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Abstract

The porous transport layer (PTL) in polymer electrolyte membrane water electrolysers
(PEMWESs) has the multiple roles of delivering water to the electro-catalyst, removal of
product gas, and acts as a conduit for electronic and thermal transport. They are, thus, a
critical component for optimized performance, especially at high current density operation.
This study examines the relationship between the microstructure and corresponding
electrochemical performance of commonly used titanium sinter PTLs. Four PTLs, with
mean pore diameter (MPD) ranging from 16 um to 90 pm, were characterized ex-situ using
scanning electron microscopy and X-ray computed micro-tomography to determine key
structural properties. The performance of these PTLs was studied operando using
polarization and electrochemical impedance spectroscopy. Results showed that an increase
in mean pore size of the PTLs correlates to an increase in the spread and multimodality of
the pore size distribution and a reduction in homogeneity of porosity distribution.
Electrochemical measurements reveal a strong correlation of mean pore size of the PTLs
with performance. Smaller pore PTLs showed lower Ohmic resistance but higher mass
transport resistance at high current density of 3.0 A cm®. A non-monotonic trend of mass
transport resistance was observed for different PTLs, which suggests an optimal pore size
beyond which the advantageous influence of macroporosity for mass transport is
diminished. The results indicate that maximizing contact points between the PTL and the
catalyst layer is the overriding factor in determining the overall performance. These results
guide PTL design and fabrication of PEMWZEs.
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1. Introduction

Polymer electrolyte membrane water electrolysers (PEMWEs) are considered a highly
promising technology for ‘green’ energy generation from renewable but intermittent energy
sources such as solar and wind. PEMWEs possess several key advantages over conventional
alkaline electrolysers, including high operational current density, high conversion efficiency,
high purity of produced gases, rapid response, compact structure and high reliability [1-7].
Moreover, PEMWEs are robust and amenable to coupling with PEM fuel cells to create
highly efficient regenerative energy storage systems. However, further performance and
efficiency improvements, as well as simultaneous cost reduction are required for widespread
integration and large-scale commercial deployment [3,8-14]. In order to satisfy the
requirements of coupling with intermittent, highly dynamic, renewable energy generators
(e.g, wind farms), operation at high current density is necessary [9]. However, a
consequence of high current density operation is increased mass transport hindrance due to
the need to deliver water to the electrode and removal of product gas. Thus, it is important
to optimize cell components associated with water, gas and electron transport to minimize
mass transport losses while maintaining good electrical contact.

The configuration of the PEM water electrolyser is similar to that of a PEM fuel cell as it
consists of a membrane electrode assembly (MEA), porous transport layers (PTLs), bipolar
plates with flow channels, and end-plates for cell/stack compression. Fig. 1 shows a
schematic diagram of a typical PEMWE. The PTL, positioned between the MEA and
bipolar plates at both electrode sides, is an important component of the PEMWE that
facilitates the transport of liquid and gas between the electrodes and flow channels, as well
as electrical and heat conduction within the cell. These functions of the PTL require high
liquid permeability and gas diffusivity of the pore phase, and high electrical and thermal
conductivity of the solid phase.

Ideally, the PTL contributes minimally to Ohmic, interfacial, thermal and mass transport
losses, such that the liquid water is fed to the electrode and the product gas is expelled from
the catalytic layer through the PTL unhindered. However, the build-up of oxygen gas in the
form of bubbles (gas voids) in the vicinity of the anode can reduce the available active area
for reaction, and gas bubbles trapped in the pores of the PTL could hinder mass transport of
liquid water to the electrode. Therefore, the PTL plays a key role in determining the overall
performance of PEMWEs.



A PTL can be characterized by its morphology and structural parameters, such as powder
size, porosity, pore size distribution, tortuosity, permeability, and thickness. It is, therefore,
necessary to understand the effect of the structural properties and achieve a tailored pore
morphology that optimizes electron, heat and mass transport across the porous structure.
The anodic overpotential in the PEM electrolyser is much larger than the cathodic
overpotential. Also, two-phase flow of water/gas at the anode, where water must be
delivered for reaction, is more complex. Thus, research has primarily focused on the
material and design of the anode PTL [15,16].
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Fig. 1. Schematic of the PEMWE showing the two-phase water/gas counter-current flow in
the anode PTL where liquid water is transported to the anode catalyst layer and product
oxygen gas is expelled in the opposite direction.

