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a b s t r a c t

Through-plane in operando neutron radiography was used to differentiate between anode feed water and
cathode water (transported through the membrane) to resolve oxygen gas bubbles in the anode. In this
work, we investigated the impact of cathode purging on the electrochemical performance of polymer
electrolyte membrane (PEM) electrolyzers as well as its impact on neutron radiographic imaging to
inform our recommendations on how to prescribe an optimal cathode purging rate. We found that
excessive dry nitrogen purging in the cathode led to an increase in ohmic resistance and a decrease in the
open circuit voltage. Therefore, an optimal nitrogen purging rate must be prescribed during visualization
studies to maximize the precision of oxygen gas quantification without unintentionally altering the
electrochemical performance. We demonstrated that the optimal cathode nitrogen purge rate can be
determined by monitoring the spatial distribution of the anode oxygen gas and that this optimal purge
rate is a function of the operating current density.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

The polymer electrolytemembrane (PEM)water electrolyzer is a
promising component of a clean energy infrastructure because, if
renewably sourced, the generated hydrogen can be supplied to a
PEM fuel cell to create on-demand, zero-emission electricity. A
major challenge hindering the large-scale commercialization of fuel
cell technologies is the high cost of hydrogen produced via elec-
trolysis, which can be dramatically reduced by improving the effi-
ciency of PEM electrolyzers. One of the main causes for
inefficiencies is the product oxygen accumulation in the anode,
which inhibits the mass transport of liquid water to the reaction
sites [1]. Mass transport inefficiencies have been estimated to
gineering, Faculty of Applied
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contribute up to 25% of the total overpotential of PEM electrolyzer
systems operating above 1 A/cm2 [2]. Understanding the dynamic
behavior of oxygen bubbles will inform the next generation design
of relevant components for effective oxygen gas transport and
higher efficiency operation of PEM electrolyzers.

Previous studies have employed microfluidic visualizations
[3,4], computational fluid dynamics and modelling [5e10], and
performance analysis [2,11e18] to characterize gas transport in
PEM electrolyzers. Lee et al. [4] used a microfluidic platform to
visually investigate oxygen bubble dynamics in a representative
porous transport layer (PTL). The results showed that the flow
regime of the oxygen gas in the PTL is dependent on the geometry
of the PTL as well as the oxygen gas generation rate. Fritz et al. [17]
modelled the dependence of mass transport overpotential on the
oxygen bubble movement in the PTL. They experimentally vali-
dated that the degree of mass transport overpotential depends on
the critical water film thickness and geometrical characteristics of
the PTL, such as pore diameter. Ito et al. [12] investigated the impact
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1 Certain trade names and company products are mentioned in the text or
identified in an illustration in order to adequately specify the experimental pro-
cedure and equipment used. In no case does such identification imply recom-
mendation or endorsement by the National Institute of Standards and Technology,
nor does it imply that the products are necessarily the best available for the
purpose.
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of the flow regime of the circulating water in the anode flow
channels on performance. They reported that when the two-phase
flow in the anode flow channels is slug or annular, mass transport
overpotential increases, thereby demonstrating the importance of
two-phase flow not only in the PTL but also in the flow channels
[12]. Suermann et al. [18] used cell performance determining pa-
rameters such as the Tafel slope, the exchange current density, and
the high frequency resistance to quantify the sources of over-
potentials, including mass transport. Suermann et al. [18] have
successfully demonstrated a viable strategy for quantifying mass
transport overpotential, and have reported that further investiga-
tion using in operando visualization is required.

In operando imaging PEM electrolyzers has recently emerged as
a powerful technique for studying gas transport in the anode
compartment [19e26]. Dedigama et al. [21] visualized the two-
phase flow behavior in an operating electrolyzer cell via an opti-
cal viewing window in the anode compartment. They observed
flows characteristic of a bubbly flow regime at current densities
below 0.7 A/cm2 and a transition to a slug flow regime at current
densities above 0.7 A/cm2. Hoeh et al. [24] employed neutron
radiography to visualize oxygen gas evolving from the anode PTL to
the flow channels. They quantified the volume fraction of oxygen
gas in the anode flow channels, and reported that this volume
fraction increased along the anode flow channel. De Beer et al. [26]
used neutron imaging and observed a higher water content in the
cathode gas diffusion layer under the ribs compared to regions
under the channels. As demonstrated through previous research
[19e26], in operando imaging allows for the measurement of oxy-
gen gas and liquid water distributions in a PEM electrolyzer.
However, product oxygen (anode) and hydrogen (cathode) are
indistinguishable during X-ray or neutron beam visualizations. A
viable strategy is required to clearly differentiate between these
product gases.

