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ABSTRACT: Mass transport losses ultimately suppress gas evolving
electrochemical energy conversion technologies, such as fuel cells and
carbon dioxide electrolyzers, from reaching the high current densities
needed to realize commercial success. In this work, we reach ultrahigh
current densities up to 9 A/cm2 in a polymer electrolyte membrane
(PEM) water electrolyzer with the application of custom porous transport
layers (PTLs) with patterned through-pores (PTPs), and we reduce the
mass transport overpotentials of the electrolyzer by up to 76.7 %. This
dramatic performance improvement stems from the 43.5 % reduction in
gas saturation at the catalyst layer-PTL interface region. Moreover, the
presence of PTPs leads to more rapid bubble coalescence and
subsequently more frequent bubble snap-off (∼3.3 Hz), thereby enhancing the rate of gas removal and liquid water reactant
delivery to the reaction sites. This work is highly informative for designing PTLs for optimal gas removal for a wide range of gas
evolving electrochemical energy conversion technologies.

KEYWORDS: polymer electrolyte membrane electrolyzer, water electrolysis, hydrogen, porous transport layer, neutron radiography,
synchrotron X-ray, in-operando imaging, two-phase flow

■ INTRODUCTION

The intermittency of renewable energy sources, such as the sun
and wind, introduces prohibitive complexity and efficiency
losses for grid integration. However, renewable energy can be
stored as hydrogen and used with fuel cells to overcome this
intermittency for clean, on-demand power. The polymer
electrolyte membrane (PEM) water electrolyzer is a promising
electrochemical energy conversion device for hydrogen
production;1−3 however, PEM electrolyzers have not experi-
enced widespread commercialization mainly due to their high
capital expenditures (capex) and operational expenditures
(opex).4−6 In particular, the stack cost contributes 53 %−60 %
of the total electrolyzer plant cost,7 where the cost of end
plates and flow field plates constitute 48 % to 51 % of the total
cost of an electrolyzer stack,4,8,9 owing particularly to the
titanium materials needed to withstand the corrosive environ-
ment at the anode. A strategic means for reducing the capex of
a PEM electrolyzer stack is to operate at high current density
conditions, thereby reducing the number of required cells in a
stack to produce the same amount of hydrogen.5 Moreover,
the optimal current density for minimal opex and capex has
been reported to be i = 2.5 A/cm2, but the optimal current
density is expected to increase to i = 10 A/cm2 in the near
future with the decreasing cost of electricity.10 However, mass
transport losses must first be minimized in order to facilitate

high current density operation. While extensive research has
been conducted for designing the catalyst layer11−13 and
membrane14 to advance electrolyzer performance, the strategic
design of porous transport layers (PTLs) for high current
density operation (i > 5 A/cm2) has been largely overlooked in
the field.
The anode PTL must facilitate reactant (water) transport

and by-product (oxygen) removal. Liquid water is delivered
from the anode flow channels to the reaction sites through
pores in the anode PTL. When current is applied, the oxygen
evolution reaction initiates at the reaction sites and generates
protons, electrons, and oxygen molecules. As the reaction
progresses, byproduct oxygen molecules nucleate as gas
bubbles at the reaction sites and accumulate inside the pores
of the PTL. The resulting pore blockage impedes liquid water
reactant transport to the reaction sites and leads to undesirable
mass transport losses. Suermann et al.15 demonstrate that mass
transport losses contribute up to 25 % of the total losses in an
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electrolyzer cell at current densities below i < 5 A/cm2. For
PEM water electrolyzers, mass transport losses are identified
using electrochemical techniques, including electrochemical
impedance spectroscopy (EIS),16−21 polarization curves,7,22,23

and Tafel approximations.15,24−29 The low frequency impe-
dance measured from the EIS is typically associated with mass
transport losses in PEM electrolyzers.16−21 Polarization curves
also indicate mass transport losses in PEM electrolyzers.
Specifically, a sudden increase in the cell potential at high
current density is indicative of mass transport losses.7,22,23 A
frequently used method in the literature for estimating mass
transport overpotential is via calculating the kinetic over-
potential with the Tafel slope and solving for mass transport
losses.15,24−29 Although the estimated mass transport loss
calculated using the Tafel approximation includes both
contributions of mass transport losses from proton transport
and mass transport,24 it still provides useful information when
investigating mass transport behavior in PEM electrolyzers.
Electrochemical analyses are powerful for understanding how
PTL materials can be tailored to improve the performance of
PEM electrolyzers.
The PTL structure can be tuned to enhance mass transport