Carbon fibre-based materials (carbon paper and cloth) typically used for PTLs in PEM fuel
cells are unsuitable for use in PEM electrolyser anodes due to high operating potential,
which corrodes carbon materials. Therefore, the commonly used anode PTLs in PEMWEs
are titanium (Ti)-based materials such as sintered titanium powders, expanded sheets, felt
type titanium fibre and titanium foam [16-21]. Several studies have reported that the



performance of PEMWEs is influenced by structural parameters of the anode PTL, such as
powder size, thickness, porosity and pore size [16-19,21-28].

Grigoriev et al. [17] were the first to experimentally investigate sintered powder PTLs in
PEM electrolysers, and they suggested an optimal mean pore diameter (MPD) of 12-13 pm,
optimal porosity in the 30-50% range and optimal powder size in the range 50-75 um for Ti
sintered powder PTLs. These values were proposed as a compromise between capillary
effects, which manifest at pore sizes below 10 um, and parasitic Ohmic losses associated
with large pore sizes. Hwang et al. [18] investigated the effect of fibre size, MPD and
porosity on performance using titanium felt PTLs in a unitized reversible fuel cell operating
in electrolysis mode. They reported poorer performance with increase in MPD and fibre
size, and suggested that the MPD, rather than porosity, is the more crucial parameter for
electrolysis performance. Similar results for felt-type PTLs were reported by Ito et al. [19],
where the electrolyser performance was found to deteriorate with increasing MPD when the
MPD is larger than 10 um. They pointed out that for porosity greater than 50%, further
increase in porosity had no significant effect on performance. In another study, Ito et al.
[16], suggested that the oxygen bubbles produced at the anode may block the PTL when the
MPD is less than 50 pm.

Microporous layers (MPLs) have been introduced for performance improvement in some
studies, analogous to those used in PEMFCs [29-32]. Hwang et al. [25] investigated the
integration of a backing or microporous layer by loading a Ti felt with Ti powder.
Lettenmeier et al. [33] reported performance improvement at high current densities with
MPL integration. The effect of transport properties such as thermal conductivity, electrical
conductivity and permeability on cell performance have been investigated recently by Zielke
et al. [34] using micro-computed tomography. The authors reported an exponential
relationship between the PTL porosity and thermal conductivity, as well as between the in-
plane electrical conductivity and water permeability. More recently, Mo et al. [35-38]
investigated PTLs with controlled morphologies using thin/tunable PTLs having a planar
surface with straight-through pores, and reported promising results compared to the current
state-of-the-art PTL designs.

From this review, the importance of the anode PTL design is highlighted by a clear
relationship between the PTL microstructural properties and PEMWE performance.
However, the structure-performance relationship is not yet fully understood, especially how
the microstructural properties influences Ohmic and mass transport losses in the PEMWE
at high current densities. In this work, four commercial sintered titanium powder PTLs with
distinctive mean pore sizes are characterized ex-situ using scanning electron microscopy and
X-ray computed micro-tomography for properties such as surface morphology, pore size
distribution, porosity, tortuosity, and porosity distribution. The microstructural properties



are then correlated with electrochemical performance based on in-situ polarization curves
and electrochemical impedance spectroscopy at current densities up to 3.0 A cm™.

2. Experimental
2.1 PTL Samples and PEMWE cell

Four commercially available sintered titanium powder PTLs, coated with a layer of 0.5 pm
platinum for corrosion resistance, were purchased from Baoji Qixin Titanium Co, Ltd and
used for this study. The technical data supplied by the manufacturer is summarized in Table
1. The samples are labelled as PD16, PD40, PD60 and PD90 where “PD” refers to “pore
diameter” and the two-digit number that follows is the manufacturer-supplied values of the
mean pore diameter. The mean pore diameter of the PTL 1s a key microstructural
characteristic expected to influence performance [16-19,25]. According to the data, the
PD90 sample has a mean pore diameter roughly six times that of PD16; this provides a wide
range of pore diameter to investigate how PTL structure can affect electrolyser performance.
As shown in Table 1, the PTLs have similar thicknesses of ca.l mm and the powder size is
in the range of 150-1000 pm.

