
ll
OPEN ACCESS
Article
Critical Current Density as a Performance
Indicator for Gas-Evolving Electrochemical
Devices
Jason K. Lee, ChungHyuk Lee,

Kieran F. Fahy, ..., David L.

Jacobson, Daniel S. Hussey,

Aimy Bazylak

abazylak@mie.utoronto.ca

HIGHLIGHTS

The critical current density is a key

indicator for electrochemical cell

failure

Gas saturation and mass transport

losses sharply rise at critical

current density

Gas heterogeneously at PTL-CL

interface leads to temperature

heterogeneity in PTL

High reactant flow rates delay the

onset of critical current density
Operating at higher current densities is vital for electrochemical energy conversion

devices. In this work, Lee et al. demonstrate the detrimental effects of by-product

gas accumulation inside an electrolyzer operating at high current densities.

Specifically, the critical current density has been identified as a performance

indicator for gas-evolving electrochemical devices.
Lee et al., Cell Reports Physical Science 1,

100147

August 26, 2020 ª 2020 The Author(s).

https://doi.org/10.1016/j.xcrp.2020.100147

mailto:abazylak@mie.utoronto.ca
https://doi.org/10.1016/j.xcrp.2020.100147
http://crossmark.crossref.org/dialog/?doi=10.1016/j.xcrp.2020.100147&domain=pdf


ll
OPEN ACCESS
Article
Critical Current Density as a
Performance Indicator for
Gas-Evolving Electrochemical Devices

Jason K. Lee,1 ChungHyuk Lee,1 Kieran F. Fahy,1 Benzhong Zhao,1,2 Jacob M. LaManna,3 Elias Baltic,3

David L. Jacobson,3 Daniel S. Hussey,3 and Aimy Bazylak1,4,*
1Thermofluids for Energy and Advanced Material
Laboratory, Department of Mechanical and
Industrial Engineering, Institute for Sustainable
Energy, Faculty of Applied Science and
Engineering, University of Toronto, Toronto, ON
M5S 3G8, Canada

2Department of Civil Engineering, McMaster
University, Hamilton, ON L8S 4L7, Canada

3Physical Measurement Laboratory, National
Institute of Standards and Technology,
Gaithersburg, MD, USA

4Lead Contact

*Correspondence: abazylak@mie.utoronto.ca

https://doi.org/10.1016/j.xcrp.2020.100147
SUMMARY

Reaching high current densities is absolutely imperative for electro-
chemical energy conversion, from fuel cells to CO2 reduction. Here,
we identify the existence of a performance indicator for gas-
evolving electrochemical energy conversion devices: the critical
current density. The critical current density pinpoints a performance
inflection point whereby both the gas saturations and mass trans-
port overpotentials suddenly dominate cell performance and exac-
erbate failure. We elucidate the mass transport behavior of a poly-
mer electrolyte membrane (PEM) water electrolyzer using in
operando neutron imaging at operating current densities as high
as 9 A , cm�2. Product gases become heterogeneously distributed
in the porous transport layer adjacent to the catalyst layer and
promote disastrous local hotspots. Turbulent reactant flows are
prerequisites for mitigating these undesiredmass transport overpo-
tentials. Optimizing new materials and cell architectures with this
performance indicator may unlock higher than previously reported
performances for electrochemical energy conversion.

INTRODUCTION

The growing rate of carbon dioxide content in the atmosphere is escalating the need

for sustainable and renewable energy at an alarming rate. To mitigate the disastrous

effects of global warming and hold the global temperature increase below 2 �C by

the end of this century,1 600 Gt CO2 must be removed from the atmosphere if we

continue to rely on our current energy infrastructure.2,3 Shifting to carbon-neutral

technologies is vital for mitigating global warming, and hydrogen generation via wa-

ter electrolysis is a promising technology for storing renewable energy to be used for

on-demand power when combined with fuel cells. Specifically, polymer electrolyte

membrane (PEM) electrolysis can be used to produce high-purity hydrogen

(>99.99 vol %) without carbon emissions when coupled with renewable energy sour-

ces such as solar and wind.4,5

In a PEM electrolyzer, reactant liquid water permeates through the anode porous

transport layer (PTL) to the anode catalyst layer (CL), where the oxygen evolution re-

action occurs. The resulting protons travel via the membrane, and electrons conduct

through an external circuit facilitating the formation of hydrogen via the hydrogen

evolution reaction at the cathode catalyst layer. During this process, by-product ox-

ygen gas is generated at the anode and accumulates over the reaction sites and in

the pores of the PTL, resulting in undesired system inefficiencies stemming from

mass transport losses that contribute up to 25% of the total system losses.6 These
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mass transport losses present a disastrous bottleneck for PEM electrolyzers and pro-

hibit operation at much-coveted high current densities.

