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Water contaminants are a common cause of failure for polymer electrolyte membrane (PEM) electrolyzers in the field as well as a
confounding factor in research on cell performance and durability. In this study, we investigated the performance impacts of feed
water containing representative tap water cations at concentrations ranging from 0.5–500 μM, with conductivities spanning from
ASTM Type II to tap-water levels. We present multiple diagnostic signatures to help identify the presence of contaminants in PEM
electrolysis cells. Through analysis of polarization curves and impedance spectroscopy to understand the origins of performance
losses, we found that a switch from the acidic to alkaline hydrogen evolution mechanism is a key factor in contaminated cell
behavior. Finally, we demonstrated that this mechanism switching can be harnessed to remove cation contaminants and recover cell
performance without the use of an acid wash. We demonstrated near-complete recovery of cells contaminated with sodium and
calcium, and partial recovery of a cell contaminated with iron, which was further investigated by post-mortem microscopy. The
improved understanding of contaminant impacts from this work can inform development of strategies to mitigate or recover
performance losses as well as improve the consistency and rigor of electrolysis research.
© 2024 The Author(s). Published on behalf of The Electrochemical Society by IOP Publishing Limited. This is an open access
article distributed under the terms of the Creative Commons Attribution 4.0 License (CC BY, http://creativecommons.org/licenses/
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Polymer electrolyte membrane water electrolysis (PEMWE) is a
key technology for the clean energy transition, enabling clean and
renewable energy to be utilized for hard-to-decarbonize applications
in industry and transportation.1,2 To achieve widespread production of
clean hydrogen at ambitious cost targets such as the US Department of
Energy’s goal of $1/kgH2,

3 it is essential to optimize the efficiency,
durability, and reliability of PEMWE. Water quality is an important
factor impacting these aspects of PEMWE. High purity water is
widely recognized as required at minimum to be ASTM Type II
(>1 MΩ cm) or preferably ASTM Type I (>10MΩ cm).4–7

However, several aspects of water quality warrant more careful
investigation. For one, water contamination is a very common cause
of failure, accounting for >80% of PEM electrolyzer failures in the
field.8–10 Dilute contaminants, below levels that cause short-term
failure, can also harm operating efficiency and lead to more rapid
degradation.11–13 Furthermore, inconsistent water quality and con-
taminants also commonly impact PEM electrolysis devices in a
research setting,14,15 confusing measurements of cell performance
and durability if they are not recognized and properly addressed.
While water purification is a relatively minor direct contribution to
PEMWE hydrogen production costs,16,17 inadequate management of
contaminants ultimately increases costs by harming efficiency, dur-
ability, and reliability, impacting the overall viability of PEMWE.

Considering the prevalence of contamination-related problems in
PEMWE, a relatively small body of literature has systematically
investigated contaminants in PEMWE cells specifically.4,11,18–25 The
published literature suggests that cation contaminants are the most
common class of contaminants causing significant performance
impacts in PEMWE, especially by displacement of protons in the
membrane. Some metals (such as Cu) can also poison the cathode
catalyst by electrochemical deposition on the Pt surface,23 but this is
a less general phenomenon. The possible impacts of organic
contaminants and anions are relatively unknown.4 Cation contami-
nants in PEMWE can be grouped into two broad categories by
source: 1) “exogenous” contaminants that result from inadequate
purification of the water source, especially cations that are abundant
in tap and ground water (Na+, Ca2+, Mg2+, K+, etc.) and 2)

“endogenous” contaminants that originate from cell or system
components, especially metals such as Fe, Cr, and Ni.4 Several
studies have incidentally identified cations contaminants as con-
tributing to degradation. Wei et al.13 and Sun et al.12 both found
accumulation of contaminants in recirculated water to be a primary
cause of long-term performance decay and demonstrated recovery
from acid washing of membrane electrode assemblies (MEAs).
Rakouski26 reported Ti contamination from an uncoated Ti porous
transport layer (PTL) present in anode and cathode catalyst layers.