The single PEMWE cell used in this study has an electrode area of 9 cm?® (3 x 3 cm) and has
been detailed in a previous paper [39]. The flow-field plate for the anode and cathode sides
were fabricated from 3 mm-thick commercial grade titanium. The cathode-side flow plate
consist of a single-serpentine flow channel (1.76 mm width, 3 mm depth, and 1.76 mm land
width), while the anode-side flow field consist of nine parallel channels (1.76 mm width,
3 mm depth, and 1.76 mm land width). The MEA is the same as that used in our previous
study [39], consisting of 3 mg cm? iridium/ruthenium oxide on the anode and 0.6 mg cm™
platinum black on the cathode plated either side of a Nafion 115 membrane. Untreated
Toray carbon-paper (Toray 090) was used as the PTL on the cathode side.

PTL sample Mean pore Thickness Particle size
diameter (um) (mm) (um)
PD16 16 1.00 150-250
PD40 40 1.00 270-380
PD60 60 1.09 380-830
PD90 90 1.04 380-1000

Table 1. Properties of the PTLs investigated in this study.

2.2 Cell Setup



The setup of the experimental test rig is shown in Fig. 2. DI water was supplied from a
water tank to the PEMWE cell using a peristaltic pump (Watson Marlow 323U).
Notionally, water needs only be supplied to the anode where it is split into molecular
oxygen and protons and electrons. However, in this study, water was circulated to both
electrodes to ensure the membrane remains well hydrated. All measurements were carried
out at ambient pressure and the cell was heated to the desired temperature by preheating the
circulating water supplied to both electrodes using a circulated heated bath (TC120, Grant
Instruments Ltd.). The temperature of the inlet water was set at 80 °C. The excess unreacted
DI water is separated from the product gases in the water reservoir/separating chamber and
recycled to the cell, while the gases were vented.
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Fig. 2. Schematic of experimental setup for electrolyser operation.

2.3 Ex-situ Morphology and Microstructural Characterization

2.3.1 SEM Analysis



The morphology of the surface of the PTLs, normally in contact with the catalyst layer, was
observed using scanning electron microscopy (SEM, Zeiss EVO MA10, Carl Zeiss, USA).
A 5 mm diameter disc of each PTL sample was cut and used for the imaging. The
morphological investigation was performed in a secondary electron imaging mode at an
electron accelerating voltage of 10 kV and a working distance range of 8-8.5 mm. Images of
the surface structure of the samples were captured and collected using the built-in
SmartSEM® image acquisition and processing software.

2.3.2 X-ray Computed Tomography Image Acquisition

X-ray computed micro-tomography is a powerful non-invasive, non-destructive,
radiographic 3D imaging technique which allows for both quantitative and qualitative
investigation of the structure and properties of various materials [22,40—42]. It involves
directing an X-ray beam towards the sample, while rotating the sample on a rotation stage
about an axis perpendicular to the incident X-ray beam. The X-rays pass through the sample
to create 2D slice images which reflects the local density and compositional variation within
the sample. The series of 2D radiographs are then reconstructed into a 3D volume using
mathematical transformation algorithms [43], from which tomograms, comprising of 3D
elements called voxels (extension of the term pixel in 2D imaging), are extracted. This 3D
data are then analysed using dedicated software packages to obtain 3D quantitative
information about the sample structure.