Bubbles generated from gas evolution in electrochemical devices significantly influ-

ence ohmic, activation, and mass transport losses.7,8 The examination of mass trans-

port behavior in PEM electrolyzer PTLs is an area of key recent interest.9–17 Lee

et al.18 simulate the invasion of product gas into liquid water-saturated PTLs, and

they calculate the change in liquid water permeability for a range of PTL architectures,

including graded porosities. Others16 suggest that once the PTL exhibits a sufficient

porosity:permeability ratio, the effect of permeability on performance becomes

negligible. In contrast, PEM electrolyzers experience severe mass transport losses at

high current density operations.6,19 While commercial electrolyzers typically

operate at current densities from 1 A $ cm�2 – 3 A , cm�2,20 current densities up to

15 A , cm�2 have been reported by Lewinski et al.21 However, the mass transport be-

haviors at high current densities remain spatially unresolved. Although several cases of

cell failure are associated with mass transport losses in the literature,15,22–24 these

cell failures are accompanied by low reactant flow rates at low current densities

(i < 1.5 A , cm�2). A limiting current has been imaged in the literature, where Pan-

chenko et al.15 observed an increase in PTL gas saturation at a longitudinal direction

at i = 0.6 A , cm�2. However, the transition to mass transport-dominated regime has

been overlooked in the field. A further understanding of this transition is necessary

to inform strategies for mitigating limiting current density-related issues.

Since the system pressure is closely related to the rate of reactant flow, Zlobinski

et al.25 study the effects of pressure on PEM electrolyzers and demonstrate that

the gas accumulation in the PTL does not change with increasing pressure up to

8 bars. Reactant flows within the flow fields also significantly affect mass transport

losses in PEM electrolyzers, as is demonstrated in the literature.26–30 For example,

Majasan et al.27 use optical imaging on a transparent electrolyzer cell to illustrate

how mass transport losses in PEM electrolyzers are severely affected by channel

flow regime changes (bubbly-to-slug transition). They discuss how the channel

flow regime depends on operating temperature, flow rate, and flow field designs.

The detailed physics behind mass transport limitations at high current density still

remain unknown, and this key understanding of high current density operation is

vital for advancing commercial electrochemical energy conversion.

There is a tremendous need to tailor reactant and product flow rates in gas-evolving

electrochemical energy conversion from fuel cells to CO2 reduction, in which opti-

mized flow rates will directly translate into pumping power savings. Since the high

capital and operational costs are major bottlenecks to the widespread adoption of

clean electrochemical energy conversion, electrolyzer manufacturers must make

every effort to curtail those costs. For example, one of the largest commercial elec-

trolyzers available in industry today is from Siemens (Silyzer 300), which is capable of

producing 100–2,000 kg hydrogen per hour, while consuming 10 L liquid water per

kilogram of hydrogen produced.20 Commercially deploying electrochemical energy

infrastructure during a growing global water crisis demands the efficient use and de-

livery of liquid water in large-scale systems such as these.

In this work, we report a performance indicator for gas-evolving electrochemical en-

ergy conversion. We use in operando neutron imaging as a platform to analyze the

role of reactant flow rates on the performance of a PEM electrolyzer, and we quantify

the fraction of the gas volume to the pore volume in the PTL (referred as the gas satu-

ration), while the reactant flow rate varies from 0.5 mL $ min�1 , 1.5 mL $ min�1 , and
2 Cell Reports Physical Science 1, 100147, August 26, 2020



Figure 1. A Schematic of an In Operando Neutron Imaging Setup

The neutron beam penetrates at an in-plane direction of the electrolyzer cell. Through image

processing of reference and operation images, we quantify the gas saturation at each constant

current set point as shown in the subset figure.
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3.0 mL ,min�1 at high current densities (up to 9 A , cm�2). Through concurrent imag-

ing and electrochemical characterization, we correlate PTL gas saturations with mass

transport overpotentials. The schematic of the experimental setup is shown in Figure 1.
RESULTS AND DISCUSSION