In practice, liquid water is pumped into both the anode and the
cathode (herein referred to as wet-cathode mode operation) to
facilitate effective thermal management [27]. However, liquid wa-
ter is not required for the electrochemical reactions at the cathode,
and Ito et al. [12] demonstrated a negligible difference in perfor-
mance when liquid water was not supplied to the cathode. Other
researchers have also reported PEM electrolyzer performance in
the absence of a supply of liquid water to the cathode
[12,19,24,25,28e33]. Eliminating the liquid water supply to the
cathode is advantageous for the purpose of in operando imaging,
since the accumulation of liquid water and the formation of
hydrogen gas bubbles at the cathode would obscure the quantifi-
cation of oxygen gas bubbles at the anode [19,24]. However, liquid
water can accumulate in the cathode due to water crossover from
the anode to the cathode, even in the absence of an external liquid
water supply to the cathode. Therefore, an alternative operating
mode is required to prevent the accumulation of liquid water at the
cathode. Previous researchers have applied dry gas purging to the
cathode to avoid liquid water accumulation in the cathode flow
channels [19,25] (herein referred to as dry-cathode mode operation).
Selamet et al. [19] attempted to achieve dry-cathode mode operation
via nitrogen purging in the cathode; however, their nitrogen purge
rate of 1000 sccmwas insufficient for completely eliminating liquid
water accumulation in the cathode.

Although effectively purging liquid water from the cathode is
preferable from an imaging standpoint, this gas purging may lead
to an unintentional change in cell performance. The possibility of
membrane dehydration at the interface between the cathode
catalyst layer (CL) andmembrane during dry-cathode mode has also
been discussed in the literature [34,35]. A change in electro-
chemical performance can lead to misleading visualization results
that manifest from localized heating effects and gas crossover due
to membrane perforations [36,37]. A better understanding of the
impact of cathode purging on the electrochemical performance
combined with an effective method for maintaining dry flow
channels are prerequisites for accurately quantify oxygen gas in the
anode.

In this study, we investigate the effect of dry-cathode mode
operation on the performance of PEM electrolyzer cells, and we
investigate a viable method for determining the optimal rate of
cathode purging. We propose that an optimal nitrogen purge rate
must be applied to maintain a dry cathode without unintentionally
altering the electrochemical performance of the electrolyzer. This
optimal cathode purge rate facilitates highly accurate in operando
measurements of oxygen gas transport behavior in the PEM elec-
trolyzer anode. In this work, we detail a method to select the
optimal nitrogen purge rate through the use of in operando neutron
radiography.

2. Methodology

In this section, the PEM electrolyzer hardware employed in this
study is described (Section 2.1), followed by a description of oper-
ating conditions and procedures for electrochemical testing (Sec-
tion 2.2). Finally, we introduce the use of neutron imaging of an
operating electrolyzer for identifying the minimal purge rate to
maintain a dry cathode flow channel (Section 2.3), followed by the
description of the image processing steps for quantifying anode gas
thickness (Section 2.4).

2.1. PEM electrolyzer cell

The PEM electrolyzer used in this study consists of triple parallel
serpentine flow channels at the anode and cathode (offset by
0.5mm) that were each 500mm-long, 1mm-deep and 1mm-wide.
The cell had an active area of 25 cm2. The membrane electrode
assembly (MEA) consisted of a commercially available catalyst
coated Nafion 1110 membrane with a cathode platinum (Pt) areal
density of 0.3mg/cm2 and an anode iridium (Ir) areal density of
1.0mg/cm2 (HYDRion N1110, Ion Power).1 The gas diffusion layer
consisted of a commercially available untreated 190 mm-thick car-
bon paper (TGP-H-060, Toray Industries) at the cathode and a
proprietary sintered titanium powder PTL with a porosity of 54%
and a thickness of 300 mmat the anode. Fiberglass sheets (152 mm-
thick for the cathode and 203 mm-thick for the anode) were used as
the gaskets for the electrolyzer.