Further investigation to advance scientific understanding of
contaminant impacts in PEMWE offers the opportunity to develop
improved strategies for mitigation of contaminant impacts and
recovery of contaminated cells. Contaminants are currently miti-
gated at the system level through water purification subsystems and
conductivity sensors.17 To our knowledge, no specific cell-level
mitigation strategies have been reported, and it is difficult to
conceive of how this would be effectively accomplished. Existing
reported recovery procedures include washing with sulfuric acid,
either by disassembly of the cell and soaking the MEA12,13 or by
flowing acid through the cell,20,24 although this strategy presents
challenges for implementation at stack scale and in the field. Babic et
al.21 reported an alternative strategy using pressurized CO2 to
generate carbonic acid in situ for contaminant removal.

Efforts to understand contaminant impacts in PEMWE can
leverage the more extensive literature focused on contaminant
impacts in PEM fuel cells.4,27–31 The basic phenomena of cation
contamination in PEM fuel cells are well understood. Contaminant
cations displace protons in the polymer electrolyte membrane, which
harms protonic conductivity. Furthermore, the electric field that
drives current in the membrane causes cations to concentrate in the
cathode, leading to kinetic and thermodynamic performance impacts
as well. With sufficiently large numbers of contaminant cations and
a strong enough field, protons can be almost entirely depleted in the
cathode, leading to a limiting current behavior.

Consistent with expectations from PEM fuel cells, Zhang et al.18,19

used a reference electrode to demonstrate that sodium contaminants in
PEMWE primarily impact the cathode potential and showed that
the cell voltage impact grows abruptly at high current densities.
Babic et al.,21 Zlobinski et al.,22 and Schalenbach et al.24 also
demonstrated cation accumulation in the cathode using neutronzE-mail: elliot.padgett@nrel.gov
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imaging and numerical modelling. However, some important differ-
ences have been demonstrated for cation contaminants in PEMWE vs
PEM fuel cells as well. Notably, Zhang et al.18,19 demonstrated that
when Na+ contaminants are introduced through the anode feed water,
the pH of the water increases at the cathode outlet, implying that a
significant number of contaminant cations can also leave the cell at the
cathode. These investigations also showed that some cell performance
is recovered simply by returning to clean DI water, without any acid
wash or other deliberate recovery procedure. Together, these findings
imply that cation contaminants can dynamically enter and leave the
PEMWE cell, although the mechanisms and rates of these processes
are not well understood. Zhang et al.18,19 and Schalenbach et al.24

have proposed that severe depletion of protons in the cathode will
cause the hydrogen evolution reaction (HER) mechanism to change
from the acidic to alkaline form. This can allow contaminant cations
to associate with hydroxide anions generated in the alkaline HER,
enabling a potential mechanism of escape from the polymer electro-
lyte. Understanding the mechanisms available for cation removal
presents an important opportunity to develop new strategies for
contaminant performance loss mitigation.

Here we will present first an investigation into the performance
impacts of cation contaminants and second an investigation of
recovery through a current-driven process. The investigation of
performance impacts focuses on cation contaminants that are
abundant in tap or ground water, with Na+, K+, and Ca2+ selected
as representative ions. We report the performance impacts for cation
concentrations ranging from tap-water-like to dilute ASTM Type II
solutions, with impedance spectroscopy used to inform the origin of
performance losses. We also present multiple diagnostic signatures
to help identify the presence of contaminants in PEM electrolysis
cells. This investigation provides evidence that a switch from acidic
to alkaline HER plays a key role in performance impacts, as well as
providing a route to enable cation removal. We further investigate
the recovery of cells with different contaminants, including Na+ and
Ca2+, as well as Fe3+ (as a representative transition metals and
trivalent ions) that may leach out of PEMWE system components.
We demonstrate that a current-driven recovery process provides
almost complete recovery of performance impacts from Na+ and
Ca2+ contaminants, but only partial recovery from Fe3+.

