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Insights into Interfacial and Bulk Transport Phenomena
Affecting Proton Exchange Membrane Water Electrolyzer
Performance at Ultra-Low Iridium Loadings

Xiong Peng, Pongsarun Satjaritanun, Zachary Taie, Luke Wiles, Alex Keane,
Christopher Capuano, Iryna V. Zenyuk,* and Nemanja Danilovic*

Interfacial and bulk properties between the catalyst layer and the porous
transport layer (PTL) restrict the iridium loading reduction for proton
exchange membrane water electrolyzers (PEMWEs), by limiting their mass
and charge transport. Using titanium fiber PTLs of varying thickness and
porosity, the bulk and interface transport properties are investigated,
correlating them to PEMWEs cell performance at ultra-low Ir loadings of
~0.05 mg;, cm~—2. Electrochemical experiments, tomography, and modeling
are combined to study the bulk and interfacial impacts of PTLs on PEMWE
performance. It is found that the PEMWE performance is largely dependent
on the PTL properties at ultra-low Ir loadings; bulk structural properties are
critical to determine the mass transport and Ohmic resistance of PEMWEs
while the surface properties of PTLs are critical to govern the catalyst layer
utilization and electrode kinetics. The PTL-induced variation in kinetic and
mass transport overpotential are on the order of ~40 and 60 mV (at 80 A
mg,,~"), respectively, while a nonnegligible 35 mV (at 3 A cm~2) difference in

1. Introduction

Proton exchange membrane water elec-
trolyzers (PEMWEs) are increasingly being
considered as an essential technology to
integrate the growing share of renewable
power into many energy sectors, since they
convert renewable electricity into hydrogen,
which is a stable, clean energy carrier, and
commodity chemical that can effectively
displace fossil fuels in food production
and manufacturing."?) PEMWEs offer
many advantages over other electrolysis
chemistries, namely, KOH and anion
exchange membrane, due to PEMWE’s
superiority in coupling with renewable,
intermittent sources of cheap electrons:[>l
high current density operation resulting
in small footprints, high turn-down ratios,

Ohmic overpotential. Thus at least 150 mV improvement in PEMWE
performance can be achieved through PTL structural optimization without
membrane thickness reduction or advent of new electrocatalysts.
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pressurized hydrogen delivery without the
need for dealing with high pressure oxygen,
and quick start-up and response times.[>*!
The constraint in widespread adoption of
PEMWESs has been driven by both the elec-
trolyzer capital cost and electricity feedstock
cost, which needs to be reduced substantially to make PEMWEs
a techno-economically favorable contender to meet the growing
demand of renewable electricity deployment.[6-®]

Historically, the high cost of hydrogen from electrolysis
was predominantly dictated by the high cost of front of the
meter grid electricity. In the new energy landscape, capturing
significantly cheaper, intermittent renewable electrons can
reduce to the cost of hydrogen to make it competitive with
steam methane reforming.®l However, a reduction of capital
cost for PEMWEs will determine the feasibility of installing and
deploying PEMWEs at the terawatt (TW) scale necessary.>*]
The PEMWE stack capital cost is dominated by the cost of the
membrane electrode assembly (MEA, Figure 1), which consists
of a perfluorsulfonic membrane, anode and cathode catalyst,
and diffusion layers.l'% The anode side of the cell where the
titanium porous transport layer (PTL) and iridium-based cat-
alysts dominate the technoeconomics with a combination of
overengineering of Ir and Ti in terms of quantity, and underengi-
neering resulting in poor utilization and fluid dynamics.'"!?
Iridium-based catalysts are the only viable catalysts for the
oxygen evolution reaction,!'*!*] the scarcity of which contributes
to the high capital cost. Ir is the least abundant element on the

© 2021 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 1. a) Detail of water and oxygen flow within the anode catalyst and porous transport layers. b) Volume-rendered XCT image of the membrane

electrode assembly with flow channel/current collector.

earth, requiring a 50-fold reduction of Ir-specific power density
(g, kW), down to 0.01, compared to today’s commercial
electrolyzers (~vmg;,’s cm~2).["*] In order to enable the necessary
Ir loading reduction down to 0.05-0.1 mg cm~2, efficient catalyst
utilization is extremely important in PEMWE as less catalytic
sites are available.l’l The current understanding in literature is
that catalyst layer utilization is controlled by a combination of
poor catalyst layer electronic conductivity and the poor inter-
facial area due to porous PTLs requiring microporous layers
(MPL)."18] This narrative is at odds with recent work showing
that i) oxygen transport through the titanium PTL may be a
crucial limiting factor contributing to performance decline,!1*!
ii) high performance at ultra-low loadings without MPLs is
possible,°! iii) catalyst layer ionic resistance dominates over
electronic resistance when ionomer volume fraction is higher
than 20%.2!]