In this study, X-ray tomographic image acquisition of the PTL microstructure was
performed using X-ray computed micro-tomography (ZEISS Xradia Versa 520, Carl Zeiss
X-ray Microscopy Inc., Pleasanton, CA). All samples were scanned in pristine state and the
scans were carried out with a source voltage of 150 kV with exposure time of 4 s per
projection, acquiring 1801 projections per scan. The raw transmission images from the scan
were reconstructed using a commercial 1image reconstruction package (Zeiss
XMReconstructor, Carl Zeiss X-ray Microscopy Inc. Pleasanton, CA), which uses a cone-
beam filtered back-projection algorithm, resulting in a voxel volume of approximately 1.01
pum. A sub-volume of 800° voxels was extracted from each 3D volume to minimize
computational requirements. An edge-preserving non-local means filter was applied to each
dataset to reduce noise and aid phase segmentation. Segmentation of the solid and pore
phases and 3D volume rendering of the resulting reconstructed volumes was performed
using the Avizo software package (version 9.2. Thermo Fisher Scientific). Thresholding of
the 3D volume was conducted based on the distinctive image contrast between the solid and
pore phases, largely due to the disparate X-ray attenuation coefficients of titanium and air.
Grey-scale and binary ortho-slices of each sample and 3D TIFF image files were generated.
The segmented 3D TIFF image files were then processed for image-based quantification.
The pore size distribution was obtained using commercial software (ImageJ v1.52d). The



porosity distribution was obtained using pore quantification code implemented in
MATLAB [44]. The bulk porosity and tortuosity factor were obtained using TauFactor, an
open-source MATLARB software package which implements a diffusive flux-based approach
for the determination of tortuosity factor [45].

2.4 Electrochemical Characterizations

Electrochemical characterization was performed wusing a Gamry Reference 3000
galvanostat/potentiostat equipped with a Gamry 30k Booster (Gamry Instruments, USA)
and controlled by the Gamry Framework software (version 6.24).

In the steady state current-voltage polarization curves (-} curves), the current density was
increased from 0 A cm® to 3.0 A cm? in 0.1 A increments. An initial load of 1.0 A cm™ was
applied to the cell for 15 minutes before polarization curve measurements to ensure steady-
state operation. In addition to randomising the order of the experiments, the polarization
curves were generated in triplicates for each PTL and were highly reproducible (standard
deviation <3%). The reported results are the average of the polarization curves generated.

Electrochemical impedance spectroscopy (EIS) was performed at current densities of 0.1,
0.5 and 3.0 A cm™ between 100 kHz and 0.1 Hz, with each test preceded by a conditioning
period of 15 minutes at the respective current density to ensure steady-state operation. A
variable AC perturbation of 5% of the DC value was applied which was confirmed to be
small enough not to interfere with the cell performance. The anode served as the working
electrode, whereas the cathode was used as both counter and reference electrode.
Impedance measurements were also done in triplicates for each test condition and were
highly reproducible (standard deviation <0.5%). The impedance data have been displayed in
complex plane/Nyquist plots and the experimental impedance data were fitted using Zview
software (Scribner Associates, Inc., v3.3d) to provide quantitative support for the discussion
of the impedance results.

3. Results and Discussion
3.1 Surface Morphology of PTL Samples by Scanning Electron Microscopy

The morphology of the PTL surfaces was characterized using SEM. Fig. 3 presents the top-
view micrographs of the PTLs at 200X magnification. The SEM micrographs demonstrate
significant differences in pore sizes across the four PTL samples consistent with the intended
pore size variability for the study. PD16 and PD40 show a relatively micro-pore structure,
whereas PD60 and PD90 show an open large macro-pore structure. The shape and size of
the pores in the PTL samples was irregular, attributed to the nature of the sintering process,



which involves agglomeration of titanium powder. In addition, several closed micropores
can be observed on the surface of the PTLs, particularly of the larger pore PTLs. In a typical
PEMWE configuration (see Fig. 1), the PTL is pressed directly against the electrode catalyst
layer, and as the average pore size of the catalyst layer is about 10-200 nm [46,47] (one to
two orders of magnitudes smaller than the average pore size of the PTL), it is estimated that
the highly open macro-pore structure of the larger pore PTL samples, for instance PD60 and
PD90 samples, would lead to a decrease in the number of PTL/catalyst layer connection
per unit MEA area, and thus result in an increased interfacial contact resistance between the
PTL/catalyst layer and the PTL/flow-field plate. This claim is verified later in this work.
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Fig 3. Bird’s-eye view micrographs of the PTLs (200X magnification). (a) PD16 sample, (b)
PD40 sample, (c) PD60 sample, and (d) PD90 sample.