behavior in PEM electrolyzers.17,18,30−38 Grigoriev et al.30

evaluate the electrochemical performance of PEM electrolyzers
with that of various types of sintered titanium powder-based
PTLs and suggest that average pore sizes greater than 11 μm
result in minimized mass transport losses. Lettenmeier et al.31

use plasma spraying to fabricate custom PTLs with a backing
layer, which leads to a 5 % improvement in PEM electrolyzer
efficiency compared to a commercial PTL. Kang et al. report a
novel PTL structure featuring thin-tunable through-pores and
demonstrate superior cell performance compared to commer-
cial PTL materials.33,34 The mass transport within the PTLs
heavily rely on the through-pores for the supply of liquid water
and the removal of gas in the electrolyzer cell. However, the
through-pore PTLs are designed with inactive pores under the
lands that can lead to inefficient water transport in the in-plane
direction.39 These through-pore PTL studies strongly illustrate
the importance of in-plane liquid water transport for enhancing
mass transport behavior.
Two types of electrolyzer stacks are found in the literature:

electrolyzers with conventional flow fields and those without
the flow fields. While flow channels promote effective two-
phase transport in the electrolyzer,41−44 their high manufactur-
ing costs make electrolyzer designs without flow fields an
attractive alternative.45,46 Previous studies in the literature
report that electrolyzers without flow fields are more
susceptible to mass transport losses.17,22,47 Specifically, Lickert
et al.22 examine multiple PTLs at high current densities (up to
5 A/cm2) and conclude that the anode PTL design is key for
improving the performance of PEM electrolyzers.
The water/oxygen mass transport characteristics of PTLs

can be analyzed via direct in operando visualization
techniques.48−53 For instance, Hoeh et al. use in operando
synchrotron X-ray imaging to observe the gas bubble growth
and detachment at the PTL-flow field interface,48 and Leonard
et al.49 use synchrotron X-ray imaging to quantify bubble
residence time in a PEM electrolyzer. Lee et al.50 use a
combination of in operando neutron imaging and computa-
tional fluid dynamics modeling to demonstrate and explain the
benefits of higher operating temperatures to the mass transport
behavior in PEM electrolyzers.

In this work, we propose a new PTL design with enhanced
mass transport properties, and we fully characterize the mass
transport behavior with in operando neutron and X-ray
imaging. We modify a commercial sintered titanium powder-
based PTL by adding patterned through-pores (PTPs) under
the channel regions to facilitate effective gas removal while
preserving regular pores in a commercial PTL for liquid water
permeation to the reaction sites. We characterize the steady-
state gas saturation inside the PTP PTL via in operando
neutron imaging in the in-plane direction (beam axis parallel to
the membrane), and we characterize the dynamic gas transport
behavior at the PTL-flow field interface via subsecond in
operando synchrotron X-ray imaging in the through-plane
direction (beam axis perpendicular to the membrane).

■ EXPERIMENTAL METHODS
In this section, we describe our custom PTP PTL and the method by
which we examine the in operando electrochemical performance.
Next, we describe our approach for concurrent electrochemical
performance characterization with in operando imaging via both
neutron and synchrotron X-ray imaging.

Electrolyzer Cell and the PTP PTL. Our electrolyzer cell design
is customized for in operando visualization experiments. The
electrolyzer cell consists of a small 5 mm × 16 mm active area,
which is specifically sized to maximize the contrast between water and
gas in the PTL via neutron imaging. Grade-II titanium flow field plates
have 16 parallel channels for both anode and cathode compartments
and are plated with a 0.5 μm thick layer of gold and a 2.5 μm thick
layer of platinum to ensure stability in the corrosive environment of
the PEM electrolyzer anode. A commercially available sintered
titanium power-based PTL (1100 series, Mott Corp.1) is used as the
base material for the custom anode PTL featuring patterned through-
pores. For the cathode PTL, the pristine 1100 series commercial PTL
is used (without any modifications). Both anode and cathode PTLs
are compressed during cell assembly by using 250 μm thick rigid
polytetrafluoroethylene gaskets. We use a commercially available thin
catalyst coated membrane to operate at high current densities.
Specifically, we use Nafion HP membranes coated with 1.0 mg/cm2

iridium (anode compartment) and 0.3 mg/cm2 platinum (cathode
compartment) (HYDRion HP, Ion Power). For comparison, the in
operando visualization experiments are repeated using the identical
electrolyzer setup using the pristine commercial PTL as the anode
PTL.

