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Abstract

This work describes the performance improvement of a polymer electrolyte fuel cell with a novel
class of microporous layers (MPLs) that incorporates hydrophilic additives: one with 30 pm
aluminosilicate fibers and the other with multiwalled carbon nanotubes with a domain size of 5
um. Higher current densities at low potentials were observed for cells with the additive-containing
MPLs compared to a baseline cell with a conventional MPL, which correlate with improvements
in water management. This is also observed for the helium/oxygen experiments and by the lower

amount of liquid water in the cell as determined by neutron radiography. Furthermore, the carbon-



nanotube-containing MPL demonstrates improved durability compared to the baseline MPL.
Microstructural analyses including nanotomography demonstrate that the filler material in both the
additive-containing MPLs provide preferential transport pathways for liquid water, which
correlate with ex-sifu measurements. The main advantage provided by these MPLs is improved
liquid-water removal from the cathode catalyst layer resulting in enhanced oxygen delivery to the

electrocatalyst sites.

1. Introduction

Polymer-electrolyte fuel cells (PEFCs) are promising zero-emission electrochemical energy-
conversion systems that use hydrogen as a fuel 2. Since PEFCs operate at relatively low
temperatures (80°C or lower), water management becomes an important consideration, especially
during colder operation and startup 3-°. Water is produced as a byproduct of the oxygen reduction
reaction (ORR) in the cathode catalyst layer (CCL) and must be efficiently removed into the gas
channel in order to not flood and impede reactant flow in the thin CCL. Water is needed to
humidify the membrane, as its ionic conductivity strongly depends on its hydration 7. For water
management, the CCL is pressed against a hydrophobic microporous layer (MPL) composed of
carbon black and polytetrafluoroethylene (PTFE). The MPL is integrated with a gas-diffusion layer
(GDL) backing, which consists of carbon fibers coated with PTFE 8. This MPL provides good
contact between the more macroporous GDL and the microporous CL. Furthermore, in terms of
water management, the purpose of the ~50 um thick MPL is to ensure sufficient hydration level in
the membrane and ionomer in the CL °!° ''. Small and hydrophobic MPL pores ensure gas
pathway (due to higher saturated vapor pressure, per the Kelvin equation). The MPL also acts as
a higher capillary barrier for water removal from the CCL into cathode channel !2 13 | This barrier

is beneficial to maintaining high hydration of the CCL, however it can be damaging to the



performance when the CCL hydration is excessive (flooding). Another MPL effect is enhanced
water removal via an evaporative mechanism (i.e., phase-change-induced flow) due to the MPL’s
inherently low thermal conductivity, as larger thermal gradients can build up due to the heat-

generation in the CCL% > 1416,

In general, studies have shown that a 20 to 30% performance
increase can be achieved for PEFCs that incorporate an MPL 713, Furthermore, improved water

management with MPL incorporation can be beneficial to durability '°.

In recent years, many researchers have explored the effects of the MPL wettability and
microstructure on water management, and novel MPL design concepts have emerged 2°-3°. Doping
the MPL with various nanomaterials has proved to be an effective way to improve water
management and increase potentials at high current-density operation, although the exact
mechanism(s) for water removal and the concomitant increased performance are not well
understood 31, Many of these dopants are hydrophilic in nature, which questions the convention
of having a hydrophobic MPL interfaced with the cathode. In fact, Weber predicted in a modeling
study that the addition of hydrophilic pathways through an MPL could help increase performance
by providing hydraulic conductivity between the catalyst layer and GDL, thus enabling more
efficient water removal *°, One should note that while water-filled cracks may provide such
hydrophilic connections, they are also typically large and can result in reactant maldistributions,
as well as being a durability concern %4142, Zhou et al. found that optimal content of hydrophilic
material within MPL is somewhere between 10 to 20 % and predicted that hydrophilic domains
increase overall surface area of water front enhancing water evaporation and removal from the

CL%.

Among the additives considered for MPLs are multiwalled carbon nanotubes (MWCNTs). Lee et

al. 7 used operando X-ray radiography to probe the water content of cells with conventional MPLs



and MPLs containing MWCNTSs (SGL 25 BN*). The SGL 25 BN cell exhibited a performance
increase at high current density, which was attributed it to higher MPL porosity and improved
oxygen transport. Gharibi et al. ** also demonstrated an increase in the performance of the cell
with MWCNTSs, which was attributed primarily to the increased oxygen diffusion and possibly

increased electrical resistance, results which were confirmed by Schweiss et al. 2+ 3!