3.2 3D Reconstruction, Pore Size Distribution, Porosity Distribution and Tortuosity Analysis

The differences between samples in pore size and microstructure were further detected by X-
ray computed tomography and the segmented images are presented in Fig. 4. The binary
images of the reconstructed tomograms show the highly X-ray-attenuating solid titanium in
white and the less-attenuating pore spaces in black. The variation in pore sizes is visually



distinguished with PD90 comprising bigger pores and wider pore size variation than the
other samples. The PD16 sample shows a larger cross-sectional pore count, albeit with
comparatively smaller-sized pores, while on the other hand, as the mean pore size increases,
the cross-sectional number of pores and solid cluster decreased significantly.

The three-dimensional volume renderings of the PTL samples are shown in Fig. 5. The
reconstructed 3D tomograms further reveal the variation in porous structure of the PTLs. A
well-connected network of pores is apparent that offers a variety of continuous pathways
through the solid structure. To further visualize the complementary pore spaces, the middle
images (in green) show the connected pore network and also indicate the presence of
isolated pores in the structures. Isolated pores are generally unavailable to fluid transport
and might influence the performance of the PTLs.
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Fig. 4. Binarized tomography ortho slices corresponding to (a) PD16, (b) PD40, (c) PD60,
and (d) PD90. The pores are shown in black and the solid phase in white.
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Fig. 5. 3D volume renderings of the PTL samples; (a) PD16 (b) PD40 (c) PD60 and (d)
PD90. Each cube is an extracted 800° volume with the solid phase in red and pore space in
green.

The pore size distribution and the corresponding cumulative frequencies (on the basis of
pore volume) for the PTL samples are shown in Fig. 6. The distribution broadens with



increasing powder size/MPD, with the PD90 sample exhibiting a range of pore sizes an
order of magnitude larger than that of the PD16. Although pore sizes as small as 1 um were
observed in all the samples, the maximum pore diameter was 46 um for PD16 compared to
263 um for PD90. Also, a greater variability in pore distribution of the larger MPD samples
was apparent. For example, PD16 shows a narrow band of pore sizes, where pores with
diameter <18 um constitute about 80% of pores; whereas broader bands of pore sizes are
seen for larger MPDs. PD90, for instance, shows an apparent multimodality where at least
two distinct pore clusters can be observed with 40% of pores having a diameter <50 pm, and
another peak between 70 and 110 um representing another 40% of the total pore volume. It
is suggested that PTLs with a larger pore size/pore volume could enhance mass transport,
but at a cost of decreased electrical conductivity. Detailed quantification of pore size and
pore volume fraction is summarized in Table 2.
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Fig 6. Pore size distribution in (a) PD16, (b) PD40, (c) PD60, and (d) PD90.
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PD16 PD40 PDé60 PD90

Pore volume fraction 21.84 35.56 20.39 37.83
Mean Pore diameter (um) 14.66 30.28 38.00 90.96
Maximum pore diameter (um) 45.51 123.16 125.18 262.47

Table 2. Quantitative analysis of pore size distribution of PTLs from X-ray computed
tomography.