Electrochemical Performance under Mass Transport-Dominated Regime

We performed electrochemical analysis to study the relationship between mass trans-

port overpotential and low reactant flow rates at high current densities. The polarization

curves are collected simultaneously with neutron images to correlate the gas saturation

with the performance of an operating PEM electrolyzer. At current densities < 5 A ,

cm�2, the cell performance exhibits similar cell potentials for all 3 flow rates. However,

at current densities > 5 A , cm�2, the cell performance depends strongly on the pre-

scribed flow rate (Figure 2A). Specifically, at the lowest flow rate (0.5 mL , min�1), the

mass transport overpotential increases, which leads to immediate cell failure at

current densities > 5 A , cm�2. At an intermediate flow rate (1.5 mL , min�1), the cell

sustains operation up to i = 7 A , cm�2, but with significant mass transport losses, as

illustrated by the exponential increase in the overpotentials shown in the polarization

curve (Figure 2A). The mass transport limitations observed at i = 7 A , cm�2 are accom-

panied by a 35 % (0.17 V) increase in hMT compared to the highest flow rate (3.0 mL ,

min�1) (Figure 2B). At the highest flow rate of 3.0 mL , min�1, the mass transport limi-

tations are not severe until a fairly high current density is reached (i.e., i = 9 A ,

cm�2). Moreover, we observe increases in cell temperatures up to 0.3�C at higher cur-

rent densities (i > 5 A , cm�2). This increase in temperature with increasing current den-

sity is observed for all flow rates, and the lowest temperature is observed at the highest
Cell Reports Physical Science 1, 100147, August 26, 2020 3



Figure 2. Electrochemical Performance Acquired during In Operando Imaging

(A) Galvanostatic polarization curve for flow rates of 0.5 mL $ min�1 , 1.5 mL $ min�1 , and

3.0 mL , min�1. Higher cell potential is observed for 1.5 mL , min�1 at 7 A , cm�2.

(B) Mass transport overpotential as a function of current density. The mass transport overpotential

increases significantly at 7 A , cm�2 for 1.5 mL , min�1 and at 9 A , cm�2 for 3.0 mL , min�1.

(C) The cell temperature as a function of current density. Increases in cell temperature become

significant at higher current densities (i > 5 A , cm�2).
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flow rate, which is attributed to enhancedwater circulation (Figure 2C).Wedemonstrate

in this work that a sufficient reactant flow rate is necessary to minimize mass transport

losses and avoid cell failures, especially for higher current density operations.
Extreme Gas Saturation Triggers Critical Current Density

Via in operando neutron imaging, we characterize gas saturation in the anode PTL.

The gas saturation profile shows the accumulation of generated gas in the in-plane
4 Cell Reports Physical Science 1, 100147, August 26, 2020



Figure 3. Gas Saturation Profiles for the Anode PTL

(A–C) The flow rates are (A) 0.5 mL ,min�1, (B) 1.5 mL ,min�1, and (C) 3.0 mL ,min�1. The gas saturation profile indicates the amount of gas present at a

position over a period of 75 s proceeding the establishment of steady state as a function of the PTL thickness (through-plane distance). The error bars

indicate the standard deviation of the average through-plane gas saturation distribution.

(D) The overall average gas saturation as a function of current density under the tested flow rates. The gas saturation increases with increasing current

density at a flow rate of 0.5 mL ,min�1, but gas saturation remains fairly constant for flow rates > 0.5 mL ,min�1. A significant increase in gas saturation is

observed at the critical current density. The error bars indicate the standard deviation of the average through-plane gas saturation distribution over the

entire PTL.
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direction (i.e., axis parallel to the beam) as a function of the through-plane position in

the PTL (i.e., PTL thickness). The gas saturation indicates the amount of gas present

at a certain through-plane position over a period of 75 s after the establishment of

steady-state cell operation (deviation of cell potential < 5% for a period of 5 min).

Although the gas behavior is dynamic, the drainage of gas into the liquid water at

steady state results in continuous gas transport through the same percolation

path, as demonstrated by Lee et al.31,32

We use saturation profiles acquired from in operando neutron imaging to further

demonstrate the need for a sufficient reactant flow rate. The lowest flow rate of

0.5 mL ,min�1 is inadequate for removing the gas generated in the PTL. This is indi-

cated by an increase in gas saturation with increasing current density (Figure 3A).