The PTP PTL used as the anode PTL is fabricated by machining
PTPs in a commercial sintered titanium powder-based PTL.
Specifically, through-pores are created by perforating the commercial
PTL to promote both effective gas removal (via through-pores) and
reactant liquid water transport (via regular pores in the PTL) during
electrolysis. As seen from Figure 1, the PTL region under each
channel consists of three through-pores equally spaced along the
length of the channel. Each through-pore has a diameter of 400 μm
for a total of 48 through-pores across the entire active area (16
channels with 3 through-pores per channel). The center-to-center
distance between each through-pore is 1000 um across the channel
and 2000 μm along the channel. In our previous study,39,40 we found
that through-pores placed under the channels are more effective than
those placed under the land for facilitating effective mass transport in
PEM electrolyzers. Therefore, here, we strategically place PTPs only
under the channel regions to minimize losses associated with reduced
electrical contact area and electrochemical surface area.

Electrochemical Performance Analysis. All presented electro-
chemical results are acquired in operando with neutron imaging using
the electrolyzer with an active area of 5 mm × 16 mm. We maintain
the electrolyzer cell temperature at 75 °C while flowing deionized
liquid water at a rate of 1.5 mL/min through both the anode and
cathode compartments. A circulating heated bath (Isotemp heated
bath circulator, Fisher Scientific) is connected to the electrolyzer cell
to control the cell temperature. An in-line peristaltic pump
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(Masterflex L/S precision variable speed console drive, Cole-Parmer)
with a pulse dampener is used to ensure a constant reactant flow rate
of 1.5 mL/min to both anode and cathode compartments. The
electrolyzer cell operates at atmospheric pressure.
We first perform galvanostatic polarization concurrently with

neutron imaging to correlate the electrolyzer cell performance to
steady state mass transport behavior. By operating under galvanosatic
mode, we maintain a constant reaction rate in the anode compartment
regardless of the PTL type used in the electrolyzer cell. We focus on
high current density operations to observe mass transport behavior
within PTP and commercial PTLs. A potentiostat (Reference 3000,
Gamry Instruments) with an add-on booster (Reference 30k Booster,
Gamry Instruments) is used to acquire polarization curves. Each
constant current density operation is held for 15 min at i = 1 A/cm2,
3 A/cm2, 5 A/cm2, 7 A/cm2, and 9 A/cm2, and we report values
averaged over the last 5 min to capture steady-state operation
(deviation of the cell potential < 5 %).
While EIS is an excellent technique for characterizing mass

transport losses, we use the Tafel approximation in this work to
correlate mass transport overpotential with PTL gas saturation
because applying current perturbations to the electrolyzer will impact
the gas saturation measurements at each current density during in
operando neutron imaging. Hence, the Tafel slope is measured at i =
60 mA/cm2 to 160 mA/cm2 (with a 20 s hold for each current step)
twice, and the average is taken to approximate the mass transport
overpotential for each PTL. The Tafel approximation has been widely
used in the literature for PEM water electrolyzers to approximate the
contribution of mass transport losses.15,24−29 It is important to
acknowledge that the mass transport overpotential calculated using
the Tafel approximation method, presented in this work, consists of
both contributions from interfacial resistance (proton resist-
ance)24,25,28 and gas accumulation in the anode PTL.54 The mass
transport overpotential calculated from Tafel approximation is used as
an indicator to compare the mass transport properties of the PTP
PTL and commercial PTL at high current densities. The following
relation is used to approximate the mass transport overpotential

η η η= + + +E Ecell rev ohmic kinetic masstransport (1)

where Ecell is the measured cell potential [V], Erev is the reversible
potential [V], ηohmic is the ohmic overpotential [V], ηkinetic is the kinetic
overpotential [V], and ηmass transport is the mass transport overpotential
[V]. We apply an empirical correlation demonstrated by LeRoy et al.
to calculate the reversible potential55

= − × · + × · ·

+ × ·

− −

−

T T T

T

E 1.5184 1.5421 10 9.523 10 ln

9.84 10
rev

3 5

8 2 (2)

The ohmic overpotential is calculated using the high frequency
resistance (HFR, Rohmic) measured with the current interrupt method

η = ·i Rohmic ohmic (3)

where i is the current density [A/cm2]. The HFR measurements are
obtained after each tested constant current density to accurately
represent the ohmic contribution to the total overpotential. The
following equation is used to approximate the kinetic overpotential

η = ·
i
k
jjjjj

y
{
zzzzzb

i
i

logkinetic 10
0 (4)

where b represents the measured Tafel slope [V/dec] from each
electrolyzer cell, and i0 represents the apparent exchange current
density [A/cm2]. The mass transport overpotentials for each
electrolyzer cell with the PTP and commercial PTLs are approximated
by solving for ηmass transport in eq 1 with all other variables determined.