Methods

Cell materials and fabrication.—Catalyst coated membranes
(CCMs) were fabricated by ultrasonic spray coating directly onto
Nafion™ N115, with the cathode catalyst layer coated before the
anode catalyst layer. The cathode catalyst layer contained Pt on high
surface area carbon (Pt/HSC, Tanaka Kikinzoku Kogyo,
TEC10E50E) with a targeted ionomer (Nafion™ D2020) to carbon
ratio of 0.45:1. The ink for cathode spray coating was prepared at a
concentration of 1 mgPt/mL in a solution of DI water and n-propyl
alcohol (nPA) at a ratio of 1:0.95 (water:nPA), pre-chilled with ice,
and mixed for 30 s in a probe ultrasonicator, followed by 15 min in
an ice-water-filled bath ultrasonicator. Anode catalyst layers con-
tained unsupported Ir oxide (Alfa Aesar) with an ionomer (Nafion™
D2020) to catalyst ratio of 0.2:1. The ink for anode spray coating
was prepared at a concentration of 2.75 mgIr/mL in a solution of DI
water and n-propyl alcohol (nPA) at a ratio of 1:0.95 (water:nPA),
pre-chilled with ice, and mixed for 2 min in a probe ultrasonicator,
followed by 30 min in an ice-water-filled bath ultrasonicator.
Catalyst loadings were measured by XRF (Fischer XDV-SDD).
For all CCMs, the cathode and anode catalyst loadings were
0.14 ± 0.01 mgPt/cm

2 and 0.40 ± 0.01 mgIr/cm
2, respectively.

Assembled cells used a carbon paper cathode gas diffusion layer
(AvCarb MGL280) at approximately 20% compression, set by PTFE
gaskets, and a Pt-coated titanium felt anode PTL (Bekaert
2GDL10N).

General cell testing procedures.—Electrolyzer cell tests were
conducted using an in-house constructed electrolyzer test station and

custom hardware. The test hardware accommodates 25 cm2 triple-
serpentine, Pt/Au-coated (anode/cathode) titanium flow fields. For
all cells used in this study the available flow-field area was masked
down to create a 5 cm2 active area. All cells were operated in a dry-
cathode condition with an anode water flow rate of 50 ml min−1

supplied in a single-pass configuration. The inlet water temperature
was controlled at 80 °C with a thermocouple at the anode inlet and
the cell temperature was also regulated by heater pads placed on the
hardware end plates, which were controlled by a thermocouple
inserted into the anode flow field. Before performance testing, all
cells were conditioned by stepping the cell voltage up to 1.85 V,
holding this voltage for 10 h, and then recording 11 subsequent
current-controlled polarization curves from 0.01–4 A cm−2, for a
total conditioning time of approximately 40 h. Conditioning and the
high current recovery protocol used electrical power from the test
station load bank, while performance, impedance, and cyclic
voltammetry (CV) data reported in the paper were all recorded
using an Autolab potentiostat/galvanostat with a 20 A booster
(PGSTAT302N, Metrohm). Polarization curves covered a current
density range from 10 mA cm−2 to 4 A cm−2 with approximately
logarithmic spacing of the current density points and included both
anodic and cathodic sweeps. Impedance spectra were recorded at
each current density point, and each polarization curve required
approximately 2.5 h with a total hold time of 4 min per point. The
AC amplitude for impedance measurements was maintained in the
range of 1%–5% of the DC current. High frequency resistance
(HFR) values were calculated by interpolation of the Nyquist curve
to find the real axis intercept. During CV measurements, the cathode
side of the cell was supplied with humidified hydrogen at 100 sccm.

Contaminated feed water procedures.—Contaminants were in-
troduced into the single-pass anode water feed using a syringe pump,
as depicted in the schematic in Fig. 1a. The syringe pump injected a
concentrated contaminant solution from a 60 ml syringe at a rate of
0.125 ml min−1 into the 50 ml min−1 DI water stream immediately
before the anode inlet. The concentration of the syringe solution was
adjusted to achieve the targeted feed water concentration. To
minimize the delay time between starting the syringe pump and
the introduction of contaminants to the cell, a valve was included at
the connection between the concentrated solution line and the clean
water feed to allow pre-filling of the concentrated solution line, with
excess solution collected as waste. This configuration allows a
constant controlled feed water composition while avoiding contam-
inating any parts of the test stand that are difficult to replace and
could expose future experiments to contamination.

The typical procedure for measuring contaminant impacts is
shown in Fig. 1b. For each experiment, an initial polarization curve
was taken with clean DI water followed by a CV measurement.
Afterwards, the cell was stepped up to a current density of 2 A cm−2,
and the contaminant solution was introduced after approximately
10 min. The current hold was then held for up to 3 h to observe cell
voltage increases due to a dynamic response of the cell to
contamination. For some cases with higher concentrations of
contaminants the cell voltage reached a plateau, indicating the
contamination process reached equilibrium, and the current hold
was ended sooner than 3 h. Similar responses have been observed in
fuel cells and methods have been developed to reproducibly quantify
the contamination effect during the experiment.32 In this work
another polarization curve was taken with the contaminant solution
still flowing through the cell to measure the effect of the contaminant
across a range of current densities, followed by a final CV
measurement.

