is limited and tend to be empirical in nature [2-5]. The concentration overpotential primarily
occurs at the anode at high current densities, when the generation of oxygen gas via the consumption
of water exceeds the rate at which water can be supplied through flow channels and liquid-gas
diffusion layers (LGDLs). Historically, the concentration overpotential was rarely of practical
importance, as PEMWESs were not typically operated at high enough current densities to cause severe
mass transport limitations. However, application-specific requirements require water electrolysers to
operate at higher current densities and technical improvements in the electrolyte and catalysts used
are allowing the attainable power in PEMWEs to increase [6], and costs to fall [7,8], such that mass
transport aspects are attracting more attention. Techniques that allow operando investigation of two-
phase flow and water management are therefore of significant interest in the development of next-

generation PEMWEs.

The ability of neutrons to penetrate many materials with a high molecular mass, while being strongly
attenuated by specific light materials, such as hydrogen and lithium, has made neutron imaging a
powerful tool for visualizing these elements in electrochemical energy conversion and storage devices
[9]. Its use has been demonstrated for the imaging of Li-ion batteries, visualizing lithium migration and
intercalation during charge and discharge [10]. The ability of neutron imaging to detect water and its
concentration gradient in PEM fuel cells has been widely demonstrated [11-14], but there is limited
literature on its use for investigating PEMWESs. Selamet et al. were the first to apply operando neutron
imaging to a PEMWE. They used through-plane radiographs to quantify the water thickness in
different regions of the active area and showed periodic growth and detachment of gas bubbles on
the surface of the LGDL [15,16]. Hoeh et al. determined the water-to-gas ratio in a PEMWE at various

current densities and water flow rates for land and channel areas in a PEMWE [17]. By deploying in-



plane neutron radiography, Seweryn et al. [18] discovered a counter-intuitive pattern of water
distribution in the anode LGDL. They found the water content and gradient to be unaffected by current
density in the range from 0.10 A cm2 to 2.50 A cm?, which indicates a high water holdup in sintered
titanium powder. Panchenko et al. [19] used in-plane neutron radiography to compare the mass
transport characteristics of sintered titanium powder and titanium fibres as LGDLs. The authors found
that the gas content of the sintered titanium powder (titanium sinter) varied more strongly with
current density, indicating improved mass transport in the sintered powder LGDL. It was also found
that the LGDL contained more gas under the land of the flow channels than under the channels. In a
later study, the authors combined neutron imaging with high-speed optical imaging to investigate the
role of water stoichiometry on mass transport in the flow channels and LGDLs [20]. Building on this
previous work for neutron imaging of PEMWESs, Lee et al. [21] investigated the influence of nitrogen
purging on the cathode side in order to find a set of ideal conditions for deploying neutron radiography

for PEMWEs.

X-ray micro-computed tomography (XCT) has proven to be a valuable technique for the
characterization of electrochemical devices. It is often applied to determine structural changes in Li-
ion or related types of batteries [22—-25] and has been successfully used to investigate water
distribution in PEM fuel cells [26]. There are several publications demonstrating the use of XCT for
investigating the microstructure of LGDL materials for PEMWEs. Zielke et al. [27] used XCT to examine
different woven and sintered titanium samples and calculated electrical and thermal conductivities as
well as water permeabilities based upon the microstructures of the samples. However, the authors
did not provide any data on how these various LGDLs performed in a PEMWE. A similar study from
Schuler et al. [28], obtained XCT data for a number of different titanium felts and a sinter material for
comparison. It was found that the felts exhibited a significantly higher permeability and diffusivity, but
a lower thermal conductivity than the sintered titanium. Majasan et al. [29,30] used XCT to investigate
structural properties of sintered LGDLs with different particle sizes and combined XCT data with

electrochemical characterization finding a link between microstructure and electrolyser performance.



This work uses operando through-plane neutron radiography of PEMWEs at average current densities
of up to 1.50 A cm to examine mass transport of water within LGDLs under rib (land) locations. Three
different LGDL materials are investigated and XCT is employed to link the microstructure of the LGDL

to its mass transport and water-gas holdup capacity.