We hypothesize that beyond improving catalyst layer utiliza-
tion, the interface and the bulk of the PTL also mediate the two-
phase flow of removing oxygen bubbles from catalyst layer ac-
tive sites and supplying water for the reaction and to hydrate
the membrane and ionomer. In other words, we suspect that
the structure—property relationship of the PTL, which mediates
the two-phase flow in the anode side of the cell, is poorly un-
derstood and can significantly impact the technoeconomics of
PEMWE.[?223] To investigate this, we use the ultra-low catalyst
loading regime (0.05 mg; cm~2) to sensitize the PEMWE to
changes in the PTL itself, to simulate end of life loadings, and to
highlight underlying limitations that may lead to unseen degra-
dation pathways such as water starvation and O, removal. We
highlight that based on our recent work, this loading still allows
better than state-of-the-art performance, meaning it is highly
relevant regime.>] Additionally, we recently showed a modified
iridium-based catalyst achieving stable performance after 30 000
cycles.[’] Using the ultra-low loaded MEAs, we then vary the
thickness and porosity of sintered titanium fiber-based PTLs
(from Bekaert) and evaluate the resulting PEMWE performance
and catalyst utilization. Using a combination of X-ray computed
tomography (XCT) and in-cell testing to quantify how surface and
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bulk properties of different PTLs could affect PEMWEs perfor-
mance, specifically the kinetic, Ohmic, and mass transport over-
potentials at ultra-low Ir loadings. We then quantify the oxygen
dynamics within the PTL and its interfaces with the catalyst layer
and flow field using a multiphysics model.

2. Results

Five different PTLs from Bekaert are selected with Ti fiber diame-
ter of 20 um. A spanwise strength test was conducted to assess the
ability of the PTL to withstand the forces applied under differen-
tial pressure conditions; all the PTLs showed adequate mechani-
cal strength (Figure S1, Supporting Information) for electrolysis
applications. The surface and bulk morphology and properties of
the PTLs were revealed by scanning electron microscopy (SEM;
Figure S2, Supporting Information) and more importantly X-ray
CT (Figure 2a—e) and properties are summarized in Table 1. The
range of in-plane and through-plane porosity, tortuosity, as well as
interfacial area allows us to interrogate the crucial impacts of lig-
uid and gas transport during PEMWEs operations (Figures S3—
S6, Supporting Information). Porosity and tortuosity relate effec-
tive transport properties, K., with bulk transport properties, K
through the following relation

&
Ky = Kx i)

where e is the porosity and 7 is the tortuosity. The effective trans-
port property can be diffusivity or permeability for transport in
pores. The higher the porosity and the lower the tortuosity the
better the effective transport properties. Note that effective trans-
port properties become bulk, when porosity and tortuosity is 1.
As will be discussed later, the ratio of porosity to tortuosity in this
equation is the formation factor.

The PTLs were integrated in ultra-low Ir-loaded PEMWEs for
electrochemical measurements. The PEMWEs testing followed
a protocol in previous work and was conducted independently
for each PTL.’! It is important to point out that the catalyst lay-
ers used were fabricated under the same fabrication conditions

© 2021 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 2. Volume rendering of XCT images of five PTLs: a) 03-0.15, b) 05-0.15, c) 06-0.15, d) 10-0.25, and e) 05-0.125. f) Polarization curves of five
different PTLs at ultra-low Ir loading in PEMWESs. 03-0.15: 0.030 mg,, cm~2, 05-0.15: 0.035 mg;, cm~2, PTL 06-0.15: 0.039 mg,, cm~2; 10-0.25: 0.036 mg,,
cm™2, and 05-0.125: 0.040 mg,, cm~2. Nafion 117 was used as the membrane. Tests were conducted at 80 °C and repeated at least three times for each

PTL. Data shown without iR-correction.

Table 1. Bulk properties of the different PTLs determined by X-ray CT and image analysis.

PTL type Porosity [%] Mean pore size/radius [um] Through-plane tortuosity In-plane tortuosity Thickness [um]
03-0.15 74.9 28.0 1.27 1.24 155
05-0.15 60.0 15.4 1.59 1.67 142
06-0.15 62.1 20.5 1.59 1.78 150
10-0.25 54.4 13.4 1.75 2.15 246
05-0.125 55.0 13.5 2.13 2.25 122

with minor variations in loadings, which can be considered ef-
fectively the same, thus differences in cell performance we ob-
serve are largely attributed to different PTL properties. Geomet-
ric polarization performance of the ultra-low Ir-loaded PEMWEs
with five PTLs is summarized in Figure 2f. First, we note that
the performance of all five PEMWE, irrespective of PTL and low
loading are the highest reported and consistent with our previ-
ous work,* however we see intriguing, substantial differences in
performance between different PTLs, as much as 80 mV at 3 A
cm~2, indicating that the PTL structural differences have an even
bigger impact on the cell Ohmic resistance and mass transport
resistance than kinetics, as expected.(2%]

3. Discussion

On a mass normalized basis, the performance variances are
even larger for different PTLs, while accounting for variations
in ultra-low catalyst loading (Figure 3a). We extracted the kinetic
and mass-transport overpotential against mass-based current
for the five PTLs (voltage breakdown process in the Supporting
Information). Starting with the kinetic overpotentials, shown
in Figure 3b, the PTL-induced variation in kinetic overpotential
is on the order of about 40 mV (from 20 to 80 A mg; ~!). The
dependence of interfacial contact area (Figure S7, Supporting
Information) on porosity is shown by Figure 4a, where a linear
relation is observed, with increasing PTL porosity there is a
decrease in contact area between the PTL and catalyst layer. With
the PTL 03-0.15 at high porosity, there is likely too little interfacial
area (only 22%) and the electrode kinetics suffers, since at ultra-
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low Ir loading (0.05-0.1 mg cm™2), it is extremely challenging
to maintain catalyst layer integrity especially during electrolyzer
operation,?l therefore, some isolated catalyst islands could form,
which significantly reduces catalyst utilization and hurts elec-
trode kinetics in the noncontact area. Under such circumstances,
the in-plane catalyst layer electric conductivity plays a vital role in
determining the catalyst utilization. On the other hand, too high
of an interfacial area (PTL 10-0.25 and 05-0.125 having 47% and
52% contact area, respectively) results in poor site access to the
Ir, which is presumably buried directly under too high of a PTL
fiber area. Although it has good electric contact with the PTL,
it can result in a lack of water access, which leads to unutilized
catalyst sites. The optimal kinetics are seen in the two PTLs with
intermediate porosities and interfacial areas, 05-0.15 and 06-0.15.
At intermediate interfacial areas of 35.4% and 29.4%, there is a
balance between noncontact areas, reducing the resistance for
electrons to freely travel between the PTL and catalyst interfaces,
thus resulting in higher catalyst utilization and better electrode
kinetics. Figure 4b shows quantitatively the dependence of
kinetic overpotential on interfacial contact area, as just discussed
the optimal contact area between the PTL and catalyst layer
is somewhere around 29-40%. This conclusion is directly at
odds with the prescription for the need for microporous layers
for PTLs.['®%] Therefore, we emphasize that this conclusion
applies to PTLs that have uniform and not graded porosity, as
Schuler and co-workers!!® showed the higher the contact area
between PTL and catalyst layer, the higher the catalyst utilization,
however in that case a microporous layer was used to increase
the interfacial density. Here we find, for very dense interfaces