The different contaminant salts and concentrations used are
summarized in Table I. NaCl, KCl, and CaCl2 contaminant salts
were used at concentrations ranging from 0.5 to 500 μM. For each
contaminant salt, a single cell was used for all different concentra-
tions from low to high. Clean DI water flowed through the anode
overnight between different concentrations of the same salt.
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Between experiments with different salts, the exposed test station
plumbing was disassembled and cleaned in DI water. Metal fittings
and valves were sonicated in a large beaker of DI water for 30 min
and periodically stirred. This process was repeated once with fresh
DI water before drying the parts and reassembling the station. All
plastic tubing was replaced with new tubing. Cell components
including the CCM, GDL, PTL, and gaskets were replaced. The
flow-fields were thoroughly rinsed with DI water and dried before
reassembly of the cell.

Recovery protocols.—For the contaminant recovery experiments,
a new cell was prepared and conditioned for each contaminant and

beginning of life performance and impedance were measured.
Contaminants were introduced to the cell at a 500 μM concentration
in the anode water feed as the current was held at 2 A cm−2.
Contaminants were maintained in the feed water until a steady state
voltage was achieved. For the first recovery protocol, “water rinse,”
the cell was left unpowered in an open circuit condition with clean
DI water flowing over both the anode and cathode overnight
(approximately 16 h), then a single polarization curve with impe-
dance was recorded the next day. The cell was then re-contaminated
following the same procedure described above, prior to the
“polarization curve” recovery protocol. For this protocol, clean DI
water was restored to the anode and seven consecutive polarization
curves with impedance were recorded over approximately 18 h. The
final “high current” recovery protocol was applied after this, without
re-contaminating the cell, using the test station power supply rather
than the potentiostat with booster to allow higher current densities.
This protocol had several steps, as illustrated in Fig. S9, alternating
between polarization curves and current holds. Each current hold
section held at 2 A cm−2, a higher current density, and then
2 A cm−2 again for 1 h each. The higher current densities were 4,
6, and 8 A cm−2. This protocol was not designed to be optimal for
contaminant removal in any way, but instead to incrementally
increase the current applied to the cell while returning to a moderate
reference current in between, providing opportunities to assess
recovery. After this protocol was applied, a final polarization curve
with impedance was recorded using the potentiostat and booster.

Microscopic characterization.—For cross-sectional analysis of
MEAs using scanning transmission electron microscopy (STEM),
small portions of MEA were embedded in epoxy and then cut by
diamond-knife ultramicrotomy targeting a specimen thickness of
∼75 nm. High-angle annular dark field scanning transmission
electron microscopy (HAADF-STEM) and energy-dispersive X-ray
spectrum (EDS) images were recorded using a JEM-ARM200F
“NEOARM” analytical electron microscope (JEOL Ltd.) operated at
200 kV. The surface morphology and chemical composition of PTLs
were examined using TESCAN MIRA3 GMH scanning electron
microscope (SEM) operated at 20 kV.

Results and Analysis

Performance impacts of cation contaminants.—In this section
we report on the performance impacts resulting from NaCl, KCl, and
CaCl2 contaminants in the anode feed water at a variety of different
concentrations, as summarized in Table I. Cation concentrations
were selected to span a range from tap-water-like34 500 μM
solutions to dilute 0.5 μM solutions that qualify as ASTM Type II,
as summarized in Table I along with conductivity/resistivity values.
All experiments reported in this section followed the procedure
illustrated in Fig. 1b: for each contaminant and concentration an
initial polarization curve was recorded with clean water flowing to
the anode, then a 2 A cm−2 current hold was initiated during which
the flow of contaminants was started. A final polarization curve was
then recorded with contaminated water.