The works mentioned above focused primarily on understanding reactant delivery to the CCL and
the role of hydrophilic MPLs in gas transport. In the present work, we use novel characterization
techniques to probe the morphology and water distribution systematically within cells
incorporating three types of MPLs: 1) a conventional hydrophobic SGL 25 BC, 2) a SGL 25 BN
with MWCTN domains, and 3) a SGL 25 BL that contains aluminosilicate fibers. Our earlier work
focused on SGL 25 BL, where the polarization behavior and impedance were correlated with
neutron imaging of water and the benefit of hydrophilic pathways created by the aluminosilicate
fiber additive in transporting generated liquid water away from the CCL 26, Here, we use
electrochemical polarization behavior with electrochemical impedance spectroscopy (EIS), along
with both ex situ and in situ X-ray micro- and nano- computed tomography (CT), operando neutron
radiography, and other characterization techniques to explain the performance changes observed

for PEFCs with two additive-containing MPLs.

2. Materials and Methods

2.1. Materials

All GDL materials (from SGL Technologies GmbH) had identical graphitized carbon-fiber substrate with
5% PTFE (which is essentially the GDL material SGL 25 BA which does not contain any MPL). The
baseline GDL with MPL is SGL24BC, which has the carbon-fiber substrate identical to SGL25BA, but

with an MPL containing 23% PTFE. The two GDL materials with additive-containing MPLs were



fabricated as follows. The SGL 25 BL was prepared by mixing 10 wt.% aluminosilicate fibers into the
carbon black PTFE paste followed by a heat treatment at 350 °C. The SGL 25 BN MPL was prepared by
mixing 21 wt.% MWCNTs, 15 wt.% PTFE, and 64 wt.% carbon black. This particular ratio of carbon black
to MWCNTSs was chosen for practical reasons, as it is a tradeoff between the CNT content and the ink
viscosity. Performance variation with CNT content is reported in Ref. *'. The material properties of the
GDL and MPLs are given in Table 1. The additive domain sizes and volume fractions within the MPL are
obtained via X-ray CT. Table 1 also shows an abbreviations for these materials as will be used subsequently

in the manuscript.

Table 1. Basic properties and composition of the four GDL and MPL materials.

Properties SGL 25BA | SGL 25 BC SGL 25 BL SGL 25 BN

Abbreviation BA BC BL BN

Thickness 190 pm (235+20) um 230 um 228 um

PTFE content in the | 5 5 5 5

carbon-fiber

substrate (wt %)

MPL composition - 77 wt.% carbon 67 wt.% carbon, 64 wt.% carbon,

(Wt %) 23 wt.% PTFE 10 wt.% 15 wt.% PTFE,
alumosilicate 21 wt.% MWCNTs
fibers, 23 wt.%
PTFE

Additive domain - - (29+£8.7) um ~5 um

sizes (um) and

volume fraction 2.1 % volume 40 % volume

Pore diameter in - 0.08 %7 0.09 2¢ 0.08%7

MPL (um), only

micropores

2.2.Fuel-cell testing

PEFCs were assembled using SGL 24 BC on the anode and BC, BL, or BN on the cathode. Gore
Primea membrane electrode assemblies (MEAs) (A510.2/M710.18/C510.4) were used, with Pt
loading of 0.2 mgp; cm™ and 0.4 mgp; cm™ on anode and cathode, respectively, and 18 pm thick
710-type membrane. Fuel cell testing was performed in a 50 cm? Fuel Cell Technologies (FCT)

quad-serpentine hardware unless otherwise stated. The fuel cell performance and characterization



were performed in a co-flow configuration (inlets high) with the FCT test station. Polarization
curves were recorded with both decreasing and increasing voltage (averages reported). The
baseline operating conditions were 80°C, 100% RH, 1.2/2 stoichiometry of H»/air, and 275 kPa
backpressure. To quantify mass transport, measurements in HelOx (21% O, balance Helium) were
conducted in addition to EIS at various current densities. The EIS data were fit with a simple

equivalent circuit as described by Arisetty et al.*> and Spernjak et al. +?