However, at higher flow rates, the gas saturation in the PTL remains fairly constant

with increasing current density. This has been observed in other works featuring

gas saturation profiles for PTLs in PEM electrolyzers, such as that by Seweryn

et al.33 Even at a relatively high current density (i = 5 A , cm�2), the gas saturation

in the PTL is only 18% at 1.5 mL ,min�1. Therefore, we suggest that a sufficient reac-

tant flow rate is required to facilitate gas removal in the PTL. This recommendation is

in agreement with previous neutron imaging work by Hoeh et al.,34 who observe
Cell Reports Physical Science 1, 100147, August 26, 2020 5
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reduced gas saturation inside the flow channels when a higher reactant flow rate is

applied to the electrolyzer. It is important to note that we observe slightly higher

gas saturations with 1.5 mL ,min�1 compared to 3.0 mL ,min�1 at low current den-

sities. We attribute the slightly higher gas saturation to the lower temperature ex-

hibited at 3.0 mL ,min�1; our previous work demonstrates that higher temperatures

lead to lower gas saturations.35 The Reynolds number characterizes the ratio be-

tween inertial and viscous forces in the flow channel, and is calculated for the applied

flow rates to report normalized flow rates, using the following relation:

Re =
rvl

m
: (Equation 1)

where r is the density of liquid water (kg ,m�3), n is the velocity of water in the channel

(m , s�1), l is the characteristic length (length of the parallel channel [0.0016m]), and m is

the dynamic viscosity of water (Pa , s). The Reynolds number indicates the flow regime

within the channels, which affects the flow to the PTL (flow direction normal to the

channels).26,30 The Reynolds number is calculated as Re = 1,428, 4,284, and 8,568 for

flow rates of 0.5 mL $ min�1, 1.5 mL $ min�1, and 3.0 mL , min�1, respectively. At

0.5 mL , min�1, the reactant water exhibits laminar flow behavior, while turbulent flow

is established at higher flow rates (Re > 2,300). We observe inadequate gas removal

with laminar flow (0.5 mL , min�1) and effective gas removal for turbulent flows

(1.5mL $min�1 and 3.0mL ,min�1), as seen in Figures 3A and3B.Whilemore extensive

characterizations are needed to disclose whether these improvements are the effect of

flow regime (laminar and turbulence) or simply insufficient flow rate for gas removal, we

hypothesize that the turbulent flows achieved by higher flow rates enhance the water

permeation through the PTL from the channel. Our work shows for the first time that suf-

ficient flowratesmustbeapplied toeffectively removegas from thePTLwhen increasing

the current density.

Increasing the current density for a fixed flow rate leads to significant increases in the

gas saturation inside the anode PTL. Specifically, at the intermediate flow rate of

1.5 mL ,min�1, the PTL gas saturation increases from 18% to 42% at 7 A , cm�2 (Fig-

ure 3B), and at the highest flow rate (3.0 mL , min�1), the gas saturation increases

from 24% to 39% at 9 A , cm�2 (Figure 3C). Moreover, this significant increase in

gas saturation occurs concurrently with the increase in hMT (Figure 2B). This is the first

instance of experimentally observing the existence of a critical current density. We

report that at the critical current density, the simultaneous increase in PTL gas

saturation and hMT is observed. Beyond the critical current density, the rate of gas

generation exceeds the rate of gas removal, which hinders the reactant liquid water

from reaching the reaction sites. While the gas saturation in the PTL remains fairly

constant before reaching the critical current density, the increase in cell temperature

is evident with increasing current density (Figure 2C). This relationship between tem-

perature and current density indicates how high flow rates are desired, not only for

mitigating the critical current density but also for mitigating the increase in the cell

temperature.

While the concept of limiting current density is well established in many electro-

chemical applications, such as fuel cells and batteries, the concept of critical current

density reported here is completely distinct from limiting current density. Limiting

current in electrochemical applications refers to the current density at which reac-

tions are completely halted due to the blockage of reactant by-product at the

electrode surface. However, critical current density refers to the onset of cell failure.

For example, in solid-state batteries the critical current density is used as an indicator

for the current density at which dendrite growth becomes severe.36,37With this work,
6 Cell Reports Physical Science 1, 100147, August 26, 2020
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we are the first to show that critical current densities exist for membrane-based gas-

evolving electrolysis, where extreme gas saturation contributes to increases in mass

transport overpotentials, which exacerbates cell failure. Mass transport losses are

observed in the literature, such as the work of Lickert et al.,38 in which the authors

observe increases in mass transport losses depending on operating conditions

and PTL microstructure. Within the ranges of the increased mass transport regions

observed in these studies, there exists a critical current density in which gas satura-

tion simultaneously increases with mass transport losses. Beyond this critical current

density, the electrolyzer cell is susceptible to failure.