2 Experimental

2.1 PEMWE Cell

The PEMWE cell used for these experiments (Figure 1), consisted of two aluminium end-plates, gold
coated, aluminium parallel channel flow-field plates on both anode and cathode sides, a titanium LGDL
on the anode side, Toray carbon paper as gas diffusion layer on the cathode side, and a catalyst coated
membrane (CCM) with a square active area of 25 cm?2. An aluminium holder was used at each end of
the cell to ensure an even pressure distribution over the active area. The PEMWE cell was held
together with four inner M3 screws (tightened to 1.7 Nm) and four outer M5 screws (tightened to 2.3
Nm). The flow-fields consisted of 15 parallel, vertical channels with a length of 5 cm, a depth of 3 mm,
evenly distributed over the active area, which is similar to flow-field geometries previously employed

[31-33].

Table 1: Description, thickness, and supplier of the three LGDLs used in this work. The ID will be used in the text to refer
to a specific LGDL.

ID Description Thickness Fibre Diameter Supplier
(mm) (um)
Sinter Sintered titanium particles 2.0 - Merelex (USA)
Thick Felt Sintered titanium fibres 1.0 20 NIKKO Techno (Japan)
Thin Felt Sintered titanium fibres 0.1 20 NIKKO Techno (Japan)
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Fig. 1: PEMWE cell used for all experiments in this work. (a) The cell consists of two aluminium holders and end-plates,
two gold-coated, aluminium, parallel channel flow-field plates, a titanium liquid-gas diffusion layer (LGDL) on the anode
side, a carbon paper gas diffusion layer on the cathode side, and a catalyst coated membrane (CCM). (b) The water inlet

is placed at the bottom of the flow-field, with the outlet being placed diagonally opposite at the top of the flow-field.

The CCM was based on Nafion 115, with 0.6 mg cm™ of platinum on carbon on the cathode side and

3 mg cm? of iridium/ruthenium oxide on the anode side (ITM Power, UK). The different types of LGDL



are shown in Table 1. SEM Images of the LGDL materials can be found in Figure S1 in the

Supplementary Information.

The parallel flow-fields were designed with diagonally opposing inlet and outlet, as described by
Majasan et al. [34]. In these Z-type flow-fields a non-uniform distribution of water flow velocity and
pressure is observed. Due to the pressure field enforced by the flow-field geometry, flow through the
channels near the outlet is favoured. It was found that the flow velocity in the channels closest to the

outlet is significantly higher than in the remainder of the channels (up to a factor of 5) [33,35,36].

Electrochemical testing was performed between 0.00 A cm? and 1.50 A cm™ with an IviumStat
potentiostat connected to an lviumBoost10012 (100 A, Ilvium Technologies, Netherlands). Deionized
water was circulated through the anode side of the PEMWE with an inflow temperature of 50 °C and
a constant water flow rate of 100 ml min, which equals a water ratio [31] of 47.6 at 1.50 A cm™. This
high rate of water circulation was chosen to ensure effective gas removal in all channels such that the
mass transport effects within the LGDL could be highlighted. The cathode side was run without water
inflow. The electrochemical performance of the PEMWE cell is provided in Figure S2 in the

Supplementary Information for all three LGDLs.

2.2 Neutron Imaging and Image Analysis

Neutron radiography was carried out at the Cold Neutron Tomography and Radiography beamline V7
(CONRAD) at Helmholtz-Zentrum Berlin, Germany. The beamline configuration has been described
elsewhere [37,38]. The image acquisition and analysis process are visualized in Figure 2. For every set
of conditions, 30 through-plane images were taken with an exposure time of 5 s. For the detector
system [39] a pixel size of 23.9 um with a corresponding total field-of-view of 49 x 49 mm was set.
Before starting an experiment with a specific LGDL, images without neutron beam (dark-field) and of
the PEMWE cell before water was pumped through it (dry image) were taken (30 images each, 5 s

exposure).
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Fig. 2: (a) The PEMWE is placed in a neutron beam. Due to the material-dependent attenuation of the neutrons, a
radiographic image of the PEMWE is captured by the detector. (b) Each set of 30 images is first filtered to remove
outliers and averaged using a median. Then, the averaged dark-field is subtracted from the resulting image. This is
then normalized with a dry image (also averaged) to obtain the final image. The greyscale values can be converted into
the water thickness using the Beer-Lambert law. (c) The water thickness in the rib (land) areas is analysed separately

by applying a mask, discarding the water thickness in the flow channels.