2.2. Electrolyzer cell testing protocol

The effect of nitrogen purging on the performance of PEM
electrolyzers was characterized through a series of galvanostatic
polarization analyses. The cathode was operated under 7 condi-
tions; deionizedwater purging of 0.02 L/min (wet-cathode), and dry
nitrogen purging rates of 0.10, 0.25, 0.50, 1.0, 2.5 and 5.0 L/min (dry-
cathode). The liquid water flow rate was controlled using a peri-
staltic pump (Masterflex L/S precision variable-speed console drive,
Cole-Parmer). A pulse dampener was placed downstream of the
peristaltic pump to provide a constant reactant flow rate to the
electrolyzer, in the absence of pressure fluctuations that may have
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otherwise been introduced by the peristaltic pump. The reactant
water was heated through an in-line heater (Watlow fluent inline
heater 500W, Zesta Engineering Ltd.) before entering the electro-
lyzer cell. The temperature of the water was monitored using an in-
line thermocouple (Type K thermocouple), and the output power of
the heater was controlled using a PID temperature controller (Zesta
benchtop PID control & limit, Zesta Engineering Ltd.). The nitrogen
flow rate was regulated through a mass flow controller in a fuel cell
test station (850e Scribner Fuel Cell Testing System, Scribner As-
sociates Inc.). The electrolyzer cell temperature was maintained at
40 �C with electrical heater rods and a thermocouple placed in the
anode end plate. The anode was supplied with deionized water at a
flow rate of 0.02 L/min, through a peristaltic pump.

A programmable power supply (Genesys 750W, TDK-Lambda)
was used to supply the current. The electrolyzer was operated at
constant current densities ranging from 0.0 to 1.0 A/cm2 for all
conditions, and the operating potential was recorded using the fuel
cell test station. Each current density was held for 10min to ensure
steady-state operation.
2.3. Neutron radiography

Neutron radiographywas employed because it provides ameans
of in operando imaging that is highly sensitive to water and results
in low attenuations to native metallic electrolyzer materials [25]. In
operando neutron radiography experiments were performed at the
Neutron Imaging Facility (BT-2) at the National Institute of Stan-
dards and Technology (NIST) Center for Neutron Research (Gai-
thersburg, MD).

The electrolyzer was oriented such that the neutron beam tra-
versed through the plane of the cell (perpendicular to the plane of
the MEA) (Fig. 1). A Gd2O2S:Tb scintillator was used to convert the
attenuated neutron beam into visible light. An Andor NEO scientific
complementary metal-oxide semiconductor (sCMOS) detector
coupled with an 85mm lens with a PK13 extension tube (resulting
in an effective pixel pitch of 15 mm) were used to capture the visible
light from the scintillator. An exposure time was 15 s was used to
ensure sufficient neutron counting statistics in each image. A
radiographic reference image was obtained for the comparison of
all subsequent operational images. This reference image was taken
in the absence of applied current and with a fully liquid water
saturated anode. The cathode was purged with nitrogen at a flow
rate of 0.1 L/min to ensure that all water was removed from the
cathode flow channels in the reference image. Subsequent opera-
tional images were captured while current was supplied to the
electrolyzer.

The visualized region of the electrolyzer is shown in Fig. 2a. One
Fig. 1. A schematic of the neutron r
of the three serpentine anode flow channels (indicated by the red-
solid line) was analyzed in this study. During the first portion of the
visualization experiment, the operating current density was held at
0.1 A/cm2, and the liquid water supply rate was maintained at
0.02 L/minwith a rotameter. The nitrogen purge rate was increased
from 0.1 to 0.5 L/min in increments of 0.1 L/min. This range of ni-
trogen gas flow rates was chosen for evaluating the impact of ni-
trogen purging on the accumulation of liquid water in the cathode
flow channels. In the second part of the visualization experiment,
the nitrogen purge rate (0.5 L/min) and the liquid water flow rate
(0.02 L/min) were held constant, and the current density was
increased from 0.1 A/cm2 to 1.0 A/cm2 to observe the dependence of
liquid water accumulation on current density. Each experimental
condition was held for 10min to ensure steady-state operation.