Heterogeneous Gas Distribution at Critical Current Density

The reactant flow rate also plays a vital role in gas distribution in the PTL. Several

studies from the literature discuss heterogeneous current and temperature distri-

butions observed at near-reactant starvation conditions.22,23 Specifically, Immerz

et al.22 demonstrate using a segmented electrolyzer cell that mass transport over-

potential increases near the outlet region of the cell. In this work, we present for

the first time the visualization and quantification of heterogeneous gas distribu-

tions due to insufficient reactant flow rates (Figure 4). At 0.5 mL , min�1, the

gas saturation in the PTL continuously increases with increasing current density.

The majority of the regions in the PTL at this laminar flow rate are saturated with

gas, especially toward the central region of the active area. For turbulent flows

(1.5 mL $ min�1 and 3.0 mL , min�1), the gas saturation is relatively low at the

PTL-flow field interface, and the gas is uniformly distributed near the CL-PTL inter-

face. We expect that gas generated in the catalyst layer is removed through estab-

lished gas pathways in the PTL regardless of the increases in the local gas pressure,

as demonstrated by the micromodel experiments of Lee et al.31 The result is a min-

imal change in the gas distribution, with increasing current density before the

onset of the critical current density. Furthermore, Hoeh et al.34 and Lee et al.39

report increases in gas volume within flow channels with increasing current density,

which signifies that gas pathways established at low current densities are sufficient

for the removal of gas (even at higher current densities) before reaching the critical

current density. However, as soon as the critical current density is reached, we

observe that gas becomes heterogeneously distributed near the CL-PTL interface,

toward the central region of the active area (Figures 4C and 4D). The positions of

the local hotspots are expected to vary based on the flow field and PTL design

used in the electrolyzer cell. The increase in gas saturation indicates that the sup-

plied reactant flow rate is inadequate for removing the generated gas at the critical

current density. Therefore, increases in the local gas pressure with inadequate

reactant flow rates lead to the establishment of additional gas pathways in the

PTL (and subsequent increase in gas saturation). The resulting increase in gas satu-

ration and heterogeneous gas distributions contribute to the higher mass transport

overpotential observed at critical current densities (Figure 2B). Extreme gas satu-

ration at the CL-PTL interface is potentially a cause for heterogeneous current

and temperature distributions observed at near-starvation conditions, as previ-

ously reported in the literature.22,23,40 Specifically, the high gas saturation reduces

the effective thermal conductivity (due to displacement of water with gas), and we

expect to see an increase in the local temperature of the PTL. The combined ef-

fects of the local temperature and gas distribution manifest as the local current dis-

tribution in the PEM electrolyzer. Our experiment focuses on a single commercial

PTL: a sintered titanium powder-based PTL, which is one of the most widely used

PTLs for PEM electrolyzers.41,42 The authors suggest future studies to examine the

impact of additional PTLs and PTL microstructures on the onset of the critical cur-

rent density, such as bilayer structured PTLs43 or PTLs with a porosity gradient (low
Cell Reports Physical Science 1, 100147, August 26, 2020 7



Figure 4. Radiographs of the Anode PTL during Operation

(A) Schematic of the visualized region of the anode compartment. The lower interface is the CL-PTL interface, and the upper interface is the PTL-flow

field interface.

(B–D) Gas distribution through the anode PTL for (B) 0.5 mL ,min�1, (C) 1.5 mL ,min�1, and (D) 3.0 mL ,min�1. The gas saturation is relatively low near

the PTL-flow field interface with sufficient reactant flow; however, the gas saturation increases and becomes heterogeneously distributed near the CL-