Ex situ and in situ durability tests were performed on the BC GDL. The ex situ ageing was
performed using an accelerated test developed under the DECODE project 6, which consisted of
boiling in a 30 % H>O, solution at 95 °C for up to 15 hr #’. The in situ durability testing was
performed using a portion of the USDRIVE Fuel cell Tech Team (FCTT) durability protocol 43,
which consisted of cycling between 0.02 A cm™ (30 s)and 1.2 A cm™ (30 s) at 80 °C, 113 % RH

and 101.3 kPa.

2.3.Neutron Radiography

Neutron imaging was performed at the NIST Center for Neutron Research (NCNR) on thermal
beam tube 2 #-°°, The measurements were performed using a 1 cm tall by 1 mm wide slit providing
a corresponding collimation ratio of 600,6000 (height and width) with a neutron fluence rate of
6 x 10° cm™ s'!. The imaging was performed using a 40 mm diameter cross-strip microchannel
plate detector with a spatial resolution of about 15 um 3!, The PEFCs were tested in hardware with
an active area of 2.5 cm? as described elsewhere > using the same MEAs as the fuel cell testing.
The testing conditions at NIST were 80 °C, 100 % RH, 100 sccm/200 sccm of Ho/air on the anode
and cathode, respectively (fixed flow rates, in standard cubic centimeters), with zero applied
backpressure. EIS was collected in situ using a PARSTAT 2273 potentiostat/galvanostat at

constant current densities. Water profiles reported herein are 20-minute averages over entire cell



area, obtained at a constant current after cell has operated at same condition for 25 minutes. EIS
was recorded after the 45-minute operation at constant conditions. More details about the high-

49, 53 In

resolution neutron imaging, cell hardware, and image processing can be found elsewhere
addition, polarization curves were collected while decreasing potential from 1.0 V to 0.3 V and
back to 1.0 V, in 50 mV voltage-control steps where duration of each voltage step was 1 minute.

For these small neutron imaging cells, we report the average polarization curve of

decreasing/increasing voltage.

2.4. X-ray computed tomography

Micro X-ray CT and image processing

Micro X-ray computed tomography was performed at Beamline 8.3.2 at the Advanced Light
Source (ALS) at Lawrence Berkeley National Laboratory. A double-multilayer monochromator
was used to select 20 keV X-rays, and detection was performed with a 0.5 mm LuAG scintillator
and 5x lenses with a sSCMOS PCO Edge camera, giving a 1.3 um pixel dimension, and a 3.3 mm
horizontal field of view (FOV). For each tomographic scan, 1025 projections were acquired over
a 180° rotation with a 300 ms exposure time. Image reconstructions of the acquired back-
projections were performed using a Modified Bronnikov Algorithm (MBA), which is part of the

3435 goftware coupled to Octopus 8.5 ¢,

open-source ImagelJ/Fiji
Nano X-ray CT and image processing

Nano X-ray CT imaging was performed at the Advanced Photon Sources (APS) at Argonne
National Laboratory (ANL) using Beamline 32-ID. Monochromatic X-rays illuminate the beam
shaping condenser, pass through the sample, a Fresnel zone plate (FZ), and are collected by an

imaging detector. The sample is placed on the tip of a metal pin, which is fixed onto a rotary stage



that rotates 180° enabling three-dimensional reconstruction. FZ plates with grating of 60 nm were
used to achieve resolution of 60 nm. The FOV was 75 pm x 75 pm and the scan-time was
approximately 20 min. with 1 s per projection with 1500 projections recorded. Zernike phase
contrast was used to detect low atomic mass elements such as carbon. Hutch RH was measured to

be 50 %. For experiments with water, a water droplet was added after two preliminary dry scans.

Image phase retrieval and reconstructions were performed using TomoPy (an open-source
software package developed by ANL). ASTRA toolbox was used for the tomographic
reconstructions. °”%° For both micro- and nano- X-ray CT, segmentation was performed in ImageJ,
whereas three-dimensional volume rendering was carried in Avizo Fire 8.1 software. Generally,

manual threshold values were chosen for additives, MPL, and GDL domains.

2.5. Droplet-detachment studies

Detachment velocity and adhesion-force measurements were carried out on a rotating-stage
goniometer (Rame-Hart) with a customized injection system. The detailed drawing of the set-up
and a photograph are reported elsewhere %2, The GDL with MPL samples were placed onto the
injection port with GDL portion facing up (the channel). The sample cross-section was 3 cm x 3
cm. An Omega PX603 pressure transducer was used to measure liquid pressure. To simulate
parallel air flow over the sample, a Lexan flow channel (4 mm x 7 mm) was placed on the GDL
with a 10 uL droplet centered in the channel. Dry air flowrate at 20°C was controlled by an Omega
FMA-2609A flow controller. The droplet was considered to be detached when its position was
outside of its wetting area, and the detachment velocity was defined as the average channel flow
at this point based on frame-by-frame video analysis. For the contact angle measurements, 15 pL
droplets were placed on top of the GDL or MPL of interest and contact angles were measured with

stationary goniometer (Rame-Hart).