images (Radius: 2 pixels, Threshold: 50). Then each set of 30 images (PEMWE cell, dark-field, dry
images) was median averaged to obtain a high signal-to-noise ratio. To account for the specific
acquisition sensitivity of the CCD camera, the dark-field was subtracted from the averaged images of
the PEMWE. These images were then normalized by dividing by the dry image. This accounts for dead
pixels on the detector, the locally varying intensity of the neutron beam and also removes the
contributions from PEMWE components which remain unchanged during operation (end-plates, flow-
fields, and titanium in the LGDL). The greyscale value was converted to a water thickness using the
Beer-Lambert law [11,19]. The distance between PEMWE cell and detector was 10 cm, which reduced
the effect of neutron scattering and therefore improved the accuracy of the quantification of water
thickness. For this distance between cell and detector, the attenuation coefficient of neutrons in water

was 5.2 cm™, as provided by the beamline.

The purpose of this study is to examine the water/gas composition within the LGDL. To do this, the
land locations are focused on as the open flow channels are dominated by relatively unstable two-
phase flow with time-varying bubble dynamics, which precludes accurate analysis of the effective
water thickness in the LGDL. Indeed, flow dynamics within channels have been extensively studied
using optical cells [34,40—42], but it is the particular ability of neutron imaging to examine water under

lands and within porous structures that is exploited here [17,19].

A potential limitation of the through-plane measurement technique is that the results for the water
thickness are a summation of water through the anode, cathode and membrane components. This is
another reason the water thickness is only quantified for the rib (‘land’) areas. As the CCM was fully
hydrated before the experiments and remains so throughout these experiments, and the CCM and
carbon paper are relatively thin, water in the LGDL of the anode side will dominate the neutron
absorption response. However, it is expected that the water content in the carbon paper causes a

decrease in accuracy in the measurement of water thickness.



2.3 X-ray Micro-Computed Tomography

X-ray computed tomograms were acquired for all LGDL materials used in this work. A Zeiss Xradia
Versa 520 (Carl Zeiss X-ray Microscopy Inc., Pleasanton, CA) lab-based X-ray system was used to
acquire the XCT datasets. The acquisition parameters are summarized in Table 2. Radiographic images
were reconstructed into tomograms with the Zeiss Scout-and-Scan Control System Reconstructor
software. Volume renderings were generated and analysed using Avizo (Thermo Fisher Scientific, US).
The greyscale tomograms were then segmented using a manual threshold method according to the
greyscale value. The porosity of the sample was calculated from this segmentation. Avizo was then
used to create a pore network model (and the related pore size distribution), from which the flux of
water at 50 °C through the LGDL with an input pressure of 1.3 bar and an output pressure at 1.0 bar

was calculated in the software. Tortuosity values were calculated using TauFactor [43].

Table 2: Voltage, power, exposure time per projection, voxel size, and sample diameter chosen for acquisition over 360°
of XCT datasets.

ID Tube Voltage | Power | Exposure | Number of | Voxel Size Sample
[kV] [W] Time [s] | Projections [um] Diameter [mm]
Sinter 80 7 7 1601 1.85 3
Thick Felt 80 7 7 2401 1.52 3
Thin Felt 60 5 10 2401 1.52 3

2.4 Water Saturation and Residence Time
Information on the water saturation (fraction of pores filled with water) and the water residence time

in the LGDL can be obtained by combining neutron imaging and XCT data. As mentioned in Section
2.2, the water thickness can only be reliably calculated for the rib areas. Hence, the analysis of water
saturation and residence time is limited to these areas. The water saturation, S, is obtained by dividing
the volume of water in the LGDL by the total pore volume. The water volume is the product of the
averaged water thickness, D, and the active area, A. As the total pore volume of the LGDL is the

product of its thickness, d, the porosity, &, and the active area, one obtains:



S=— (D

This value indicates the fraction of pore volume that is filled with water, which equates to the pore
utilization of the LGDL. Similarly, the average water residence time in the LGDL, t, is obtained by
dividing the amount of water in the LGDL by the total amount of water transported through it per unit
time, M, which is comprised of the water consumption due to the oxygen evolution reaction
(determined using Faraday’s law and average current density) and electro-osmotic drag through the
CCM. This assumes that all water entering the LGDL is either electrochemically reacted or carried

across the membrane.