PTL interface at the critical current density. The scale bar represents 1 mm.
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to high from the CL-PTL interface to the flow field interface, respectively),18,44

which facilitates effective gas removal and hence delays the onset of critical current

density.
8 Cell Reports Physical Science 1, 100147, August 26, 2020
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Here, we report a new performance indicator for gas-evolving electrochemical en-

ergy conversion devices, and we elucidate the underlying mass transport behavior

of PEM electrolyzers at higher than ever reported current densities measured with

in operando imaging (double the highest reported in the literature45). We demon-

strate that turbulent flows must be established for effective gas removal, thereby

minimizing mass transport losses occurring at high current density operations. The

gas saturation in the anode PTL, quantified using neutron imaging, demonstrates

that gas saturation sharply increases at the critical current density, which is also

accompanied by an increase in the mass transport overpotential. At this perfor-

mance inflection point, the gases become heterogeneously distributed near the

CL-PTL interface, creating conditions that are susceptible to degradation from

non-uniform current and temperature distributions.22,23 We recommend the use of

PTLs exhibiting effective gas removal, such as the hierarchical structured PTL43 or

novel PTLs with through-pores,46 to delay the onset of the critical current density

of PEM electrolyzers. The PEM electrolyzer system should operate below the critical

current density to avoid the undesired degradation caused by local temperature and

current density effects. The critical current density must be used as a key perfor-

mance indicator to design materials and cell architectures that defer the onset of

mass transport limitations and thereby enable the highest current densities possible.

EXPERIMENTAL PROCEDURES

Resource Availability

Lead Contact

Information and requests for resources and materials should be directed to the Lead

Contact, Aimy Bazylak (abazylak@mie.utoronto.ca).

Materials Availability

Commercially available PTLs and CCMs were purchased fromMott Corporation and

Ion Power, respectively.

Data and Code Availability

The imaging data that supports the findings of this study can bemade available from

the Lead Contact upon request.

General Procedures

The effect of reactant flow rate on the performance of a PEM electrolyzer operating

under the mass transport-dominated regime is examined through a combination of

electrochemical characterization and neutron imaging. Galvanostatic polarization

curves are obtained for a range of flow rates at high current densities (up to 9 A ,

cm�2). The Tafel approximation is performed to isolate the mass transport overpo-

tentials, and in operando neutron imaging is used to correlate oxygen gas

saturations to these mass transport overpotentials. We determine the partial gas

saturation in the anode PTL, which further describes the mass transport mechanisms

at the mass transport-dominated regime.

PEM Electrolyzer Cell

A single PEM electrolyzer cell is used for this study. Grade 2 titanium flow field plates

with 16 parallel channels (12.50 mm 3 500 mm 3 500 mm) are used at the anode and

cathode compartments. A commercially available catalyst-coated Nafion HP mem-

brane with an iridium catalyst (1.0 mg , cm�2) at the anode and a platinum catalyst

(0.3 mg , cm�2) at the cathode (HYDRion HP, Ion Power) is used as the membrane-

electrode assembly, with the active area of the cell being 0.8 cm2. Sintered titanium

powder PTLs with a porosity of 35% and a thickness of 254 mm (1100 Series, Mott
Cell Reports Physical Science 1, 100147, August 26, 2020 9
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Corp.) are used as both anode and cathode PTLs, which are compressed down to

237 mm using polytetrafluoroethylene gaskets.

In Operando PEM Electrolyzer Experiment

The performance at low flow rates and high current densities is evaluated using gal-

vanostatic polarization in conjunction with the Tafel approximation. Polarization

curves were repeated for each of the flow rates at 0.5 mL $ min�1, 1.5 mL $ min�1,

and 3.0 mL , min�1. A constant flow rate of deionized water is supplied to both

anode and cathode compartments using a commercial peristaltic pump (Masterflex

L/S precision variable-speed console drive, Cole-Parmer) in line with a pulse damp-

ener. The temperature of the PEM electrolyzer cell is maintained at 78 �C by circu-

lating heated water through both endplates using a heated water bath (Isotemp

4100R20, Fisher Scientific).

A power supply (Genesys 750W, TDK-Lambda) supplies current during the galvano-

static polarization. Constant current densities are applied from the open circuit to 9

A , cm�2 for all operating conditions. Each constant current operation is held for

15 min, and we report values averaged from the last 5 min to ensure fully developed

steady-state operation.