2.6. Electron Microscopy

MEA cross-sections were prepared for transmission electron microscopy (TEM) by embedding
the MEA in epoxy and microtoming thin slices ~75 nm thick (Leica UCT). The MEA slices were
floated in water, captured on a 3 mm Cu grid, and examined in a Hitachi HF3300 TEM operated
at 300 kV. MEA cross-sections were also examined in a Hitachi S4800 field emission gun (FEG)

scanning electron microscope (SEM) operated at 10 kV.

3. Results

3.1. Cell Performance

Figure 1a shows the polarization curves for the three different MEAs assembled with BC, BL, and
BN GDLs at the cathode. As expected, since only the cathode MPL differs, the activation and
partially ohmic region (up to ~0.78 V) for all three cells behave similarly; however, at lower
potentials, significant differences are observed. At 2 A cm™?, the PEFC with BC shows a low
potential of 0.38 V, whereas higher potentials are observed for BL and BN (0.56 and 0.65 V,
respectively). More than 200 mV improvement in performance is achieved by replacing the BC
GDL with the BN GDL. Figure 1b shows the polarization curves for these MEAs in a HelOx
mixture; little performance difference is observed between the MEAs up to 2 A cm™. Performance
measurements clearly highlight the better mass-transport properties that result from the use of

MPLs that incorporate hydrophilic additives.

EIS spectra obtained for the same MEAs at high current density (1.4 A cm™) in air (Figure 1¢) and
HelOx (Figure 1d) further confirm the observed improvement in mass-transport properties in air
for the BL and BN GDLs. The data shown in Figure 1 can be fit (solid lines) using a simple

equivalent circuit Rurr(R1Q1)(R2Q2), where Rurr represents the membrane and contact



resistances, R1 primarily the kinetic resistance, R> primarily the mass transport resistance, and Q1
and Q: are the constant phase elements (distributed capacitances) associated with the electrode
processes (Figure 12 from Arisetty et al. 4°). The BL and BN GDLs demonstrate a 50 % and 80
% improvement, respectively, in the mass transport resistance (Rz2) over the baseline BC GDL
when operated in air at 80 °C, 100 % RH, and 1.4 A cm™. For the HelOx case the impedance data
for all three layers was quite similar. The Rurr for all three cells is approximately the same
(~0.04+0.01 Ohm cm?) at all current densities, indicating similar electrical conductivities and

membrane hydration.
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Figure 1. Polarization curves comparing cells with BC, BN, and BL GDLs at 80 °C, 100 % RH,

275 kPa backpressure in a) air at 2 stoichiometric ratio (stoich) and b) HelOx at 2 stoich. EIS

10



data acquired at 1.4 A cm™, 100 % RH, and 275 kPa in c) air at 2 stoich and d) HelOx at 2

stoich.

3.2. Durability

To ascertain the overall stability of the MPLs, both in situ and ex situ (SI) durability studies were
conducted. Figure 2 shows the polarization curves at the beginning of test (BOT) and after
approximately 300 hours of durability testing (end of test, EOT) using the wet portion of the FCTT
durability protocol. Both the BC- and BN-GDL-based MEAs show similar performance decay,
which is mainly associated with CCL degradation. These tests were performed using identical
MEAs with Pt supported on a highly graphitized carbon (TECIOEA40E) at the cathode to
minimize carbon corrosion. These MEAs did exhibit a loss in platinum electrochemically active
surface area (ECSA) of ~27 % after 300 hr of testing due to Pt dissolution and re-precipitation
under repeated voltage cycling. Both the BC- and BN-GDL-based MEAs show little change in
performance under the high-pressure test conditions used other than that associated with Pt ECSA
loss. However, the performance of the MEA utilizing the BC GDL demonstrates decay when
operated at the lower pressures of the durability cycling test, unlike that of the MEA incorporating
the BN GDL. As illustrated in Figure 2b and 2c, BN exhibits virtually no difference in cycling
behavior until 600 hr is reached. This stable behavior is in marked contrast to the baseline BC
material, where the potential at 1.2 A cm™ drifts to ~0.2 V from its baseline potential of 0.4 V after
389 hr. This drift may be attributed to flooding behavior and poor water management in the cell
under transient low pressure conditions. Postmortem analysis of the MEAs with BN GDL for cell
operated for 600 hr reveals that the MWCNT domains remain intact (see TEM images in Figures
2e, 2f), although the CCL compacts to some degree (see SEM image in Figure 2d). The
performance results combined with microstructural observations demonstrate that the durability of