Neutron Radiography for Quantifying Gas Saturation. In
operando neutron imaging is used to quantify steady state gas
saturation in both the PTP and commercial PTLs in the in-plane
direction (i.e., beam axis parallel to the membrane). The experiments
are performed at the Neutron Imaging Facility (BT-2) located in the
National Institute of Standards and Technology (NIST) Center for
Neutron Research (Gaithersburg, MD).56 The setup of the electro-
lyzers is as shown in Figure 2a.

The neutron beam from the reactor core becomes attenuated as the
beam penetrates the operating electrolyzer. We capture this change in
attenuation to quantify the gas saturation of the PTL. The electrolyzer
cell is mounted onto the stage to allow the neutron beams to traverse
in the in-plane direction of the electrolyzer, thereby capturing the gas
saturation profile in the through-plane direction of the PTL (i.e.,
thickness of the PTL). Once the neutron beam is attenuated by the
electrolyzer, a scintillator (Gd2O2S:Tb) converts the transmitted
neutrons to the visible light spectrum which are captured with an
Andor Neo sCMOS detector. We achieve a spatial resolution of
15 μm with this setup, and a frame rate of 120 s per frame is selected
to achieve sufficient neutron beam exposure. Two types of images are

Figure 1. A schematic of the PTP PTL. Patterned through-pores (d =
400 μm) are machined under the channel region to improve mass
transport in a PEM electrolyzer. There are three through-pores along
the length of each channel with 16 channels in total.

Figure 2. Schematic of the in operando imaging setups: (a) Neutron
imaging setup, where the electrolyzer cell is oriented in an in-plane
direction. The resulting images are used to calculate gas saturation in
the commercial and PTP PTLs. (b) Subsecond X-ray synchrotron
setup. The electrolyzer cell is oriented in the through-plane direction.
Dynamic gas growth and snap-off from the PTL can be observed
through the viewing region.

ACS Applied Energy Materials www.acsaem.org Article

https://dx.doi.org/10.1021/acsaem.0c01239
ACS Appl. Energy Mater. XXXX, XXX, XXX−XXX

C

https://pubs.acs.org/doi/10.1021/acsaem.0c01239?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.0c01239?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.0c01239?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.0c01239?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.0c01239?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.0c01239?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.0c01239?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.0c01239?fig=fig2&ref=pdf
www.acsaem.org?ref=pdf
https://dx.doi.org/10.1021/acsaem.0c01239?ref=pdf


acquired during in operando neutron imaging: the reference image
and the operational image. The reference image is acquired when the
PTL is fully saturated with liquid water, and operational images are
acquired throughout the period during which the polarization curve is
measured. At the reference state, there is an absence of applied
current in the electrolyzer cell, and we flow liquid water for 30 min
prior to the experiment to remove from the pores of the PTL.
Operational images (i.e., images acquired at constant current, i > 0)
are subsequently acquired.
Three image artifacts are corrected prior to quantifying the PTL gas

saturation. First, we correct for the random noise arising from γ spots
by the median combination of three subsequent images. Second, hot
spots generated from the electronic components are corrected with a
3 × 3 pixel median filter. Finally, we apply an image registration
process56 to correct for image artifacts caused by the operating
process of the NIST reactor.
The gas thickness in the PTL (amount of gas present in the PTL,

tgas) is quantified for each operating current density by applying a
modified Beer−Lambert law56 to the corrected neutron images

β β β
= − +

Σ
−

Σi

k
jjjjjj

y

{
zzzzzzt

I Iln( / )
4 2gas

w

w

w

w

w

0
2

2

1/2

(5)

where the gas thickness [mm] for each pixel is denoted as tgas, and the
pixel intensity of the operation and reference images are I and I0,
respectively. We use the fitting parameters suggested by Hussey et
al.,56 where ∑w and βw are [0.38483 mm−1] and [−0.00947 mm−2],
respectively. The volumetric fraction of gas (gas saturation, sgas) in the
PTL is further calculated for comparison by applying the following
relation to the measured gas thickness