T=—o (2)

Details on the calculation of these mass flows were described by Ito et al. [31,44]. M is typically a

gravimetric value, hence the density of water, p ,is used to convert T into a volumetric value.

3 Results

3.1 Structural Characterisation of LGDLs using X-ray CT
Tomograms of all three LGDL materials, as well as the pore size distribution (PSD), are shown in Figure

3. Values for the porosity (with and without disconnected pores), pore volume (product of LGDL

volume and porosity), and the through-plane tortuosity are given in Table 3.

Table 3: Porosity, porosity without disconnected pores, pore volume, and through-plane tortuosity for the three LGDLs,
obtained from XCT.

Thickness Porosity Porosity without Pore Volume
ID Tortuosity
[mm] [%] disconnected pores [%] [mm3]
Sinter 2.0 29.5 28.7 1476.4 3.3
Thick 1.0 47.1 42.3 1177.3 2.2
Felt
Thin 0.1 76.9 60.5 192.2 1.4
Felt

10
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Fig. 3: X-ray micro computed tomograms of (a) sinter, (b) thick felt, and (c) thin felt. The solid material, pore space,
conjunction of solid and pores, and the pore size distribution (PSD) are shown.

The sinter (Figure 3 (a)) exhibits a coarse structure of large particles with relatively few large pores.
Porosity is found to be around 30 %, which is close to values previously found for sinter materials [45].
The vast majority of pore radii varied between 75 um and 400 um. A tortuosity of 3.3 was calculated
for the sinter.

The thick felt (Figure 3 (b)) consists of densely packed titanium fibres, with fibres and pore space very
evenly distributed. Porosity is around 47 %, significantly higher than for the sinter. The pore size
distribution ranges from 20 um to 140 um, which is considerably smaller than for the sinter. The thick
felt has a tortuosity of 2.2, which is 33 % lower than for the sinter.

While the sinter and the thick felt show mostly continuous PSDs, the thin felt exhibits a discontinuous
distribution with pore volume being distributed among two main areas (Figure 3 (c)). A continuous
distribution is observed between 25 um and 160 um, while significant pore volume is attributed to
pores between 200 um and 300 um. Due to the low thickness, the thin felt effectively consists of a

very small number of fibre layers, which means that many pores cover the whole thickness of the felt
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Fig. 4: Pore network model for the sinter ((a) — (d)) and the thick felt ((e) — (h)). The whole network ((a) and (e)) consists
of pores (spheres) and throats (cylinders). Pores ((b) and (f)) are scaled according to their radius and colored according
to their volume. Throats are scaled and colored by water flow through the respective throat ((c) and (g)), or according to

their radius ((d) and (h)). The color maps are all normalized to the maximum value in the specific LGDL.

and are direct connections between the felt’s top and bottom surface. Hence, the thickness of the thin

12



felt is not a limiting factor for the mass transport through its pores as water can flow directly through
it to the surface of the catalyst layer. Due to its small thickness, the thin felt is also considerably less
densely packed than the thick felt. Therefore, a high porosity of 77 % and a low tortuosity of 1.4 is
obtained for the thin felt. As the thick felt is much more porous than the sinter, but only half as thick,
these two LGDLs exhibit a similar pore volume of > 1000 mm?3, The thin felt is much more porous than
the sinter and thick felt, but due to its low thickness has a pore volume of only around 200 mm?,
Hence it is expected that a much higher percentage of the thin felt is filled with water than for the
other two LGDLs.