the BN material is superior to that of the BC baseline material. It is speculated that the presence of

11



hydrophilic channels in the MPL (e.g., the MWCNT domains) potentially mitigate the impacts of

hydrophobicity loss in the MPL.
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Figure 2. a) Polarization curves for MEAs with BC and BN GDLs at BOT and after 300 hr (EOT)
under a durability (cycling) protocol; b) and ¢) Cycling behavior for the BOT and EOT BC and
BN materials, respectively; d) postmortem SEM image showing EOT compacted CCL and porous
BN MPL,; e) cross-section TEM image of aged CCL and BN MPL interface, where MWCNT
domains are clearly observed in the MPL; f) TEM image of aged BN MPL showing domains of

carbon black and MWCNTS (porous MWCNT domains outlined in red).

In terms of the BL material, significant degradation was observed, especially in the low
frequency resistance (LFR) of the EIS spectrum (see Figure S1). Here, the initial resistance (at 1
A cm2, 80°C, and 100 % RH) of the BL material is significantly lower than that of the BC baseline;
however, after only 36 hours of testing, the BL materials shows a dramatic increase in resistance
and the MEA performance is worse than that of the baseline BC material. As shown in Figure S2,
this difference is mainly due to dissolution of the aluminosilicate fibers within the MPL and
migration of Al and Si from the MPL to the CCL that contaminate the catalyst active sites.

Additional ex-situ results for durability testing of BC material are presented in Figure S3.

3.3. Operando Properties

To further probe the reason(s) for the polarization changes, water profiles of the three cells were
obtained with neutron radiography at three current densities: 0.4 A cm?, 0.8 A cm?, and 1.2
A c¢cm™. Figure 3a shows the polarization curve obtained at NIST for the three MEAs made with
BC, BN, and BL GDLs. The difference in performance between the polarization curves in Figure
3 and those shown in Figure 1a is that the polarization data in Figure 3a was collected with zero
backpressure and using smaller cell hardware (optimized for neutron imaging) and constant flow

conditions, resulting in overall lower current densities, consistent with previous neutron imaging

13



studies * 52, Nonetheless, similar trends in the mass transport limited region were observed in
performance of both 50 cm? and 2.5 cm? cells, where the cell with the MEA prepared with the BN
GDL showed the highest current densities and the lowest resistance. The EIS spectra in Figure 1
were fitted using a standard equivalent circuit where the mass-transport resistance is clearly
delineated. However, it is harder to separate quantitatively the charge-transfer and mass-transport
resistances in small neutron imaging cells. Still, one can induce that the mass-transport losses are
important as the resistance for BN cell is increasingly smaller compared to the other two cells as
the current density is increased from 0.4 to 0.8 to 1.2 A cm™. The onset of the performance
deviation was also similar (around 0.8 A cm2). Similar to the results with large cells, the EIS data
in Figure 3 demonstrates similar HFR (high-frequency resistance) for the three MPL/GDL

materials but deviations in the LFR at higher current densities.

We further explore the reasons for the performance differences by examining the water thickness
profiles, shown in Figure 3 ¢,d,e. At 0.4 A cm™ (Figure 3¢), the BC cell shows the expected profile,
where a peak in the water content at 0.7 mm water thickness is observed close to the membrane
location of the CCL. The water thickness profile decreases away from the CCL into the MPL and
GDL. The cathode GDL shows slightly higher water content than the anode GDL. The water
profile for the cell with the MEA prepared with the BL material demonstrates a higher water
content in both the CCL and also at both the GDL/bipolar plate interface and/or in the channel.
The cell with the BN material shows lower water contents in both cathode and anode compared to
the baseline BC cell. At this low current density, the overall water content in the cells is not as
high and does not present limitations for oxygen transport, which is in agreement with the EIS

data.