To evaluate the homogeneity of the pores along the PTL thickness, the slice-wise porosity
distribution was extracted from the reconstructed 3D volume. Each slice was ~1.01 um for
all the PTL samples limited by the spatial/slice resolution. The areal porosity in the x-y
plane along the PTL thickness were analysed and presented in Fig. 7(a). Fluctuations in
porosity along the PTL thickness is observed, due to the apparent random structure of the
PTLs. As can be seen from Fig 7(b), higher standard deviation values are obtained at larger
mean pore diameter of the PTLs, which indicates higher heterogeneity in the PTL porous
structure with increase in mean pore size. Fig. 7(b) also shows the average fraction of the
porosity distribution. The average areal porosity fraction of PTLs was 21.84%, 35.56%,
20.39% and 37.83% respectively. In general, the average areal porosity was higher for larger
pore PTLs. However, PD60 shows an unexpectedly low average areal porosity attributed to
the powder packing during manufacturing, which might suggest that the porosity does not
scale directly with powder size but i1s also influenced by the powder packing during the
manufacturing process.
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Fig. 7(c) presents the tortuosity factor of the PTLs in the through-plane direction. The
tortuosity factor is a measure of the resistance to diffusive transport caused by convolutions
in the flow paths [48]. The values obtained for the tortuosity factors are 5.63, 2.87, 4.36 and
2.82 for PD16, PD40, PD60 and PD90, respectively. This suggest PD16 has the most
tortuous flow path of the PTLs with the PD90 being the least tortuous. The tortuosity was
unexpectedly higher in PD60; however, this is consistent with the observations presented in
Fig. 6 and Fig. 7(a) and (b), which show the less porous structure of this particular sample.
The samples with higher porosity (PD40 and PD90) also show a lower tortuosity factor
while the low porosity samples (PD16 and PD60) show a higher tortuosity. This is the first
time this relationship has been observed for titanium sinter used for PEMWEs; however,
this inverse relationship between porosity and tortuosity has been invoked when analyzing
transport phenomena in electrochemical systems [41,49]. The quantification of tortuosity is
relevant to performance due to the dependency of permeability and effective diffusivity and
hence, mass transport on tortuosity. It is expected that increase in tortuosity of the PTL
would be unfavourable for mass transport and contribute to mass transport resistance due to
reduced effective gas/liquid diffusion.

3.3 Polarization Behaviour of the PEMWE with Various PTLs

In this section, the electrochemical performance of the various PTLs is investigated. The cell
polarization performance of the four PTLs was studied at water feed rate of 15 ml min’
(Fig. 8). The measurements were performed at ambient pressure and an inlet water
temperature of 80 °C. All operating parameters and PEMWE components were kept the
same between cell assemblies with only the PTL varied. As seen in Fig. 8(a), PD16 shows
the best performance (lowest cell potential at a given current density) of the four PTLs at
both water feed rates and the performance decreased monotonically in the order PD16 >
PD40 > PD60 > PD90. For instance, at 15 ml min” and a current density of 3.0 A cm?, the
cell potential was 2.54 V for PD16, 2.64 V for PD40, 2.65 V for PD60 and 2.74 V for PD90.
The cell performance was similar for all four PTLs at low current density. However, as
current density increased, the influence of the PTLs became apparent. The difference in cell
performance observed is attributed to the difference in the PTL microstructure since test
conditions and components were maintained with only the PTL changed. Notably, the
order of performance of the PEMWE with the various PTLs was consistent with the MPD
of the PTLs. Considering this, the correlation of MPD and cell performance was tested. As
shown in Fig. 8(b), a strong linear correlation (R*~0.93) is evident. This apparent strong
correlation of increase in MPD with deterioration of performance (increase in cell voltage)
is consistent with previous findings by other researchers [17-19].



Although the polarization curve provides a good qualification of overall cell performance, it
does not lend itself readily to quantification of the individual overpotential effects. In the
next section, electrochemical impedance spectroscopy is used to deconvolute the various
voltage contributions [50-53].
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Fig. 8. (a) Polarization curves showing the performance of the four PTLs at water feed rate
of 15 ml min' and ambient pressure. (b) Correlation of mean pore diameter and cell
potential at current density of 3.0 A cm?.

3.4 Electrochemical Impedance Spectroscopy of the PEMWE with Various PTLs

Electrochemical impedance spectroscopy was applied at 0.1, 0.5 and 3.0 A cm? to enable
evaluation of the overpotentials at ‘low’, ‘medium’ and ‘high’ current densities, respectively.



Fig. 9 shows the impedance response of the PEMWE cell in a Nyquist plot representation
measured at the various current densities. The measurements were performed at 80 °C, at
atmospheric pressure and volumetric water feed rate of 15 ml min". The insets for current
densities of 0.5 and 3.0 A cm?, shows the high frequency intercept of the Nyquist plot
normalized to zero for direct visual comparison of the impedance arcs.
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Fig. 9. Nyquist plots showing the performance of the various PTLs at a water feed rate of 15
ml min” and a current density of (a) 0.1 A cm? (b) 0.5 A cm? and (c) 3.0 A cm™?. The insets
show the same graph on a normalized x-axis for visual comparison. (d) Equivalent circuit
for the electrolyser cell showing the Ohmic, charge transfer resistances and mass transport
resistances.