Figure 2 shows the voltage response of cells exposed to the
different contaminant solutions during the 2 A cm−2 current hold.
Figure 2a compares the voltage impacts of different concentrations
for each contaminant, shown on the same scale, while Fig. 2b
compares the different contaminants at each concentration, with the
scale narrowed to clearly show the trends at lower concentrations.

At 0.5 μM concentration (all ASTM Type II with 5.2–8.5 MΩ
cm), none of the contaminants caused significantly accelerated
voltage increases in comparison to a clean cell during the ∼3 hr
timeframe of these experiments. Note that the initial voltage
observed for the different cells before contamination varies by
approximately 10 mV due to minor performance variations between
different cell assemblies. However, this voltage difference remains
consistent after the introduction of contaminants, indicating that the
voltage impact of the contaminants was negligible for this

Figure 1. (a) Schematic of testing setup for contaminated water feeds for
PEMWE cells. A concentrated solution of contaminants is injected into a
single-pass DI water feed immediately before the cell anode inlet.
Components and flow tubes that are exposed to contaminants are colored
in red, while components that remain clean are colored in blue. Water lines
were insulated between the heater and the cell, and contaminant injection
before the thermocouple ensures that the water temperature at the cell inlet is
controlled. (b) Plot of typical current and voltage profile for experiments
measuring performance impacts from contaminated feed water. An initial
polarization curve is recorded with clean water, then a 2 A cm−2 current hold
is initiated during which the flow of contaminants is started. A final
polarization curve is recorded with contaminated water flowing.
Impedance spectra are recorded throughout the procedure at approximately
5 min intervals.
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Table I. Summary of contaminant solutions tested. Concentrations represent the overall diluted feed water concentration, rather than the
concentrated solution supplied by the syringe pump. Water conductivity/resistivity is calculated using ionic conductivity values from the CRC
Handbook of Chemistry and Physics.33

Contaminant salt
Cation concentration

(μM)
Cation concentration (ppm

or mg/L)
Water conductivity at 25 °C

(μS/cm)
Water resistivity at 25 °C

(MΩ cm) Type7

None 0 0 0.055 18.3 ASTM Type I
NaCl 0.5 0.0115 0.12 8.5 ASTM Type II

5 0.115 0.69 1.5 ASTM Type II
50 1.15 6.4 0.16 Intermediate
500 11.5 63 0.016 Tap-water-like

KCl 0.5 0.0195 0.13 7.7 ASTM Type II
5 0.195 0.80 1.2 ASTM Type II
50 1.95 7.6 0.13 Intermediate
500 19.5 75 0.013 Tap-water-like

CaCl2 0.5 0.02 0.19 5.2 ASTM Type II
5 0.2 1.4 0.7 Intermediate
50 2 13.6 0.07 Intermediate
500 20 136 0.007 Tap-water-like

FeCl3 500 28 217 0.005 —

Figure 2. Cell voltage recorded over time at 2 A cm−2 as different contaminant salts are introduced at different concentrations from 0.5 μM to 500 μM, in
comparison to the voltage response of a cell with clean feed water. A comparison between different concentrations of each contaminant is shown in (a) while a
comparison between different contaminants at each concentration is shown in (b) using the same data. The contaminant syringe pump flow was started at
approximately 0 min, although some delay (5–10 min) occurs before contaminants reach the cell.
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concentration and length of experiment. Over a longer time, such as
tens or hundreds of hours, accumulation of contaminants in the cell
may still lead to significant impacts. At 5 μM concentration (0.7–-
1.5 MΩ cm, with NaCl and KCl solutions qualifying as ASTM Type
II), all the contaminants resulted in significant additional voltage in
comparison to a clean cell. This additional voltage appeared as a
gradual voltage decay, although with a clearly increased rate. It is
notable that even solutions meeting the ASTM Type II standard
(>1 MΩ cm) can cause significant voltage impacts in short-term
experiments.