14
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Figure 3. a) BOL polarization curve and three currents under which neutron imaging data was

acquired (dotted lines). b) EIS data at three current densities, 0.4, 0.8, 1.2 A cm™ (current densities

denoted by dotted lines in (a); c-e) water thickness profiles at the same three current densities in

b) acquired at 80 °C, 100 % RH, 100 sccm/200 sccm Ha/air on the anode and cathode, respectively,

with zero backpressure.
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As the current density is increased from 0.4 A cm™ to 0.8 A cm™, the overall water content in all
cells is increased, especially in the BC and BL cells, most notably in the GDL substrate region.
There is very little difference in water profiles recorded at 0.8 A cm? and 1.2 A cm™. Both BC
and BL materials show similar water profiles, with a water peak at the GDL/flow-field interface,
with higher water contents than observed at 0.4 A cm™. Only the cell with the BN material does
not show a peak close to the interface between the GDL and channels and lands (at approx. -200
microns in Figure 3 c¢,d,e), which might be due to its lower droplet removal velocity (as discussed
below). Overall, the BN material shows the lowest water content within the MEA as the current
density is increased. Symmetric water profiles with BN material (i.e. similar water in anode and

cathode GDLs) indicate balanced water removal through anode and cathode.

We note a few subtleties related to water profiles from neutron imaging. Although the EIS data
shows almost identical HFR for all 3 cells, indicating similar levels of membrane hydration, profile
plots show different membrane water content. (Also, in separate experiments we measured higher
water content in the membrane using much thicker membrane material. ¢ 3°). The cathode catalyst
layer is likely to have even higher water content than the membrane, however it is located next to
the MPL where the water content sharply drops to an extremely low value. Due to the extremely
thin fuel cell components (e.g. 18 microns thick membrane), not perfectly straight or flat interfaces
between components, and limited resolution of neutron imaging, it is difficult to quantitatively
separate the water content at the interfaces and thin components, specifically the membrane, the
catalyst layer, and the MPL. It is reasonable to assume that the high water content in the MEA will
be averaged with extremely low water content in a standard, highly hydrophobic MPLs adjacent
to the MEA. Further, the additive-containing MPLs will have more water compared to almost dry
additive-free hydrophobic MPL. One can therefore hypothesize that the high BL water content at

the interface between the CCL and the MPL (Figure 3 c,d,e) comes from a combination of
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relatively low CCL water and relatively high water content in the MPL due to hydrophilic Al-Si

fibers.

3.4. Ex situ and in situ Properties

In this section, critical ex situ properties of the different MPL/GDLs are explored to correlate
microstructure and properties with the observed performance differences. Figure 4 shows
greyscale X-ray CT tomographs and volume-rendered representations of the GDLs with BC and
BN MPLs. The MPL penetrates a large percentage of the void space within the GDL thickness !2
(we refer to this MPL region as the embedded portion of the MPL). Physical properties such as
porosity, tortuosity, and pore size distributions for SGL materials were reported previously  37.
The horizontal cross-section chosen for the greyscale tomographs represents a location within the
MPL, and from inspection by eye, the differences in the MPL structures between BC and BN
appear to be minimal. Both MPLs exhibit cracks, with BC having more cracks within the selected
FOV. Figure S4 shows the percentage of crack area for each MPL, with BC having the largest with
average of 4 %, which is consistent with the results from an earlier study 3’. The MWCNT domains
are about 5 um in size and with the limited micro-X-ray CT resolution, are not easy to visualize,
e.g., the resolution of micro-X-ray CT is 1.3 um. The BC and BN have increased layer thicknesses
of 40-45 um compared to BA due to the addition of the MPL. However, X-ray CT data shows the
average thickness of the entire MPL is ~100 pm, where the MPL thickness is comprised of a free-
standing region (outside the fibrous region) and embedded region (embedded between the carbon
fibers), indicating that 50-60 pm of MPL is embedded within the GDL. Figure 4e shows the MPL
structure, where SEM images and cross-section tomographs show similar morphologies, e.g.,
dispersed carbon agglomerates coated with PTFE. The BC MPL appears to be quite porous (after

thresholding nano-X-ray CT data) with porosity ~50-60 %.
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Figure 4. a) Cross-section greyscale tomographs for the baseline BC material and b) the
corresponding volume rendered view. ¢) SEM image of SGL BC (left) and its nano X-ray CT
representation (right). d) Cross-section greyscale tomographs of the BN material and e) the

corresponding volume rendering.