The differences in pore size and distribution are further illustrated in Figure 4, which shows the pore
network model for the sinter and the thick felt. Due to the low thickness of the thin felt, no reliable
pore network model could be created for this LGDL. The pore network model (Figure 4 (a) and (e))
consists of pores (spheres, Figure 4 (b) and (f)) and throats (cylinders, Figure 4 (c) and (g)). After
calculating the flux of water through the pore network model (Section 2.3), the flow through each
individual throat can be visualised (4 (c) and (g)). The same throat network is also displayed with the
throats being scaled and colored by their radius (4 (d) and (h)). The comparison between the size-
dependent and the flow-dependent scaling of the throats reveals that specific pathways for water
flow through the LGDL are clearly favoured. The idea of preferential pathways through the LGDL of a
PEMWE has been proposed and observed for oxygen gas bubbles [32] and for water transport [46,47]
and is further supported by the negligible water flow through the majority of throats in the pore
network model of sinter and thick felt. This indicates that a majority of flow occurs through a small
fraction of available pathways, even though these pathways do not necessarily have wider throats.
3.2 Water Distribution using Neutron Imaging

Images of the active area of the PEMWE with LGDL and flow channels are shown as a function of
current density for all three LGDLs in Figure 5, with the water thickenss being displayed as a color map.
For the LGDLs, a water thickness between 0.0 mm (white) and 0.5 mm (pink) is observed, while a water

thickness between 0.6 mm (red) and 3.0 mm (black) is found in the flow channels. As current density
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Fig. 5: Neutron radiographs at a current density of (a) 0.25 A cm?, (b) 1.00 A cm?, and (c) 1.50 A cm for all three

LGDLs. The water thickness is displayed as a color map. The locations of the water inlet and outlet of the flow-field
are indicated in (b) for the sinter.
is increased, the water thickness would be expected to decrease in the LGDL and the flow channels

due to the higher water consumption rate (gas production rate). For the sinter, a clear trend of

increasing amounts of oxygen (indicated by a reduction in water thickness) can be observed with
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increasing current density. However, the decrease of water thickness is relatively modest over this

range.

The same trend, albeit more pronounced, can be seen for both fibrous materials. The thin felt is
already mostly filled with gas at a current density of 0.25 A cm™ and exhibits a water thickness close
to 0.0 mm for higher current densities across the whole active area. This illustrates the widely different
gas and water transport properties of different materials due to their varying thicknesses and
porosities. Furthermore, the porous structure of the sintered material with relatively larger pores can
be clearly discerned, revealing its courser microstructure, as shown in Section 3.1. The felts, on the
other hand, display a more homogenous distribution of gas, consistent with the smaller pore sizes

found from the XCT analysis.

To quantify the water-gas transport characteristics of the LGDL materials, the water thickness over
the rib (land) areas is examined in more detail (Figure 6). A mask is used, extracting only the pixel
values of the individual rib areas, as described in Section 2.2. By analysing the average value over all
14 ribs (Figure 6 (a)), it is clear that all materials contain a decreasing amount of water with increasing
current density. This is due to the increased water consumption, and the fact that water is increasingly
displaced as more gas is produced at higher current densities. The thin felt retains much less water
than the other two LGDLs due to its reduced thickness. On the other hand, the thick felt and the sinter
contain almost identical amounts of water. As shown in Section 3.1, the thick felt is significantly more
porous than the sinter, which facilitates a much higher water holdup for the thick felt, even with only

half the thickness of the sinter.

At low current densities, the water thickness in the thin felt exceeds its physical thickness (0.1 mm),
which is likely to be due to the contribution from the water content inside the carbon paper. In this
case, the thicknesses of the CCM (127 um) and carbon paper (130 um) are comparable in magnitude

to that of the thin felt and the water content of these introduces a significant measurement error. In

15



contrast, the thicknesses of the sinter and the thick felt far exceed that of CCM and carbon paper, and
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Fig. 6: (a) Water thickness in all three LGDLSs as a function of current density. Spatially resolved water thickness over
the rib area for the (b) sinter, (c) thick felt, and (d) thin felt at a current density of 0.25 A cm2, 1.00 A cm?, and 1.50 A
cm2. Error bars indicate the standard deviation over the active area.

hence only a small relative uncertainty is introduced into the measurement for these two LGDLs.