© 2021 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 3. a) PEMWE polarization curves using mass normalized current using different PTLs, b) Kinetic overpotential, c) mass transport overpotential
against mass normalized current in PEMWESs using different PTLs, and d) Ohmic overpotential distribution of different PTLs.

catalyst accessibility suffers. The differing conclusions are likely
because of the catalyst layer quality and loading. We note that
the PEMWE performance in this paper is better by 50 mV at
3 A cm™?, while simultaneously decreasing the catalyst loading
by two orders of magnitude and increasing the membrane
thickness by 2 mil (Figure S8, Supporting Information).'8]
Compared to other literatures,['®2>-33] the PEMWEs perfor-
mance in this work also showed superiority with much lower
Ir loadings with thicker membrane (Table S1, Supporting
Information).

The bulk transport properties of the PTL should significantly
impact the water and O, transport in the PEMWESs, thus gov-
erning the mass transport overpotential of the cell.3*l On the
one side, the oxygen bubbles can change the liquid water per-
meability within the PTL architecture, on the other side, oxygen
bubbles, if not removed efficiently, can create dry areas where no
liquid water can assess the catalyst layer, leading to significant
mass transport resistance and potentially Ohmic losses from
membrane dehydration. The mass transfer overpotential against
mass normalized currents is shown in Figure 3c for five PTLs at
40 A mg;,~!. The lowest mass transport resistance is seen for the
PTL (03-0.15) with the highest porosity and the least tortuosity,
while the worst was in the PTL (05-0.125) with the highest tortu-
osity and among the lowest porosity. Although PTL 05-0.125 is
thinner than PTL 10-0.25 with similar porosity, due to its higher
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through-plane tortuosity, it has higher mass transport resistance.
This is intuitively understood, the mass transfer overpotential is
generally governed by the PTL porosity and through-plane tortu-
osity. As the increase of porosity and decrease of through-plane
tortuosity, the resistance for water diffusion toward the catalyst
and oxygen bubbles diffusion away from the catalyst layer de-
creases, thus resulting in a smaller fluid transport overpotential.
This finding is a discrepancy compared to previous work by
Lopata et al.®®! claiming no impact of PTL bulk properties on
PEMWE performance. To further interrogate these effects, we
introduce the formation factor, defined as the ratio of porosity to
tortuosity and when multiplied by bulk transport property results
in the effective transport property, as shown in Equation (1). We
observe that the mass transport overpotential, at a fixed utiliza-
tion of 40 A mg;,~!, depends inversely on the formation factor, as
shown by Figure 4d. This trend has also been observed at higher
current densities (fixed utilization of 60 and 80 A mg;, '), where
mass transport resistance is higher, as shown by Figure S9¢,d
in the Supporting Information. Therefore, the mass transport
overpotential is solely dependent on morphological properties of
the PTL.

The Ohmic overpotential of PEMWEs is representative of the
full cell DC resistance, mainly governed by the contact resistance
and ionic transfer resistance within the proton exchange mem-
brane. Since this is directly linked to the geometric area of the

© 2021 The Authors. Advanced Science published by Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

Q
N

~
o O
T
1

o
T
B
1

\
¢ Recommended
contact area

A
(]

w Hh O O
o o
T T
-
I

- N
o o
T T

L 1

Interfacial contact area (%)

0 50 60 70 80
Porosity (%)

J

c) d)
280 T T T
S
S e
=270 ¢ H ]
8 !
5 Limited by e
Q260 | contact < o4 1
5 resistance -
S g / _, Limited by
o ot dehydration
L9250 | o |
£
<
(o]
240 . . .
0 20 40 60 80

Interfacial contact area (%)

(*))
—

www.advancedscience.com

320 : : .
S
E310 | . |
2300 | - ]
9] H
E - Limi B ¥ Limited by |
8290 L?;TLEE"“SY i—» catalyst
g | electron® % i accessibility |
o 280 : ;
) transport
2270 - ]
<

0 20 40 60 80

N
[o)]
o

Interfacial contact area (%)

__140 . ; . 800
E 120 ® NMass trasnport S
© ® Notal 4 700 [S
€100 + <
2 ° 8
2 80 | 1 600 2
g Sn £
g 60 oA,,_. 1 500 %
% 40 «— P §
S e 41 400 &
£ 20 ¢t g
&