At current density of 0.1 A cm? (Fig. 9a), the Nyquist plot consist of two main features: a
single capacitive arc, whose width corresponds to the charge transfer resistance and a high-
frequency inductive response attributed to the parasitic inductance present in the system
[53]. At this current density, the Nyquist plots show a similar diameter for the capacitive arc
of each PTL, suggesting negligible impact of the variation of PTL properties on the charge
transfer resistance. However, the Ohmic resistance, represented by the high frequency
intercept with the real axis, varied and increased monotonically in the order PD16 < PD40



< PD60 < PD90; corresponding to the increase in the MPD and the trend in the
polarization curve presented in Fig. 8(a). The Ohmic resistance comprises the bulk
resistances of the membrane/PTL/bipolar plate resistance and their interfacial contact
resistance. However, since the same PEMWE construction is used in all the cases, with the
only change being the PTLs, the increase in Ohmic resistance can be ascribed to the increase
in mean pore diameter of the samples leading to increased interfacial contact resistance
between the PTL surface and the electrode layer. This is explained by the fact that the
electrons must move longer distances, on average, along the surface of the catalyst layer
before a contact between the catalyst layer and the PTL is found in the case of the larger
pore PTL. Thus, the Ohmic resistance is lowest for PD16 and highest for PD90.

With increase in current density to 0.5 A cm? (Fig. 9b), in addition to the charge transfer
capacitive arc at high frequency, a second inchoate arc is seen at low frequencies. This is
attributed to mass transport limitations [33,51,52,54] and increases with larger mean pore
diameter. One explanation is the positive influence of capillary-driven water transport,
which is greater for smaller pore diameters. Further increase in current density to 3.0 A cm?
results in an increase in the low frequency arc as seen in the inset in Fig. 9(c). Here, the
mass transfer arc for PD60 is the smallest and largest for PD16, indicating that at elevated
current density, the mass transport resistance is highest in the PTL with the smallest average
pore size. The size of the low frequency arc from the smallest to the largest was in the order
PD60 < PD90 < PD40 < PDI16. This shows a trend towards reduced mass transport
limitation with increased pore size; however, the trend is non-monotonic, suggesting that
there is an optimal pore size that minimises overall mass transfer limitations.

It is worth noting that a pseudo-inductive feature is observed at low frequency. Low-
frequency pseudo-inductive loops are known to be caused by adsorption processed reactions
with intermediate species such as the poisoning of PEM fuel cell anodes by carbon
monoxide and water transport characteristics in the membrane [55]. However, the reason
for it here at high current density is unclear but may be associated with a change in the
macroscopic two-phase flow regime, which 1s known to influence local current density
[52,56].

3.5 Contributions of Individual Losses in the PEMWE Cell with Various PTLs

In order to evaluate the relative effect of the losses in the PEMWE cell, the various
resistances were quantified by equivalent resistance analysis. The impedance spectra were fit
to the equivalent circuit shown in Fig 9(d). The intercept with the real axis represent the
Ohmic resistance in the electrolyser cell and represented by a resistor (Rg). The high and
low frequency arcs are attributed to the anode charge transfer and mass transport process in