2.4. Image processing

All test images obtained during neutron radiography underwent
the following image processing steps, which included median
combination of 3 raw images to eliminate gamma spots (random
noise due to beam characteristics), median filtering of 3-by-3 pixels
to eliminate hot spots (noise due to electronics), and image regis-
tration to account for the change in optic axis due to the operating
mechanisms of the NIST reactor [38]. Changes in liquid water
thickness relative to the reference image were obtained from the
processed images using the following relation based on the Beer-
Lambert law [38]:

tgas;pixel ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

�
ln
�

I
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where tgas;pixel is the anode oxygen gas thickness obtained from a
single pixel [mm], I is the intensity of the operational images, I0 is
the intensity of the reference image, and bw [-0.00947mm�2] and
Sw [0.38483mm�1] are non-linear least square fitting parameters
that were determined specifically for the BT-2 beamline [38]. For
quantifying the anode oxygen gas thicknesses, an average of the
last 2.5min (10 frames) of the total 30min of operation (120
frames) was taken to ensure that the anode oxygen gas thicknesses
were representative of steady-state conditions. Each data point
corresponds to the average gas thickness over an area of 1mm2 (1-
by-1 mm) along the anode flow channel:

tgas ¼
P

x
P

wtgas;pixelðx;wÞ
n2 ; (2)
adiography visualization setup.



Fig. 2. (a) A schematic of the anode flow field and a sample processed image. The shaded region within the schematic represents the active area, whereas the red-dashed-line box
indicates the region of interest. (b) Neutron radiography of the region of interest. The white arrows indicate the direction of channel length (x), and solid red line outlines one of the
three serpentine flow channels. Each green-dotted-line boxes represents the considered area for each anode oxygen gas thickness data point. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)
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where x is the number of pixel in the direction of the channel
length, w is the number of pixel in the direction of the channel
width, and n is total number of pixels that were averaged (n¼ 67
pixels¼ 1mm). A visual representation of Equation (2) is shown as
a series green-dotted-line boxes along the anode flow channel in
Fig. 2b.
3. Results & discussion

We begin this section by reporting the impact of cathode ni-
trogen purging on the electrochemical performance of the PEM
electrolyzer (Section 3.1). Next, neutron imaging is discussed as a
means to identify the optimal cathode purge rate required to
maintain dry cathode flow channels (Section 3.2). Finally, we
investigated the effect of operating current density on the liquid
water accumulation in the cathode (Section 3.3).
Fig. 3. Galvanostatic polarization curves of wet-cathode mode (liquid water flow of
0.020 L/min), and dry-cathode mode (dry nitrogen flow of 5.0 L/min) conditions.
3.1. Effect of dry nitrogen purging on the electrochemical
performance

The galvanostatic polarization curves obtained under wet-
cathode mode (liquid water supplied at a flow rate of 0.020 L/min)
with those obtained under dry-cathode mode (dry nitrogen sup-
plied at a flow rate of 5.0 L/min) are shown in Fig. 3. We found that
the dry-cathode mode exhibited a steeper V-i slope in the ohmic
loss-dominated region (current density greater than 0.1 A/cm2)
compared to that of the wet-cathode mode. The ohmic resistance is
directly linked to the hydration state of the membrane [35]. We
estimated the ohmic resistance of the cell by calculating the slope
of the ohmic loss region, which yielded 0.43U cm2 for the wet-
cathode mode and 0.49U cm2 for the dry-cathode mode. The higher
ohmic resistance associated with the dry-cathode mode indicated
that the membrane and the cathode CL interface suffered dry-out
due to excessive dry nitrogen purging. Higher ohmic resistances
are undesirable, since they can contribute to local heating effects
that can lead to changes in gas density, water viscosity, and surface
tension. Therefore, it is critical to alleviate the effect of cathode CL/
membrane dry-out by minimizing the cathode gas purging rate.