= 0 ' ‘ ' 300

0 0.2 0.4 0.6 0.8

Formation factor (e/t)

Figure 4. a) Relationship between interfacial contact area and porosity, b) effect of interfacial contact area on the kinetic overpotential, the kinetic
overpotentials were selected at 25 A mg,,~", c) Ohmic overpotential as a function of interfacial contact area, where the Ohmic overpotentials were
selected at 2 A cm™2, and d) effect of formation factor on mass transport overpotential and total overpotential, the mass transport overpotential and

total overpotential were selected at 40 A mg,,~".

cell, not the catalyst mass loading, we therefore choose geometric
current density instead of mass normalized current density for
comparison. As shown in Figure 3d, there is a nonnegligible
35mV (at 3 A cm~?) difference in Ohmic overpotential difference
among the best the 60% porosity PTLs (05-0.15 and 06-0.15),
and the worst the 78% (03-0.15). However, it is contact area
(local transport) and not the bulk porosity (bulk transport) that
seems to dominate, Figure 4c shows the dependence of Ohmic
overpotential on PTL-catalyst layer contact area at 2 A cm™ (see
Figure S9a,b in the Supporting Information for 1 A cm™ and
3 A cm™2, respectively), similarly to what was observed for kinetic
overpotential. We understand the reasoning to be a complex
interaction between the O, flux from the active sites competing
with allowing water access to the membrane for hydration. For
lower contact areas, the contact between the PTL and catalyst
layer introduces higher overpotential, whereas for higher contact
areas, oxygen removal obstructs water delivery resulting in local
membrane dehydration.

We further explore the complex transport in these PTLs
using a lattice Boltzmann method (LBM) in conjunction with
the PTL tomography, of the oxygen distribution within PTLs at
three different regions of catalyst layer/PTL (CL/PTL) interface,
middle region of PTL (mid-PTL), and PTL/flow field channel
(PTL/channel) interface at a fixed current density of 3 A cm=2 (to-
tal oxygen generation rate is the same for all PTLs, Figure 5). The
model boundary conditions and O, flux are shown in Figures
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S10 and S11 in the Supporting Information, respectively. We
compare the best-performing PTLs, 03-150 (mass normalized)
and 05-150 (geometric area based) and the worst 05-125 (both
mass and geometric). The in-plane view of oxygen distribution
results shows that oxygen is preferentially present in the CL/PTL
interface, where it is generated. Oxygen content decreases when
transporting through the mid PTL and PTL/channel, respec-
tively, for all five studied PTLs. The result also indicates that PTL
structural differences could lead to a dramatic variance in oxygen
distribution within the CL/PTL, mid-PTL, and PTL/channel.
The broader and more even oxygen distribution indicates more
oxygen transport pathways and less oxygen removal resistance,
likely eases water permeation to active sites, which should
result in a lower overall mass transport overpotential during
PEMWESs operation. Comparing 03-0.15 (Figure 4a,b top,c) with
the lowest and 05-0.125 (Figure 5a,b bottom,e) with the highest
mass transport resistance, respectively, the impact of the PTL
structure on the oxygen distribution is clearly evident. A highly
porous and low tortuosity PTL achieves the highest oxygen trans-
port pathway across each interface of CL/PTL, mid-PTL, and
PTL/channel as well as through plane. A high tortuosity and low
porosity PTL channels O, through narrow bands of preferential
pathways, limiting the diffusion of oxygen across the interfaces
and through the plane of the PTL. Which strikingly results in
no oxygen at the channel/PTL interface, under the land of the
channel (Figure 5a bottom). A broader oxygen distribution at

© 2021 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 5. Summary plots detailing the oxygen distribution at interface of CL/PTL, middle interface of PTL, and interface of PTL/flow field channel for the
samples of 03-0.150, 05-0.150, and 05-0.125, respectively. a) In-plane oxygen distribution of these samples, b) through-plane oxygen distribution at each
interface. LBM simulation was conducted at 3 A cm~2, and oxygen content profiles comparison within different PTL portions as a function of distance

for sample c) 03-0.150, d) 05-0.150, and e) 05-0.125.

the CL/PTL interface also means a higher catalyst utilization,
and lower kinetic overpotentials. However, oxygen concentration
near the CL is not the only determining factor for the kinetic
losses, as already discussed, kinetic overpotential also depends
on the CL/PTL contact area and CL in-plane electric conductivity.
Comparing 03-0.15 (Figure 4a,b top,c) with the highest and
05-0.15 (Figure 5a,b middle,d) with the lowest kinetic resistance,
respectively, the kinetic differences are picked up resulting from
the different interfacial contact areas between PTLs (Figure S7,
Supporting Information). The trends observed here for 3 A cm=2
LBM simulation in terms of uniformity of oxygen distribution,
hold for 1 and 2 A cm™? simulations shown in Figures S12 and
S13 in the Supporting Information, respectively. At lower current
density of 0.5 A cm™ (Figure S14, Supporting Information), all
three PTLs show oxygen only in the first half of the PTL (closest
to the catalyst layer), however, even at this low current density
PTL 05-0.125 showed significant oxygen depletion in the PTL
under the land location, as shown by Figure 5c—e. Figure S15
in the Supporting Information shows the simulations for the
other two PTLs at 1 A cm™. Note that the modeling framework
assumes that oxygen flux is uniform over the catalyst area in
contact with pore space and thus oxygen content at CL/PTL

Adv. Sci. 2021, 8, 2102950
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interface is close to 1 (for 03-0.150 and 05-0.15), which might
be an exaggeration as liquid content of water in this case is
0.05-0.1.