ε
=

·
s

t

Lgas
gas

PTL (6)

where LPTL is the length of the PTL along the in-plane direction
[mm], and ε is the porosity of the PTL. Porosities for the commercial
and PTP PTLs are 35 % and 40 %, respectively.
Synchrotron X-ray Imaging for Visualizing Bubble Break-

through. Subsecond synchrotron X-ray imaging is performed to
investigate the dynamics of bubble breakthrough behavior (i.e.,
bubble growth and snap-off behavior on the PTL-flow field interface).
In this experiment, we apply relatively low current densities (i =
0.05 A/cm2, 0.1 A/cm2, 0.25 A/cm2, and 0.5 A/cm2) to minimize the
formation of gas slugs in the channel at cell temperature of 40 °C,
since the aim is to elucidate the transport behavior of the PTPs in the
PTL. Due to X-ray attenuation effects, separate custom hardware is
used for the X-ray and neutron experiments. The flow fields are
fabricated with graphite (rather than titanium), and the electrolyzer
has an active area of 5 cm × 5 cm. We position the electrolyzer cell in
the through-plane direction (i.e., membrane perpendicular to the
beam axis) to visualize bubble dynamics at the PTL-flow field
interface. A viewing region is machined into the end plates and the
current collectors to minimize the X-ray penetration through the end
plates. To observe the transient bubble dynamics at the through-pore,
we machine a single through-pore in the PTL. The schematic of the
setup is shown in Figure 2b.
The in operando X-ray synchrotron experiment is conducted at the

Biomedical Imaging and Therapy Wiggler Insertion Device beamline
located at the Canadian Light Source Inc. (Saskatoon, Canada57).
With an incident beam of 30 keV, we achieve a pixel resolution of
6.5 μm at a temporal resolution of 0.15 s per frame using a
complementary metal oxide semiconductor (CMOS) camera
(C11440-22CU, Hamamatsu). The reference image is assumed to
be acquired with the PTL fully saturated with liquid water in the
absence of applied current. An in operando image is acquired over the
last 2 min of each 10 min constant current measurement. The bubble
dynamics are analyzed by normalizing the operation images with the
reference image (I/I0).

■ RESULTS AND DISCUSSION
Enhanced Electrochemical Performance with PTP

PTL. Galvanostatic polarization curves and mass transport
overpotentials are used to compare the electrochemical
performance between the PTP PTL and commercial PTL as
the anode PTL (Figure 3). We observe lower cell potentials for

the cell assembly with the PTP PTL compared to the
commercial PTL (PTP PTL exhibiting 166 mV lower at
9 A/cm2, Figure 3a). The cell assembly with the PTP PTL
consistently outperforms up to a remarkably high current
density (i = 9 A/cm2). A small inflection point is observed for
the commercial PTL between 7 A/cm2 and 9 A/cm2, which is

Figure 3. Comparing the electrochemical performance of the
electrolyzers with the PTL with PTPs and the commercial PTL. (a)
The polarization curves show that the PTL with PTPs exhibits
superior performance compared to the commercial PTL over the
tested current densities. (b) The mass transport overpotential (ηMT)
calculated from the Tafel approximation shows a similar trend as (a).
(c) The Tafel slope and iR-free cell potential for the PTP PTL and
commercial PTL. The region in green indicates the reduction in mass
transport overpotential due to the PTP PTL.
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not seen for PTP PTL, suggesting that PTP PTL exhibits
improved mass transport characteristics. Similarly, the mass
transport overpotential (Figure 3b), calculated via the Tafel
approximation, exhibits a comparable trend with the polar-
ization curve. Specifically, the mass transport overpotential
reduces more than 4-fold, from 150 mV (i = 9 A/cm2,
commercial PTL) to 37 mV (i = 9 A/cm2, PTP PTL). The
exchange current density measured from both PTLs exhibit
comparable values (i0,PTP = 2.4 × 10−5 A/cm2 and i0,commercial =
2.5 × 10−5 A/cm2) which is in agreement to the values
observed in the literature.26 The electrolyzer with PTP PTL
achieves a lower electrolyzer potential at the Tafel region, and
this is attributed to the higher compression at the CL due to
the smaller contact area of the PTP PTL. It is important to
note that nonisothermal conditions are established at high
current densities since the constant reactant flow rate of
1.5 mL/min was supplied to the cell, and we measure
decreases in HFR with increasing current densities (due to
improved ionic conductivity with increased temperature43,50).
However, the enhanced electrolyzer cell performance due to
the presence of patterned through-pores has a dominant effect
in this work.
By using the PTP PTL in the anode compartment, we

reduce the contribution of the mass transport overpotential to
the total cell overpotential by 12 % at i = 9 A/cm2. When
voltage efficiency is calculated using the relation58