Furthermore, the overall trend of water thickness (spatially and with current density) is unaffected by

this limitation of the measurement technique.

The water thickness in both the sinter and the thin felt reaches a plateau between 1.00 A cm™ and
1.25 Acm and does not decrease further. This might indicate that an equilibrium between water and
gas transport has been reached, but experiments extending to higher current densities will be
required to confirm this. Initially, when the current density is increased, new pathways through the

LGDL are formed, which reduces the average water thickness of the LGDL. The formation of new gas

16



pathways and detachment sites from the surface of the LGDL have been observed by Hoeh et al. [32].
As the current density increases above a critical point, new pathways for gas removal can no longer
be created, as all accessible pores are used either for gas removal or water transport. In this case, the
mass transport rate through the LGDL can only be increased by accelerating the gas and water
transport through existing pathways. This leads to an increase in gas bubble detachment frequency
on the surface of the LGDL [32,48]. As no new pathways are formed, the ratio between water and gas
transport pores remains constant, which causes the externally observable water thickness in the LGDL

to remain constant (Figure 6 (a)).

When examining the difference in water thickness between individual ribs for the three LGDLs (Figures
6 (b)-(d)), clear differences are visible. All three materials show a decrease of water thickness with
increasing current density across all ribs. The sinter (Figure 6 (b)) shows little local variance over the
first 10 ribs, but a continuous increase in water thickness for the last four ribs. The thick felt (Figure 6
(c)) exhibits a clear gradient in water thickness, but also an increase in water thickness for the last four

ribs.

This can potentially be explained by the uneven water flow velocity distribution in the parallel flow-
field. As mentioned earlier (Section 2.1) the flow-field in this work is of the Z-flow pattern, which favors
flow through the channels on the far right side (closer to the outlet) [33,35,36]. The water velocity in
the final channel is up to five times higher than in the middle channels and this coincides with an
increase of water thickness for the sinter and the thick felt in the same area. This implies that the
heterogeneity in water flow distribution affects the LGDL and leads to higher measured water
thickness. The results therefore indicate a close link between the water velocity in the flow channels

and the water content and mass transport in the LGDL under the land.

Interestingly, the thin felt (Figure 6 (d)) shows almost no local gradient in water thickness. This

indicates that the thin felt has a very limited capacity for water and gas, likely due to its small thickness,
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high porosity, and low tortuosity. Hence the constant flow of water over the surface of the thin felt

exposed to the flow channels is sufficient to enforce a very uniform water-gas distribution.

3.3 LGDL Water Content and Residence Time
Water content (saturation) and residence time as a function of current density, averaged over the

entire active area, were calculated according to Section 2.4 and are displayed for the sinter and the
thick felt in Figure 7. Due to the comparable thickness with the water-saturated CCM, the calculated

values for the thin felt exhibited large standard deviation and are omitted from the analysis.

For the sinter, average water saturation (Figure 7 (a)) ranges from 54 % at 0.25 A cm™ to 47 % at 1.50
A cm2. Similar values are found for the thick felt; however, the water saturation is slightly higher than
for the sinter due to the lower pore volume of the thick felt. Around half of the pore volume of the
LGDLs is not used for water transport within the range of current density in this work. The water
residence time (Figure 7 (b)) varies between 42 s and 6 s for the sinter, and between 68 s and 8 s for

the thick felt.

The linear extrapolation in Figure 7 (a) indicates the water saturation at 0.00 A cm, which is 56.0 %
and 70.6 % for the sinter and felt, respectively. This illustrates that a significant fraction of the LGDL is
not filled with water, even without gas being produced due to electrochemical activity. The XCT
analysis in Section 3.1 showed that a fraction of the LGDL pores are disconnected and can therefore
not contribute to the transport of gas and water. However, for the sinter and thick felt there was only
a moderate amount of disconnected porosity, which is not significant enough to explain the low values
of water saturation obtained, even at 0.00 A cm™. This leads to the conclusion that a number of pores,
which are connected to the rest of the pore network, are not, or insufficiently, reached by water flow
(stranded pores). This effect has been computationally predicted for fibrous materials used in redox