4, Conclusion

In summary, our findings indicate that the electrode kinetics of
ultra-low Ir-loaded PEMWEs are mainly governed by the PTL
surface porosity and bulk tortuosity and porosity. Significantly,
the PTL surface porosity needs to consider the balance between
PTL/catalyst layer contact area and water accessibility for the cat-
alyst layer that is buried under PTL fibers. The PTL bulk proper-
ties can significantly impact PEMWESs mass transport resistance
by impacting water and oxygen distribution and transport across
PTLs. PTLs with high porosity and low tortuosity can promote re-
moval of oxygen and enhance water permeability, therefore offer-
ing low mass transport resistance for PEMWEs operation. A PTL
with this combination of properties would allow for optimal cata-
lyst layer utilization and two-phase flow ensuring optimal perfor-
mance and likely resulting in improved durability as operating
in the mass transport-limited regime is detrimental to long-term
stability.

© 2021 The Authors. Advanced Science published by Wiley-VCH GmbH
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5. Experimental Section

Catalyst Coated Membrane (CCM) Fabrication: Anode ink was pre-
pared by mixing commercially available iridium oxide (SA = 100, Tanaka)
with water, ethanol, and n-propanol at a ratio of 1:1:2 by volume, and
Nafion ionomer solution (5 wt%, lon Power D521). lonomer to iridium ra-
tio was maintained to be 0.116 in this study. The anode ink was immersed
in an ice bath, sealed with parafilm, and sonicated using a horn sonicator
(CEX500, Cole-Parmer) at 30% of power for 30 min prior to deposition.
The cathode ink was prepared by mixing platinum supported by carbon
catalyst (45.6 wt% Pt, Tanaka) with equal parts water and n-propanol, and
Nafion ionomer solution (5 wt%, lon Power D521). The cathode inks were
then sonicated at a constant temperature of 10 °C in a bath sonicator
for 30 min prior to deposition. The volume of both inks was kept con-
stant during the entire study to minimize the impact of ink preparation
on cell performance. The inks were prepared immediately prior to being
spray-deposited onto Nafion N117 membranes using a Sono-Tek ultra-
sonic spray coater. The Nafion perfluorosulfonic acid membranes (N117,
lon Power) were prepared by soaking in deionized (DI) water at 90 °C
for 1h and followed by immersion in 0.5 M HNO; (ACS Reagent, Sigma-
Aldrich) for T h at room temperature to remove impurities and protonate
the sulfonic-acid groups. Finally, the treated membranes were rinsed three
times using DI water to remove excess acid and stored in DI water until
catalyst coating is performed. The Sono-Tek sonication was set to 120 kHz,
and the spray deck was modified with a porous aluminum plate and vac-
uum pump that pulled the membrane flat. The spray deck was held con-
stant at 90 °C. The cathode and anode deposition processes were simi-
lar, with spray passes held constant where possible. After spray coating,
the precious metal loading was measured using X-ray fluorescence (XRF)
(Bruker M4 Tornado). The XRF was calibrated using commercial standards
(Micromatter Technologies Inc.) and calibration curves are shown in the
Supporting Information.

Cell Assembly:  CCMs with 5 cm? active area were assembled in single
cell hardware (Fuel Cell Technology, FCT) with a graphite single channel
serpentine flow field on cathode and platinized titanium parallel flow field
on anode. The CCM was rehydrated at room temperature in DI water be-
fore it was assembled into the cell. Teflon gaskets were used on anode
and cathode, respectively. Carbon paper without microporous layer (Toray
120) was used as cathode gas diffusion layers (GDLs) while the five cho-
sen porous-transport layers (PTLs) were used on the anode. A platinum
coating was used to protect PTL from corrosion by electroplating (ap-
plied by NEL Hydrogen). The appropriate thickness polytetrafluoroethy-
lene (McMaster-Carr) gaskets were used to obtain 20% compression in
GDLs, while thickness-matched gasket was used for the titanium (Ti)-PTL,
verified with pressure films. A torque of 4.5 Nm was applied to the cell to
ensure proper sealing.

Cell Testing: A multichannel potentiostat (VSP300, Biologic) equipped
with electrochemical impedance spectroscopy (EIS) and a 20 A booster
was used for all electrochemical tests. The test station used was a modified
FCT test stand; the modification was an addition of a water recirculation
system for the electrolyzer mode testing. Before any electrochemical test-
ing, hot DI water was supplied at 80 °C on anode side to preheat the cell
for 30 min, after which, an auxiliary cell heater was used to further heat up
the cell to 80 °C. Temperature uniformity across the cell was verified with
an IR camera. 100 mL min~! of H, was supplied to the cathode at ambi-
ent pressure to ensure a pseudo-steady reference electrode for electrolyzer
operation. Conditioned cyclic voltammetry (CV) was taken via scanning
between 1.2 and 2V at 50 mV s~ for ten cycles before recording polariza-
tion curves and electrochemical impedance. The polarization curve was
taken by holding at various constant cell currents for 130 s while record-
ing cell voltage. The impedance was measured in a galvanostatic mode
by applying an AC current perturbation between 200 kHz and 100 mHz to
the cell and measuring its voltage response at each polarization step. The
amplitude of the AC current was chosen for each step to obtain a suffi-
cient signal to noise ratio, while keeping the perturbation small enough to
ensure a linear system response. The Ir cyclic voltammetry was measured
by cycling electrode from 0.05 to 1.2V at 50 mV s~ at 80 °C with DI water
and H, fed to anode and cathode, respectively.
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Overpotential Analysis!'l:  The cell voltage E_ is composed of the sum

of the reversible cell potential E?ev and the three main overpotential #;

0
Ecell = Erev + Min + g + Hme (2)

where 7,4, is the kinetic, ¢ is the Ohmic, and #,,, is the mass transport
overpotential. Since hydrogen evolution reaction is more favorable in ki-
netics and mass transport under current testing conditions compared to
oxygen evolution reaction (OER), the overpotential analysis only consid-
ered the OER side.