Tafel slope analysis is conducted after each polarization curve to approximate the

mass transport overpotential at different reactant flow rates. A potentiostat (Versa-

STAT 3, AMETEK Scientific Instruments) is used to measure the high-frequency resis-

tance (HFR) and Tafel slope from 40 to 300 mA , cm�2. Each current step is held for

20 s. The mass transport overpotential is calculated using the following equation:

hmass transport = Ecell � Erev � hohmic � hkinetic : (Equation 2)

where hmass transport is the mass transport overpotential (V), Ecell is the measured cell

potential (V), Ereversible is the reversible potential (V), hohmic is the ohmic overpotential

(V), and hkinetic is the kinetic overpotential (V). As discussed in previous literature, hohmic

accounts for the membrane resistance and other electronic resistance.47,48 The protonic

transport resistance in the CL is included in hmass transport. However, we attribute the non-

linear increase in hmass transportwith increasing current density observed in this work to the

two-phase induced mass transport losses. We apply an empirical correlation demon-

strated by LeRoy et al.49 to calculate the reversible potential at the operating cell tem-

perature (T):

Erev = 1:5184� 1:54213 10�3,T+ 9:5233 10�5,T,lnT+ 9:843 10�8,T2:

(Equation 3)

We obtain the ohmic overpotential based on the measured HFR and current density:

hohmic = i,Rohmic : (Equation 4)

where i is the current density (A , cm�2), and Rohmic is the measured HFR (U , cm2).

The HFR used to calculate ohmic overpotential is assumed to be constant over the

range of current densities used. An average HFR value measured from 40 to 300

mA , cm�2 is used. Since the literature has demonstrated that the HFR slightly de-

creases with increasing current density at low flow rates, our assumption of constant

current density is expected to lead to a somewhat conservative estimate of mass

transport overpotential from the Tafel approximation.22,40 Finally, the kinetic over-

potential is calculated using the following relation:

hkinetic = b,log10

�
i

i0

�
: (Equation 5)
10 Cell Reports Physical Science 1, 100147, August 26, 2020
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where b is the Tafel slope (V/dec), and i0 is the apparent exchange current density (A ,

cm�2). It is important to note that we assume that kinetic overpotential follows the Tafel

relation throughout the examined current density in our calculation of mass transport

overpotential. While the high-volume fraction of gas may affect the electrochemical sur-

face area and kinetic overpotential, we expect that the mass transport loss is the domi-

nant factor at high current densities, as observed in previous works.23,24
In Operando Neutron Imaging

In operando neutron imaging enables the quantification of PTL gas saturation at

various operating conditions. We use in operando neutron imaging at the Neutron

Imaging Facility (BT-2) located at the National Institute of Standards and Technology

(NIST) Center for Neutron Research (Gaithersburg, MD).50

The neutron beam penetrates the electrolyzer cell in an in-plane direction (parallel to

the flow channels), and the attenuated beam is converted to visible light using a

Gd2O2S:Tb scintillator. The visible light is then captured using an Andor Neo scien-

tific complementary metal-oxide semiconductor (sCMOS) detector with an 85-mm

lens and a PK13 extension tube, which gives an effective pixel pitch of 15 mm. The

exposure time of 25 s was used to ensure a sufficient neutron flux. Before each exper-

iment, the electrolyzer cell is flushed with liquid water for 30 min to remove as much

residual gas in the reference image, as revealed from our previous work.51 A refer-

ence image is then taken in the absence of an applied current, and the acquired

reference image is used for comparison with the subsequent operational images.

To quantify oxygen gas saturation in the anode PTL, the acquired neutron images

are processed via the following procedure:

Median combination of 3 raw images

Median filtering of 3 3 3 pixels

Image registration

Apply modified Beer-Lambert law50

The median combination corrects for the random noise caused by the beam charac-

teristics (gamma spots), and the median filtering eliminates noise from electronics

(hotspots). The image registration process corrects for the artifact caused by the

operating mechanisms of the NIST reactor.50 Lastly the gas thickness is quantified

by using the relation demonstrated by Hussey et al.50 based on the Beer-Lambert

law:

tgas =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�lnðI=I0Þ

bw

+
S2

w

4b2
w

s
� Sw

2bw

: (Equation 6)

where tgas is the gas thickness from each pixel (mm), I is the intensity of the operation

images, and I0 is the intensity of the reference image. Sw and bw are fitting parame-

ters for the beamline, which are 0.38483 mm�1 and �0.00947 mm�2, respectively.

An average of the last 5 min of the total 15 min of operation is used to calculate

the gas thickness to ensure steady state. Figure 5A shows the raw image obtained

from in operando neutron imaging, and Figure 5B is after the image processing

procedures.
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Figure 5. A Schematic of the Image Processing Process Procedure

(A) Raw image obtained from in operando neutron imaging.

(B) Processed image after the Beer-Lambert law.
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