the PEMWE represented by (R,;CPE1) and (R,,;CPE2) respectively. Constant phase
elements (CPE) were used instead of pure capacitances to account for the porous nature of
the electrode. The variation of the various resistances (Ohmic R, charge transfer R.;, and
mass transport R,,; resistances) for different current densities, obtained from the equivalent
circuit model is presented in Fig. 10. It is noted that the Ohmic resistance increased
approximately linearly with increase in MPD, across all three current densities (Fig 10a). At
3.0 A cm?, the Ohmic resistance increased from 0.19 Q cm? in PD16 to 0.25 Q cm? in PD90
confirming the higher Ohmic resistance of the larger pore PTL. The charge transfer
resistance, R.;, decreased by about threefold from 0.22 Q cm’® to 0.07 Q cm?® as current
density increased from 0.1 A cm? to 3.0 A cm? showing the faster activation and reaction
kinetics at high current density. No major difference or clear trend in the charge transfer
resistance with MPD (Fig. 10b) was observed, indicating the PTL has no significant effect
on the electro-catalysis in the electrode. Mass transport resistance was observed at
intermediate current density (0.5 A cm™) and at elevated current density (3.0 A cm?) but
was higher, as expected, at high current density. Also, at the high current density (Fig. 10d),
the mass transport resistance decreased with increasing MPD up to PD60 then increased at
PD90 which suggests an optimal mean pore diameter beyond which mass transport
resistance would increase. Overall, across the PTLs from PD16 to PD90, R, increased by
~0.06 Q cm® whereas R,,; decreased by ~0.04 Q cm® at 3.0 A cm? and R was relatively
unchanged. Thus, a net increase in Ohmic resistance suggests that the Ohmic resistance is
the overriding factor in determining cell performance over this current density range.
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mass transport resistance, R,.

The electrochemical analysis showed that there is a trade-off to consider for PTL design:
smaller pore size results in better electron conductivity but poorer two-phase liquid-gas mass
transport at high current density. Smaller pore PTLs result in lower interfacial contact
resistance, as there are more contact points with the catalyst layer. However, the better
Ohmic resistance is at the expense of mass transport capability at high current density.

The mass transport resistance trend in relation to pore size and current density implies that
multiple factors are at play. Effective mass transport in a PTL involves water ingress and
access to the catalyst as well as product gas (O,) egress. At lower current density of 0.5 A
cm? (Fig. 9(b)), where mass transport effects start to become noticeable, the mass transport
resistance follows a trend where smaller pores lead to better mass transport, as would be
promoted by capillary-driven water transport. However, at higher current density of 3 A cm’
? (Fig. 9(c)), the rate of gas generation is significantly higher and mass transport can be
expected to be limited by how rapidly O, can be expelled from the system, the results
implying that larger pores do this more effectively. The compound effect of these two factors
leads to an optimum MPD of ~60 pm.



Overall, the apparent trade-off between minimized interfacial contact resistance (at small
pore size) and maximized mass transport ability (at large pore size) must be carefully
considered for optimized PTL design for PEMWES, especially at high current density
operations where mass transport becomes a limiting factor. Therefore, it is suggested that a
graded pore size PTL would be most beneficial, in aggregating the advantage of the reduced
interfacial resistance at smaller pore and improved mass transport at larger pores.

4. Conclusions

In this work, a correlative study of PTL microstructure and operando electrochemical
performance was performed. The microstructural properties of the PTLs, such as surface
morphology, pore size distribution, porosity, tortuosity, and porosity distribution were
investigated ex-situ by scanning electron microscopy (SEM) and X-ray computed micro-
tomography. The electrochemical performance of the PTLs was investigated by steady-state
polarization and electrochemical impedance spectroscopy at various operating conditions.

The main conclusions are summarized as follows:

(1) Increase in the mean pore diameter of the PTLs correlated with increase in
multimodality of pore size distribution and heterogeneity of the porous structure.

(2) The polarization curve showed that cell performance decreased with increase in mean
pore diameter from PD16 to PD90. Thus, PD16 showed the best overall polarization
performance.

(3) Impedance study revealed a net increase in Ohmic resistance in the cell which suggests
that the Ohmic resistance is a more significant net contributor to PTL performance in
the PEMWE within the current density range studied. Thus, the Ohmic resistance might
be more dominant over a wider polarization range than is expected.

(4) Smaller pore size of PTLs resulted in better electron conductivity but poorer mass
transport at high current density. Improved mass transport was enabled by a larger pore
size, although a non-monotonic trend suggests an optimal pore size beyond which the
advantageous influence of macroporosity for mass transport is diminished.

(5) Overall, the result suggests that the effectiveness of the PTL can be significantly
improved if the interfacial contact resistance can be minimized. Thus, it is suggested that
graded pore size PTL would be most beneficial in aggregating the advantage of the
reduced interfacial contact resistance at smaller pore and improved mass transport at
larger pores.
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