η =
E
Ev

TH

cell (7)

we show that the voltage efficiency of the electrolyzer cell
improves by over 2 % for all tested current densities and
improves by 2.5 % at 9 A/cm2. These efficiency increases are
particularly significant considering that we did not modify any
operating conditions of the electrolyzer cell.
We further elaborate the effect of the PTPs on mass

transport by observing changes in potential with time during
high current density operation. At i = 9 A/cm2, the commercial
PTL experiences a sudden increase in cell potential, which we
attribute to the mass transport limitation caused by the
dynamics of generated gas at the reaction sites (Figure 4).
Moreover, we also observe an improved gas removal
mechanism from the PTP PTL, evidenced by the larger
magnitude of potential fluctuations (±4 mV) (subfigure of
Figure 4). The frequency in potential fluctuation is a direct

indicator of gas accumulation and removal from the CL-PTL
interface, since (1) we only observe the fluctuation in potential
near the critical current density, and (2) the frequency is an
order of magnitude lower than the frequency of the fluctuation
in flow, possibly caused by the peristaltic pump (i.e., 7 s−1).
The higher frequency (i.e., 31 s−1) confirms the effective gas
removal characteristics of the PTP PTL relative to the
commercial PTL (63 s−1). Specifically, for the PTP PTL, the
potential rapidly oscillates about a constant potential,
demonstrating that the PTPs are facilitating rapid gas removal,
despite the large gas generation rate accompanied by a high
operating current density. The relatively slower gas removal
mechanism of the commercial PTL leads to gas accumulation
in the PTL; this manifests as a sharp increase in potential at t =
470 s. Therefore, we demonstrate higher rates of gas removal
and water delivery to the CL-PTL interface with our novel
PTLs. Our work shows that our PTP PTL outperforms the
commercial PTL, particularly at high current densities and near
starvation conditions.

Effective Gas Removal through the Patterned
Through-Pores. We further investigate the two-phase flow
characteristics of the PTP PTL using in operando neutron
imaging. In agreement with the literature,50,53,54 we observe
minimal changes in PTL gas saturation with increasing current
density (Figure 5). During our previous work,30 we observed a

new performance indicator termed the critical density that
refers to the performance inflection point where the PTL gas
saturation increases sharply with increasing current density,
thereby dominating the overpotentials of the electrolyzer;
however, for the operating conditions in this work, we are
operating below the critical current density. We observe that at
the low current density (1 A/cm2), the PTP PTL exhibits low
gas saturation at the CL-PTL interface. We hypothesize that
the low gas saturation at 1 A/cm2 is related to less gas

Figure 4. Transient potential response at 9 A/cm2 for the PTP and
commercial PTLs. The sudden increase in cell potential due to mass
transport occurs at about 450 s for the commercial PTL. In the region
indicated with a black dashed-box, we observe that the cell potential
fluctuates for both PTLs. However, the potential for the PTP PTL
fluctuates at a higher frequency, which indicates higher reactant
uptake and gas removal rates through the PTPs.

Figure 5. Gas saturation profiles for (a) the commercial PTL and (b)
the PTP PTL. The thickness (t) refers to the through-plane position
of the PTL, where t = 0 μm indicates the position of the CL-PTL
interface, and t = 250 μm indicates the position of the CL-PTL
interface. The gas saturation profile of the PTP PTL exhibits more
homogeneity than the commercial PTL. The lower gas saturation in
the PTP PTL at the CL-PTL interface is evidence of effective gas
removal.
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generation and the subsequent establishment of fewer gas
transport pathways, which could be a characteristic of the PTP
PTL. Further investigation is required to elucidate the
underlying mechanism of the lower gas saturation for PTP
PTLs. In this work, we focus on high current densities relevant
to industrial PEM electrolyzers. At higher current densities, we
observe distinct differences between the saturation profiles for
the PTP PTL and commercial PTL (Figure 5). The overall gas
saturation is significantly lower for the PTP PTL compared to
the commercial PTL, whereby the PTP PTL has an 11 % lower
average gas saturation in contrast to the commercial PTL, and
this reduction in gas saturation is attributed to the enhanced
mass transport behavior seen in Figure 3.
The PTP PTL exhibits a saturation profile favorable for