At atemperature of 80 °C, the saturation pressure of H,O was 0.47 bar,.
For liquid water, the activity of water, a(H,0O), was 1, while the activity of
the gaseous species was represented by the ratio of their partial pressure
to the standard pressure of 1 bar. The temperature-dependent standard

reversible potential, E?ev, could be obtained from the literaturel3¢]

E, = 1.2291 —0.0008456 - (T — 298.15) (3)
where the voltages, first two terms on right-hand side of equation, were
measured in V, and the temperatures in K. Under current electrolyzer test-
ing condition, the E?ev was calculated to be 1.168 V, with a thermoneutral
voltage of 1.42 V.

Ohmic Overpotential ng:  EIS was used to measure the high-frequency
resistance (HFR) representing the total electronic cell resistance R,;. The
ohmic overpotential, ¢, was therefore determined as

Mg =i % Ry = i % HFR 4)

Kinetics Overpotential ny;,: The kinetic overpotential was extracted us-
ing a Tafel model, in which the Tafel slope b and exchange current density
iy are the governing kinetic parameters. Assuming a nonpolarizable HER,
the entire kinetic overpotential of the cell was governed by OER with the
Tafel slope b as 2.303*RT/4F where R is the ideal gas constant, T is the
temperature, and F is the Faraday’s constant

o = b+ loglog () )

Mass Transport Overpotential n,,,: The mass transport is a summary
of gaseous/liquid transfer in the PTL/CL and ionic transport in the CLs. In
this study, it was calculated by subtracting the reversible cell potential and
kinetic and Ohmic overpotentials from the measured cell potential.

PTL Characterization: The PTLs were first subjected for mechani-
cal testing by Nel/Hydrogen to examine the feasibility for commercial
PEMWEs. A spanwise strength test was conducted to assess the ability
of the PTL to withstand the forces applied under differential pressure con-
ditions; all the PTLs showed adequate mechanical strength for electrolysis
applications (Figure S1, Supporting Information).

SEM and X-Ray Micro Computed Tomography: Porous transport layer
(PTL) surface morphology was imaged by an FEI Quanta FEG 250 SEM,
Figure S2 in the Supporting Information. Ex situ XCT was conducted at the
Advanced Light Source at Lawrence Berkeley National Laboratory (Beam-
line 8.3.2) with a PCO.Edge CCD camera, an LuAG scintillator, and 20x
optical lenses. The resulting images had a resolution of 0.323 pm voxel ™'
and a horizontal field of view of 1.8 mm. The samples were prepared for
tomography imaging by cutting the PTLs into ~3 mm triangular sections
each having an ~45° tip and 5 mm base for mounting on the pins which
were mounted on the beamline rotating stage. A multilayer monochroma-
tor was used to select the X-ray energy at 20 keV. 300 ms exposure time was
used. Operando XCT and radiography imaging were conducted at Beam-
line 2-BM at Advanced Photon Source (APS). A multilayer monochromator
was used to select 27 keV energy. The optics used were Optique 2X lens,
20 um LuAGb scintillator, resulting in 1.73 um voxel™! resolution. 20 ms
exposure time was used for XCT data acquisition. Radiography imaging
was used to capture oxygen transport in the channels. The data were col-
lected with the cell in-plane and through-plane configuration, using 5 ms
exposure time for a total time of 2 min per each operating condition.
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Modeling: A computational fluid dynamic (CFD) with the LBM was
chosen to perform the numerical simulation of oxygen transport inside
the PTL for PEMWE. 3D time-dependent simulation with a multiphase
flow model was used to predict the mass transport in various types of
PTLs. This model used a lattice particles-based instead of the traditional
meshing method to generate the computational domain inside the com-
plex structure of PTLs, which could reduce the processing time of mesh
creation significantly. The Boltzmann transport equation allowed to de-
velop a macroscopic model for modeling the transport phenomena in the
computational domain. LBM was an appropriate CFD technique for solv-
ing fluid dynamics problems in the complex detailed structure of porous
mediums such as PTLs. The PTL samples used in this simulation are
shown in Figure 2. The computational domain had a size of 1000 x 1000
x h um3, where h is the high of each sample. The lattice size or particle
mesh size was set at 0.7 um. The time step was set to 0.02 ps per time
step. The land geometry was introduced into the middle of the compu-
tational domain with a width of 500 um. The anode side of this PEMWE
was assumed to be the control in this simulation. Through this model-
ing, the characteristic and transport behavior of the reactant and prod-
uct were investigated under the operating condition of 0.5, 1.0, 2.0, and
3.0 A cm~2 with a flow rate of 2 sccm. The PTL surface wettability was
assumed to be constant at 10°. The isothermal model was applied in
this simulation. The boundary condition of each surface was defined and
shown in Figure S10 in the Supporting Information. The commercial soft-
ware XFlow 2020 Refresh 1 Beta (Build 108.07) was used to perform the
calculations.