The nanostructure of the BN material was explored further using nano X-ray CT, the results of
which are summarized in Figure 5. The dark dots on the transmission images (Figure 5a and 5b)
are the Fe-catalysts of the MWCNTs. The dry sample was imaged two times to ensure sample
stability (Figure S5). Figure 5b shows the same sample after deposition of a droplet of water, where

it is clear that the water preferentially wets the MWCNT region. Figure 5¢ and 5d show the
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corresponding 3-D cross-sectional tomographs for the dry and wet samples, respectively, where
the dry sample demonstrates well-defined MWCNT domains. The MWCNT domains show as
blurrier than the teflonized carbon domain because resolution of nano X-ray CT does not allow to
resolve individual fibers. Figures S6 and S7 provide additional cross-sections with MWCNT
domains highlighted for clarity. Imaging of these MWCNT domains becomes enhanced when in
contact with water (Figure 5d), where large water-filled domains and the void space between
domains appears. Figure S6 shows detailed analysis of grey-scale values and correlations between
the dry (including another dry image location) and wet sample conditions, as well as a volume
rendering of the MWCNT domains and proof of the presence of water. It was further observed that
the sample was continuously drying during the 20 min. X-ray scan, as water was found at the base
of the sample close to the pin, but not much water was found at the tip of the sample where
convective drying is most pronounced. Water domains form rather large clusters spanning sizes as
large as 600 nm to 800 nm (Figure S6), consistent with the up to 5 um size of the MWCNT
domains. Figure S5 shows an SEM image where the MWCNT domains are clearly evident. In
Figure 5d and 6e, water can be clearly distinguished due to the observed change in the greyscale
values. The void space is observed via a higher magnification image (Figure 5f). In a previous
study, an increase in porosity of about 5 % in BN compared to BC was measured, but no
information was given on the void distribution *’. The nano-CT images show separation of the
hydrophilic and hydrophobic domains upon wetting the material with water where water is clearly

observed in the MWCNT domains upon wetting.

19



Grey-scale Valu
NI}
o o

N
o

o

o

4
Cross-section (um) 2.7 um

Figure 5. Radiographs of (a) dry and (b) wet samples. Cross-section tomographs of (c¢) dry and (d)

wet BN MPL. e) Greyscale profile along the dashed line within (d), where dry and water samples
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are plotted. (f) Higher magnification images of dry and wet samples and corresponding greyscale

levels (plotted in (e)).

Figure 6 shows micro X-ray CT results for the BL material, where the aluminosilicate fiber
additives are visible (unlike inability to image MWCNTs within the BN material using micro X-
ray CT). The fibers are much larger in size than the MWCNT domains with an average length of
29 + 9 um. Furthermore, they constitute 2.1 % of the MPL volume. The overall GDL and MPL
morphology does not seem to be affected by the presence of the aluminosilicate fibers and remains
similar to that observed in the SGL family materials, with the MPL embedded deeply within the
GDL. Figure 7 shows SEM (a) and nano-X-ray CT (b-d) images of an aluminosilicate fiber within
the BL MPL. The diameter of the fibers is on the order of 5 pm (confirmed by SEM and X-ray
CT). The fiber dispersion within the MPL is homogeneous with fibers exhibiting varying lengths

and orientations.
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Figure 6. Volume-rendered micro-X-ray CT image stacks for a) aluminosilicate fibers, b)
aluminosilicate fibers and GDL fibers, ¢) MPL and GDL. d) Cross-section greyscale tomographs

showing the location of the MPL. e) Same cross-section with aluminosilicate fibers.
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Figure 7. a) SEM image of an aluminosilicate fiber within the BL; b) nano X-ray CT tomograph
of fiber and carbon of BL (scale-bar is 50 pm). (c-d) Volume-rendered aluminosilicate fibers

within carbon cross-section and with carbon removed.