reactant transport. The saturation profiles from the commercial
PTL, shown in Figure 5a, exhibit similar profiles to those
reported in the literature for conventional PTLs,50,53,59,60

where higher gas saturation is observed near the CL-PTL
interface (Figure 5, t = 0 μm), while lower gas saturation is
observed near the PTL-flow field interface (Figure 5, t =
250 μm). However, the saturation profile from the PTP PTL
illustrates a flat profile, where the gas saturation near the CL-
PTL interface is almost identical to the gas saturation near the
PTL-flow field interface. The lower gas saturation adjacent to
the CL-PTL interface as shown in Figure 5 reflects how
generated gas preferentially percolates through the PTPs
instead of branching out across the CL-PTL interface (sgas =
25.2 % for the PTP PTL and 44.8 % for the commercial PTL
for i = 9 A/cm2). Therefore, more reactant water near the CL-
PTL interface is available for the oxygen evolution reaction
with the PTP PTL. Our work highlights that the enhanced
performance of the PTP PTL stems from lower gas saturations,
particularly adjacent to the CL-PTL interface.
Improved Reactant Water Transport to Reaction

Sites. Our results thus far demonstrate that the PTPs in the
PTL exhibit lower cell potentials via effective gas removal at
the CL-PTL interface. Here, we further elucidate the
mechanism of enhanced gas removal via the PTPs, using in
operando X-ray imaging of the growth of gas bubbles at the
PTL-flow field interface. We hypothesize that the through-
pores promote higher frequency gas snap-off at the PTL-flow
field interface due to the favorable coalescence with
neighboring bubbles in the flow channel. Upon coalescence,
the gas clusters within the PTL pores (that are neighboring the
through-pore) are subsequently removed by the water flowing
in the channel, whereby upon gas removal, liquid water flows
through the pathway, delivering reactant to the reaction sites.
The growth and detachment behaviors of gas bubbles at the

PTL-flow field interface are imaged as shown in Figure 6 to
investigate the enhancement of mass transport in the PTP
PTL. We observe a higher volume of gas flow in the through-
pore compared to the regular pores in the PTL. The bubble
growth from the through-pore occurs over a period of ∼0.3 s (t
= 0.30 s to 0.60 s, in Figure 6a), which is noticeably shorter
than the bubble growth period from regular pores in the
commercial PTL transpiring over t > 2.88 s (Figure 6b). In
addition, the bubble snap-off duration from the through-pore is
approximately t = 1.05 s while the bubble snap-off duration of
the commercial PTL is t = 11 s. This shows that through-pores
contribute significantly in reducing gas snap-off times via
higher gas removal rates. The lower gas saturation of the PTP
PTL observed via neutron imaging is attributed to this faster
gas removal rate.

We observe an additional interesting transient behavior that
promotes enhanced mass transport in the PTP PTL. The gas
bubble from the through-pore continues to grow until the
bubble coalesces with its neighboring bubbles (observed in
Figure 6a at t = 0.75 s). Gas permeation pathways in the PTL
are immediately filled with water following bubble coalescence,
and we hypothesize that this is a crucial mode of reactant
transport under mass transport dominated conditions. We
further observe the growth of a new neighboring bubble post
coalescence (Figure 6a, t = 0.90 s), which subsequently
coalesces with the bubble snapped-off from the PTP (t =
1.05 s). The snap-off diameters for the PTP PTL and
commercial PTL are 1 mm (equal to the channel width) and
0.8 mm, respectively. Additionally, this snapped-off bubble
traversing through the channel further coalesces with other
residing bubbles in its pathway, enhancing mass transport not
only near the through-pore but throughout the entire cell.
Hence, the through-pore leads to more frequent coalescence
and emergence of new bubbles consequently increasing the
frequency of water transport to the reaction sites. Yet, since the
bubbles grow and exit from the commercial PTL at much
slower rates, the coalescence and subsequent replenishment of
water to the reaction sites are also delayed substantially,
resulting in significant mass transport losses at high current
densities.
Our results demonstrate the advantages of the PTP structure

for enhanced two-phase transport within the PTL and the
subsequent improvement in electrochemical performance. We
present a highly promising opportunity for achieving higher
current density performance with PEM electrolyzers.