In addition to the increase in ohmic resistance, the open circuit
voltage (OCV) decreased from 1.44 to 1.32 V as a result of dry ni-
trogen purging, which is a phenomenon that has not yet been re-
ported in the literature. OCV can be described by the Nernst
relationship as shown below [39]:

OCV ¼ Erev þ RT
nF

ln

0
@PH2

$P1=2O2

PH2O

1
A (3)

where Erev is the reversible potential [V], R is the universal gas
constant [J$mol�1$K�1], n is the number of electrons transferred, F
is the Faraday's constant [C$mol�1], and PH2

, PO2
, and PH2O are the

partial pressures [Pa] of hydrogen, oxygen, and water, respectively.
The OCV values were studied as a function of increasing nitrogen
purge rates on a semi-logarithmic scale (Fig. 4), and a linear
decreasing trend was observed. This decreasing trend was likely



Fig. 4. The effect of cathode purge rate on the OCV, demonstrating a logarithmic
relationship between OCV and the purge rate.
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due to the decrease in the partial pressure of hydrogen at the
cathode, based on the Nernst equation (Equation (3)). While
increasing the nitrogen purging rate helps to eliminate the
appearance of liquid water in the cathode, the resulting changes in
the electrochemical performance may impact the images that are
obtained. For example, in terms of cell temperature distribution,
the actual operating conditions may deviate from the prescribed
operating conditions. This decrease in the partial pressure of
hydrogen at the cathode may result in a decrease in heat genera-
tion, and this localized temperature change may result in the
appearance of oxygen gas that would not be observed under pre-
scribed uniform temperature conditions. Therefore, we conclude
that the optimal nitrogen purge rate should correspond to the
minimum purge rate required to achieve truly dry conditions at the
cathode. This is because an excessively high nitrogen purging rate
causes unintentional impacts on the electrochemical performance
of the cell, but an insufficient purging rate leads to water accu-
mulation in the cathode compartment and inaccurate quantifica-
tion of the anode oxygen content.
3.2. Optimal nitrogen purge rate for anode flow channel
visualization

In this section, we report the impact of nitrogen purge rate on
cathode drying. In particular, we investigate the minimum purge
rate required to achieve truly dry conditions at the cathode.

Under ideal conditions (uniform current density and PTL pore
structure), the quantity of gas is expected to increase linearly along
the length of the anode channel, since all of the locally generated
oxygen is carried downstream [12]. We apply this linear relation-
ship as an indicator for the effectiveness of cathode drying, since
the water accumulation in the cathode should cause a deviation
from the linear trend. Indeed, we found that the increase in anode
oxygen gas content along the length of the anode channel was non-
linear at a relatively low nitrogen purge rate of 0.1 L/min (Fig. 5a).
This non-linearity was due to the presence of a long liquid water
slug trapped in the cathode flow channel (Fig. 5c). A completely dry
cathode was achieved at a purge rate of 0.5 L/min, as indicated by
the linear increase in oxygen content along the anode channel
(Fig. 5b). Quantitatively, we applied a least-square linear fitting of
anode oxygen gas content as a function of channel position and
found that the coefficients of determination (R-squared value) of
the least-square fitting (a value of 1.00 indicating a linear rela-
tionship) improved from �0.15 to 0.99 as the nitrogen gas purge
rate was increased from 0.1 L/min to 0.5 L/min (Fig. 5a). The mini-
mum purge rate identified through this procedure ensures a min-
imal effect on the electrochemical performance, while
simultaneously keeping the cathode flow channels dry.

The effect of channel bends on the two-phase phenomena in the
anode flow channel was insignificant for the examined operating
current density of 0.1 A/cm2, as seen from the linear growth of the
anode oxygen gas thickness in Fig. 5b. Cubaud and Ho [40] showed
that bubbles are not perturbed by sharp bends under high liquid
flow velocity (>0.1m/s). The liquid velocity in our experiment in a
single anode channel was calculated to be 0.11m/s, which is in
agreement with the result reported by Cubaud and Ho [40]. The
effect of bends is expected to be more pronounced under lower
liquid flow rates, and would need to be verified in future studies.