flow batteries and is affiliated with small variations in local porosity [49].
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Based on this characterization, it seems likely that the performance of a PEMWE could be further

improved by tailoring the LGDL to avoid disconnected or stranded (‘dead’) pore space. This could be
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Fig. 7: (a) Water saturation and (b) average water residence time in the LGDL for the sinter and thick felt between
0.00 A cm? and 1.50 A cm™ at a constant water flow rate of 100 ml min-%. Error bars indicate the standard deviation
over the active area.

achieved by reducing pore volume, which increases electrical and thermal conductivity but does not
affect the mass transport properties of the LGDL. Another potential approach is to create materials in
which the formation of new water pathways is favored, so that sufficient mass transport can be
guaranteed even at elevated current density. The approach of combining neutron radiography and

XCT is a promising technique for the evaluation of new materials and LDGL architectures.

4 Conclusion

This work combines X-ray micro-computed tomography and neutron radiography to investigate the
link between LGDL microstructure and mass transport properties. Three different LGDLs were
examined (one sintered and two fibrous materials); the sinter was found to have a porosity of ~30 %,
while the thick and thin felt have porosities of 47 % and 77 %, respectively. Pore network models were

created from the XCT datasets and used to calculate the flux of water through individual throats of
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the LGDL. It was found that the flow occurs predominantly through a small fraction of throats,

supporting the idea of preferential pathways through the LGDL.

Neutron radiography was employed for operando imaging of a PEMWE, varying the LGDL material.
Various differences between the three LGDLs were observed during operation of the PEMWE, with

water thickness being clearly influenced by thickness and porosity of the LGDL.

To further investigate the differences between LGDL materials, the water thickness under the rib areas
of the flow-fields was analysed. This offers the potential to observe the spatially-resolved water

content in the LGDL only.

The main findings from this analysis are:

e A decrease in water thickness with increasing current density was revealed for all LGDLs,
which is caused by the increased rate of gas production. Even though the materials exhibit
strongly different microstructures, the gradient of water thickness with increasing current

density is comparable for all three LGDLs.

e Significant inhomogeneity in water thickness was observed for the sinter and the thick felt
across the active area. This highlights the need for novel LGDL structures or materials to avoid

poor performance due to local mass transport limitations at high current density.

e Increased water thickness was found in areas that are likely to exhibit increased flow velocity
in the flow channels. This indicates a link between flow-field geometry and mass transport in
the LGDL, which has not been previously reported in literature. This is likely to be caused by

an increase of gas removal and water supply to the respective areas of the LGDL.

By combining water thickness data obtained by neutron radiography and microstructural information
gained from XCT, water saturation and water residence time in the pores of the LGDLs were calculated.
It was revealed that a major fraction of the pore volume is not utilized for water transport and that

this value varies only by about 10 % with increasing current density. Furthermore, the water residence
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time in the LGDL was measured to range between 6 s and 68 s. Extrapolation to 0.00 A cm™ shows
that a significant fraction of pores remains dry even in the absence of electrochemical activity. This
cannot be explained from the amount of disconnected pores found in the XCT analysis and therefore
implies the existence of stranded pores. These pores are connected to the overall pore network, but
no water flow through them occurs due to small scale variations in porosity in the vicinity of these
pores. This indicates that further improvements on LGDL structure and materials need to be made to
increase pore utilization. The reduction of unused pore volume can potentially lead to an improved

usage of active area and hence to an improvement in the efficiency of PEMWEs.

The above findings illustrate the powerful capabilities of neutron imaging as a diagnostic tool for
PEMWEs. The combination of neutron radiography and XCT yields deep insight into the mass transport
characteristics of LGDLs, which would not be possible by either of these techniques alone. The findings
give an indication of the shortcomings of the materials most frequently used as LGDLs in PEMWEs and
suggest pathways to novel structures that could mitigate these issues. Future research directions will
use this combination of diagnostic techniques to investigate the influence of different flow-field

geometries on water management in the LGDL.
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