Figure 6. Bubble growth in the channel from the (a) through-pore
PTL and (b) commercial PTL. The bubble growth initiates from the
through-pore at t = 0.30 s, and at t = 0.75 s, the through-pore bubble
coalesces with neighboring bubbles. We observe the emergence of a
neighboring bubble after this coalescence at t = 0.90 s, and this new
bubble is flushed away as the through-pore bubble is snapped off (t >
1.05 s). Since each snap off activity leads to water intake at the
reaction site, through-pores lead to higher frequencies of reactant
water intake at the reaction sites. The time required for bubble snap-
off is substantially longer for the commercial PTL (t > 10.4 s).
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■ CONCLUSION
Gas evolving electrochemical energy conversion must adopt
novel materials to transform efficiencies and cost for
commercial viability. In this work, we present novel patterned
PTL materials and explain the microscale multiphase transport
behavior that underpins the enhanced mass transport behavior
in PEM electrolyzers. By designing patterned through-pores in
a commercial PTL, the mass transport overpotential of an
electrolyzer cell is reduced 4-fold in comparison to the
commercial PTL at high current density operation (i =
9 A/cm2). We employ in operando neutron imaging to
quantify the steady state gas saturation inside the PTL, and we
perform subsecond X-ray synchrotron imaging to visualize the
dynamic two-phase flow behavior at the PTL-flow field
interface to illustrate the improvement in the mass transport
behavior when using the PTP PTL. Through in operando
neutron imaging, we observe that gas saturation near the CL-
PTL interface is reduced by 43.5 % with the application of the
PTP PTL. Moreover, using subsecond X-ray synchrotron
imaging, we show an improved water uptake mechanisms in
the PTP PTL. Specifically, the faster bubble growth at the
through-pore and the subsequent snap-off leads to more
frequent liquid water uptake rates at the reaction sites, which
significantly reduces undesired mass transport losses. By simply
adding patterned through-pores to a commercial PTL, we
improve reactant transport mechanisms and significantly
reduce mass transport losses by 76.7 % at a high current
density of 9 A/cm2. Our finding is highly valuable for achieving
high current density operations in PEM electrolyzers and more
generally for gas evolving electrochemical energy conversion
technologies that are also hindered by inefficient multiphase
transport dynamics.
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generic understanding of oxygen evolution reaction kinetics in
polymer electrolyte water electrolysis. Energy Environ. Sci. 2020, 13,
2153.
(30) Grigoriev, S. A.; Millet, P.; Volobuev, S. A.; Fateev, V. N.
Optimization of porous current collectors for PEM water electro-
lysers. Int. J. Hydrogen Energy 2009, 34, 4968−4973.
(31) Lettenmeier, P.; Kolb, S.; Burggraf, F.; Gago, A. S.; Friedrich, K.
A. Towards developing a backing layer for proton exchange
membrane electrolyzers. J. Power Sources 2016, 311, 153−158.
(32) Lettenmeier, P.; Wang, R.; Abouatallah, R.; Helmly, S.;
Morawietz, T.; Hiesgen, R.; Kolb, S.; Burggraf, F.; Kallo, J.; Gago, A.
S.; Friedrich, K. A. Durable Membrane Electrode Assemblies for
Proton Exchange Membrane Electrolyzer Systems Operating at High
Current Densities. Electrochim. Acta 2016, 210, 502−511.
(33) Kang, Z.; Yu, S.; Yang, G.; Li, Y.; Bender, G.; Pivovar, B. S.;
Green, J. B.; Zhang, F. Performance improvement of proton exchange
membrane electrolyzer cells by introducing in-plane transport
enhancement layers. Electrochim. Acta 2019, 316, 43−51.
(34) Kang, Z.; Mo, J.; Yang, G.; Retterer, S. T.; Cullen, D. A.; Toops,
T. J.; Green, J. B., Jr; Mench, M. M.; Zhang, F. Investigation of thin/
well-tunable liquid/gas diffusion layers exhibiting superior multifunc-
tional performance in low-temperature electrolytic water splitting.
Energy Environ. Sci. 2017, 10, 166−175.
(35) Schuler, T.; Ciccone, J. M.; Krentscher, B.; Marone, F.; Peter,
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