Statistical Analysis: In this work, the polarization curves of PEMWEs
for each porous transport layer were collected for at least three times and
the voltage mean values at each current density were chosen as the final
data to present. The software used in this work for simulation and data
analysis was XFlow 2020 Refresh 1 Beta (Build 108.07). The software used
for analyzing X-ray CT data was Image).

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.

Acknowledgements

The authors acknowledge the Department of Energy-Office of Energy
Efficiency and Renewable Energy-Fuel Cell Technologies Office (DOE-
EERE-FCTO) and the H, from the Next-generation of Electrolyzers of Wa-
ter (H2NEW) consortium for funding under Contract Number DE-AC02-
05CH11231. Z.T. acknowledges support by the U.S. Department of En-
ergy, Office of Science, Office of Workforce Development for Teachers and
Scientists, Office of Science Graduate Student Research (SCGSR) pro-
gram. The SCGSR program is administered by the Oak Ridge Institute
for Science and Education (ORISE) for the DOE. ORISE is managed by
ORAU under contract number DE-SC0014664. All opinions expressed in
this paper are the author’s and do not necessarily reflect the policies and
views of DOE, ORAU, or ORISE. This research used resources of the Ad-
vanced Photon Source, a U.S. Department of Energy (DOE) Office of Sci-
ence User Facility operated for the DOE Office of Science by Argonne Na-
tional Laboratory under Contract No. DE-AC02-06CH11357. The authors
thank Dr. Francesco DeCarlo and Pavel Shevchenko for the beamtime sup-
port at beamline 2- BM at APS. 3D X-ray tomography images for this
paper were generated using Dragonfly software, Version 3.6. Object Re-
search Systems (ORS) Inc., Montreal, Canada, 2018; software available at
http://www.theobjects.com/dragonfly. The authors acknowledge Julie For-
naciari for her work on TOC and Figure 1.

Conflict of Interest

The authors declare no conflict of interest.

Adv. Sci. 2021, 8, 2102950

2102950 (8 of 9)

www.advancedscience.com

Author Contributions

X.P. and N.D. conceived the idea and designed the experiments. N.D. and
I.Z. obtained funding to support the work and provided experimental de-
sign guidance and direction. X.P. and Z.T. carried out the electrochemical
measurements and analysis. P.S. and I.Z. performed the synchrotron X-ray
tomography experiments and modeling. C.C., A.K., and L.W. performed the
PTL characterization. X.P,, N.D., I.Z., and P.S. wrote the manuscript, and
all authors edited the manuscript.

Data Availability Statement

The data that support the findings of this study are available from the cor-
responding author upon reasonable request.

Keywords

electrolysis, hydrogen, iridium, PEMWE, porous transport layer, ultra-low
loading, X-ray computed tomography

Received: July 9, 2021
Revised: August 7, 2021
Published online: September 26, 2021

[1] S. ). Davis, N. S. Lewis, M. Shaner, S. Aggarwal, D. Arent, I. L.

Azevedo, S. M. Benson, T. Bradley, |. Brouwer, Y.-M. Chiang, C. T.

M. Clack, A. Cohen, S. Doig, J. Edmonds, P. Fennell, C. B. Field, B.

Hannegan, B.-M. Hodge, M. I. Hoffert, E. Ingersoll, P. Jaramillo, K.

S. Lackner, K. J. Mach, M. Mastrandrea, |. Ogden, P. F. Peterson, D.

L. Sanchez, D. Sperling, ). Stagner, J. E. Trancik, et al., Science 2018,

360, eaas9793.

J. Rockstrém, O. Gaffney, J. Rogelj, M. Meinshausen, N. Nakicenovic,

H. J. Schellnhuber, Science 2017, 355, 1269.

K. Ayers, N. Danilovic, R. Ouimet, M. Carmo, B. Pivovar, M. Born-

stein, Annu. Rev. Chem. Biomol. Eng. 2019, 10, 219.

[4] M. Carmo, D. L. Fritz, J. Mergel, D. Stolten, Int. J. Hydrogen Energy

2013, 38, 4901.

Z. Taie, X. Peng, D. Kulkarni, I. V. Zenyuk, A. Z. Weber, C. Hagen, N.

Danilovic, ACS Appl. Mater. Interfaces 2020, 12, 52701.

[6] D.Parra, X. Zhang, C. Bauer, M. K. Patel, Appl. Energy 2017, 193, 440.

[71 M. A. Pellow, C. J. M. Emmott, C. ). Barnhart, S. M. Benson, Energy

Environ. Sci. 2015, 8, 1938.

S. M. Saba, M. Miiller, M. Robinius, D. Stolten, Int. J. Hydrogen Energy

2018, 43, 1209.

B. Pivovar, N. Rustagi, S. Satyapal, Electrochem. Soc. Interface 2018,

27,47.

[10] J. Chi, H. Yu, Chin. J. Catal. 2018, 39, 390.

[11] C. Liu, M. Carmo, G. Bender, A. Everwand, T. Lickert, J. L. Young, T.
Smolinka, D. Stolten, W. Lehnert, Electrochem. Commun. 2018, 97,
96.

[12] Z.Kang, J. Mo, G. Yang, Y. Li, D. A. Talley, S. T. Retterer, D. A. Cullen,
T. ). Toops, M. P. Brady, G. Bender, B. S. Pivovar, |. B. Green, F.-Y.
Zhang, Appl. Energy 2017, 206, 983.