3.3. Impact of operating current density on the liquid water
accumulation in the cathode

The operating current density has a strong influence on the rate
of water crossover from the anode to the cathode due to electro-
osmotic drag [12]. To demonstrate the impact of operating cur-
rent density on the liquid water accumulation in the cathode, the
operating current density was increased from 0.1 A/cm2 to 1.0 A/
cm2, and the visualization results are presented in Fig. 6a. The ni-
trogen purge rate was held constant at 0.5 L/min, which was the
optimal purge rate for an operating current density of 0.1 A/cm2.
We observed that the coefficients of determination (R-squared) for
each linear fit decreased from 0.99 to 0.17 as the operating current
density increased from 0.1 A/cm2 to 1.0 A/cm2. This deviation from
linearity was caused by the increased water accumulation in the
cathode compartment, caused by increased electro-osmotic drag
[12]. These results suggest that the optimal purge rate is strongly
dependent on the operating current density; a higher purging rate
under higher current density operation is expected andwould need
to be verified in future studies.

Visual evidence that cathodic water affected the anode oxygen
gas quantification is shown in Fig. 5b and c. At an operating current
density of 0.1 A/cm2 (Fig. 6b), the content of anode oxygen gas
exhibited a steady increase in the direction of liquid water flow.
However, as the operating current density reached 1.0 A/cm2

(Fig. 6c), liquid water was observed in the cathode (highlighted in
the red dashed-line region in Fig. 6c). Although at an operating
current density of 0.1 A/cm2 the cathode flow channels were dry, an
increase in current density led to a significant accumulation of
liquid water in the cathode. Therefore, we expect that a higher
purge rate would be required for higher current density operation.

4. Conclusion

Neutron radiography was employed to visualize a single-cell
PEM electrolyzer to evaluate the impact of nitrogen purging (a
mode that we have termed dry-cathode mode operation) on quan-
tifying the presence of oxygen gas bubbles. It is important to note
that while purging the cathode with nitrogen would not be prac-
tical for commercial applications, this purging methodology is
highly useful for investigating fundamental multiphase transport
behavior via in operando imaging. While nitrogen purging should
be applied to enhance the precision of oxygen gas bubble detection
in the anode, our electrochemical analyses showed that excessive
nitrogen purging in the cathode can result in significant unin-
tended impacts on performance. Specifically, a high nitrogen purge
rate of 5.0 L/min led to an increase in the ohmic resistance of the



Fig. 5. (a) The change in anode oxygen gas thickness along a single channel for
different nitrogen purge rates at an operating current density of 0.1 A/cm2. (b) The
change in gas thickness at a nitrogen purge rate of 0.5 L/min. (c) A processed image
obtained during an operating current density of 0.1 A/cm2 and a nitrogen purge rate of
0.1 L/min.

Fig. 6. (a) The oxygen gas thickness along the anode channel for a range of current
densities (0.1e1.0 A/cm2) under identical cathode nitrogen purge rate (0.5 L/min);
processed images at an operating current density of (b) 0.1 A/cm2 and (c) 1.0 A/cm2.
The dashed-line box indicates a locationwhere liquid water was present in the cathode
flow channel.
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cell (from 0.43 to 0.49U cm2) and a decrease in the open circuit
voltage (OCV). The change in ohmic resistance was attributed to the
drying of the membrane-cathode catalyst layer interface. Addi-
tionally, the change in OCV was attributed to the reduction in the
partial pressure of hydrogen. Therefore, the optimal cathode ni-
trogen purge rate is one that achieves a dry cathode without
significantly altering the electrochemical performance of the cell.
We showed that the linear increase of oxygen gas content along the
anode channel can be used as a key indicator for determining the
optimal purging rate. We further demonstrated that the optimal
nitrogen purge rate is a function of operating current density.
Therefore, the entire operating current density range should be
considered when determining the optimal purge rate for a given
visualization experiment.
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