Figure 8 shows contact angle measurements for the three MPLs studied to explore the wetting
properties as well as a film of MWCNTs cast onto a Kapton film. From the external contact angle
measurements, which do not probe the internal wettability, no significant variation with contact
angles between 162° and 167° were measured, although the BN MPL spontaneously uptakes water
as determined from X-ray CT. For the MPLs the droplet heights were 2.4 mm. The film of
MWCNTs exhibits hydrophilic behavior with a contact angle of 56°, which is in agreement with

the other reported measurements for CNTs%,

Figure 8e shows the droplet detachment velocity for the BC and BN materials. At all droplet
volumes, the detachment velocity is higher for BC material compared to BN, implying that more
force is required (or higher gas flowrate) to remove a droplet sitting at the GDL/channel interface

for BC compared to BN. The only difference between these materials is their MPL; however, this
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difference result in very different water profiles throughout the GDL and it is believed that
hydrophilic pathways connectivity results in the observed differences, with BN MPL leading to

more connected pathways and less droplet pinning.
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Figure 8. External contact angles measured for a) BC, b) BL, ¢) BN, and d) a cast film of MWCNTs
obtained from the same batch as those in BN. e) Droplet volume as a function of detachment

velocity for BC and BN.
4. Discussion

Water management remains an issue for PEFCs at high-current densities, where local water fluxes
and water generation are high. From the above operando and ex situ investigations, it is clear that
the BN and BL. MPLs result in different water management schemes than traditional hydrophobic
BC MPLs by providing hydrophilic pathways (see Figure 8) created by additives that help remove
water from the cathode catalyst layer as shown explicitly by in sifu nano X-ray CT imaging. The

improved performance observed with BN MPL in particular is primarily due to several factors:
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1)

2)

3)

S.

Cell with BN MPL on the cathode shows reduced water content within all the PEFC
components, as observed by neutron radiography. From the microstructural observations,
this enhanced water removal behavior is likely due to the presence of the hydrophilic
MWCNT domains that wick water from the catalyst layer. Furthermore, from droplet
removal velocity studies, the BN shows a lower detachment velocity compared to the BC,
indicating that the effects of the MPL propagate into the structure of the GDL. The
performance enhancement induced by BL was not as obvious, but it appears that the
aluminosilicate fibers serve a similar purpose to that of the MWCNT domains, with more
water removed in liquid form from CCL into the GDL fiber substrate.

The cell with BN MPL shows higher durability during a drive-cycle protocol, with no
indication of flooding, whereas BC exhibits potential drift due to local flooding. Cell with
the BL MPL was not as stable during the durability study due to elemental dissolution of
the aluminosilicate fibers, the elements of which migrated into the catalyst layer.

All three GDLs showed similar performance under HelOx operation, whereas under air the
cell performance deviated for the three GDLs at high current densities. Fitting of the EIS
data confirmed that under air operation the GDLs with additives showed significantly
improved mass transport. This behavior is perhaps due to segregation of hydrophilic and
hydrophobic domains for the BL and BN materials, resulting in lower overall water
contents in the catalyst layer and improved reactant accessibility. Furthermore, the extra
voids that are formed in the BN during wetting can help oxygen transport even when a
significant amount of water is present, as the MWCNT domains are spatially separated
from the highly hydrophobic PTFE impregnated carbon regions in the MPL.

Summary
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Polymer-electrolyte fuel cells (PEFCs) experience water-management issues at high current
densities, where conventional hydrophobic MPLs serve as high capillary-pressure barriers. These
MPLs ensure a high water content within the catalyst layers to provide good membrane hydration;
however, such a barrier results in possible factor for flooding of the catalyst layer. Engineering
novel MPLs can enable higher PEFC performance and minimize catalyst-layer flooding. In the
present article, two additive-containing MPLs - SGL 25 BL and SGL 25 BN - were explored using
a systematic series of in-situ, operando, and ex-situ techniques to understand the performance
changes engendered by these MPLs. From these studies, it is clear that incorporation of the
additives result in different water management behavior by providing hydrophilic pathways that
help remove water from the cathode catalyst layer, as shown by in situ nano-X-ray computed
tomography. The improved water management and less flooding results in enhanced performance
in terms of polarization owing to less water in the cathode catalyst layer and easier water movement
out of the cell, in agreement with the various cell measurements and diagnostics. More efficient
water management also results in increased durability related to water management during
corrosion testing for SGL 25 BN. Although the SGL 25 BL showed a promising concept when
water management is concerned (hydrophilic pathways for water removal through predominantly
hydrophobic MPL), aluminosilicate fibers also led to durability issues related to catalyst poisoning
(Al and Si dissolution and migration into catalyst layer). Overall, engineered MPLs with
hydrophilic additives or structures (e.g., MWCNTSs) are a promising route towards optimizing
PEFC performance and durability due to their ability to control and transport water and make

hydraulic connections throughout the cell components.
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