[13] Y.-T. Kim, P. P. Lopes, S.-A. Park, A.-Y. Lee, |. Lim, H. Lee, S. Back,
Y. Jung, N. Danilovic, V. Stamenkovic, |. Erlebacher, J. Snyder, N. M.
Markovic, Nat. Commun. 2017, 8, 1449.

[14] N. Danilovic, R. Subbaraman, K. C. Chang, S. H. Chang, Y. Kang, J.
Snyder, A. P. Paulikas, D. Strmcnik, Y. T. Kim, D. Myers, V. R. Sta-
menkovic, N. M. Markovic, Angew. Chem., Int. Ed. 2014, 53, 14016.

[15] M. Bernt, A. Siebel, H. A. Gasteiger, J. Electrochem. Soc. 2018, 165,
F305.

2

3

[5

[8

9

© 2021 The Authors. Advanced Science published by Wiley-VCH GmbH



ADVANCED

SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

(18]

(17]
(18]
(19

(20]

(21]
(22]

(23]

(24]
(25]

(26]

Adv. Sci. 2021, 8, 2102950

J. Mo, Z. Kang, G. Yang, Y. Li, S. T. Retterer, D. A. Cullen, T. . Toops,
G. Bender, B. S. Pivovar, . B. Green |r., F.-Y. Zhang, J. Mater. Chem.
A 2017, 5, 18469.

J. Mo, Z. Kang, S. T. Retterer, D. A. Cullen, T. ). Toops, J. B. Green, M.
M. Mench, F.-Y. Zhang, Sci. Adv. 2016, 2, e1600690.

T. Schuler, J. M. Ciccone, B. Krentscher, F. Marone, C. Peter, T. ).
Schmidt, F. N. Biichi, Adv. Energy Mater. 2020, 10, 1903216.

C.h. Lee, J. K. Lee, B. Zhao, K. F. Fahy, A. Bazylak, J. Electrochem. Soc.
2020, 7167, 024508.

P. Satjaritanun, M. O’brien, D. Kulkarni, S. Shimpalee, C. Capuano,
K. E. Ayers, N. Danilovic, D. Y. Parkinson, I. V. Zenyuk, iScience 2020,
23, 101783.

M. Mandal, M. Moore, M. Secanell, ACS Appl. Mater. Interfaces 2020,
12, 49549.

T. Lickert, M. L. Kiermaier, K. Bromberger, |. Ghinaiya, S. Metz, A.
Fallisch, T. Smolinka, Int. J. Hydrogen Energy 2020, 45, 6047.

S. Chatterjee, X. Peng, S. Intikhab, G. Zeng, N. N. Kariuki, D.
J. Myers, N. Danilovic, ). Snyder, Adv. Energy Mater. 2021, 11,
2101438.

U. Babic, E. Nilsson, A. Pdtru, T. J. Schmidt, L. Gubler, J. Electrochem.
Soc. 2019, 166, F214.

M. Suermann, T. Gimpel, L. V. Biihre, W. Schade, B. Bensmann, R.
Hanke-Rauschenbach, J. Mater. Chem. A 2020, 8, 4898.

S. Siracusano, V. Baglio, N. Van Dijk, L. Merlo, A. S. Arico, Appl. Energy
2017, 192, 477.

(27]

28]

(29]

(3]

(31]

(32]
(33]

(34]

35]

36]

2102950 (9 of 9)

www.advancedscience.com

B.-S. Lee, H.-Y. Park, I. Choi, M. K. Cho, H.-J. Kim, S. |. Yoo, D.
Henkensmeier, J. Y. Kim, S. W. Nam, S. Park, K.-Y. Lee, J. H. Jang,
J. Power Sources 2016, 309, 127.

B.-S. Lee, S. H. Ahn, H.-Y. Park, I. Choi, S. J. Yoo, H.-J. Kim, D.
Henkensmeier, J. Y. Kim, S. Park, S. W. Nam, K.-Y. Lee, J. H. Jang,
Appl. Catal., B 2015, 179, 285.

H. Su, B. ]. Bladergroen, V. Linkov, S. Pasupathi, S. Ji, Int. J. Hydrogen
Energy 2011, 36, 15081.

J. E. Park, S. Kim, O.-H. Kim, C.-Y. Ahn, M.-). Kim, S. Y. Kang, T. I.
Jeon, J.-G. Shim, D. W. Lee, J. H. Lee, Y.-H. Cho, Y.-E. Sung, Nano
Energy 2019, 58, 158.

F. Hegge, F. Lombeck, E. Cruz Ortiz, L. Bohn, M. Von Holst, M.
Kroschel, J. Hiibner, M. Breitwieser, P. Strasser, S. Vierrath, ACS Appl.
Energy Mater. 2020, 3, 8276.

C. Rozain, E. Mayousse, N. Guillet, P. Millet, Appl. Catal., B2016, 182,
123.

S. M. Alia, S. Stariha, R. L. Borup, J. Electrochem. Soc. 2019, 166,
F1164.

J. K. Lee, C. Lee, K. F. Fahy, B. Zhao, J. M. Lamanna, E. Baltic, D.
L. Jacobson, D. S. Hussey, A. Bazylak, Cell Rep. Phys. Sci. 2020, 1,
100147.

J. Lopata, Z. Kang, J. Young, G. Bender, J. W. Weidner, S. Shimpalee,
J. Electrochem. Soc. 2020, 167, 064507.

S. G. Bratsch, J. Phys. Chem. Ref. Data 1989, 18, https://doi.org/10.
1063/1.555839.

© 2021 The Authors. Advanced Science published by Wiley-VCH GmbH