Dramatically larger voltage losses were present for the 50 μM
solutions (0.07–0.16 MΩ cm), which approached a voltage plateau
within around 1–2 h. CaCl2 caused a more severe voltage increase
(over 400 mV) more rapidly in comparison to the NaCl and KCl
(∼300 mV), which is expected from the high selectivity for Ca2+ in
Nafion™ as a divalent cation.35,36 KCl was somewhat slower to
impact the cell than NaCl, despite a higher ion exchange selectivity

for K+ in Nafion™ than Na+,36,37 likely because of the lower
mobility of K+ ions.38 However, the final voltage loss for KCl was
nearly identical to that for NaCl. At 500 μM concentration (0.007-
–0.016 MΩ cm, tap-water-like), all the contaminant solutions lead to
dramatic voltage increases that plateaued rapidly, within minutes of
their introduction to the cell. CaCl2 resulted in a larger voltage
increase (∼600 mV) in comparison to NaCl and KCl (∼500 mV),
although the difference was not as dramatic as observed for the
50 μM concentration.

These results shown in Fig. 2 illustrate the influence of both
contaminant dosage and dynamic equilibrium. The curves show an
early regime where the contaminant dosage and accumulation in the
cell govern the voltage impacts, which can be brief, on the order of
minutes for the 500 μM concentration experiments, or long, taking
many hours for the 5 μM concentration such that a steady state was
not reached in these experiments. This is followed by a steady state
voltage when the cell reaches a dynamic equilibrium, with a balance

Figure 3. Investigation of the change in impedance occuring during contaminant introduction during 2 A cm−2 current holds. Voltage change over time (a)
during the introduction of different contaminant solutions, with stars indicating time at which impedance curves (b) were sampled, with colors indicating
corresponding curves and points. (c) Change in HFR, total voltage (solid line), and ohmic voltage (dotted line) resulting from HFR.
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between ion uptake and escape, which also depends on the con-
taminant cation and concentration. Both the final steady-state voltage
and the time to reach it are notably different depending on the cation
and the concentration, particularly with high concentrations and
higher valence resulting in larger, faster voltage increases. These
effects are governed by a number of complex processes dictating the
uptake and escape of ions and their distribution within the cell.

Figure 3 shows a more detailed investigation of the voltage
response to contaminants using analysis of impedance spectra
recorded during the 2 A cm−2 current hold. The observations were
qualitatively similar for all contaminants investigated, and CaCl2
was selected as a representative example for Fig. 3 because the
greater and more rapid voltage impacts allowed for a clearer
illustration of the onset of impedance effects. Figure 3a shows the
voltage change over time, with impedance spectra shown in Fig. 3b
selected from the points marked in (a) by correspondingly colored
stars. Figure 3c shows the time evolution of the HFR values

extracted from impedance spectra, alongside the change in the total
voltage and the HFR-associated voltage change *J HFR for current
density J. It should be noted that with multiple ions present in the
membrane the HFR cannot necessarily be interpreted directly as the
total ohmic resistance of the cell, as contaminant ions can contribute
to the membrane’s AC conductivity without contributing to its DC
proton conductivity. However, because of the significantly lower
conductivity of non-proton cations,38 an HFR increase does qualita-
tively indicate accumulation of contaminant cations and an increase
in proton resistance.

As described above, only a very small change was observed for
the clean cell, including minimal changes to the impedance
spectrum, a ∼12 mV increase in the total voltage, and a
<1 mΩ cm2 decrease in the HFR, which are unrelated to contam-
ination effects. A very similar total voltage change was observed
with 0.5 μM Ca2+, although a slightly increasing trend in the HFR
after an initial decline is visible, which may indicate the beginning of

Figure 4. Summary of impacts of NaCl contaminant on polarization curves at different concentrations. (a) Polarization curves (solid) and HFR-free voltage
(dotted) for different cation concentrations from 0.5 μM to 500 μM in comparison to performance with clean DI water. All polarization curves are plotted with
the same voltage scaling to facili. Points are marked for the ascending and desending polarization curve sweeps with upward and downward facing triangles,
respectively, with arrows also indicating the direction of current sweep. The same color and marker scheme is followed throughout. (b) HFR and (c) Tafel plots
for the same polarization curves. (d) Cell voltage over time during polarization curve acquisition, showing voltage transients as the current density is stepped.
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slow Ca2+ accumulation in the cell. Significant changes become
apparent with 5 μM Ca2+, including an increase of ∼6 mΩ cm2 in
the HFR, a ∼40 mV increase in the total voltage, and an additional
feature appearing in the low frequency range of the impedance
spectrum. While the increase in the HFR is clearly pronounced in
this case, the change in *J HFR accounts for only about 1/3 of the
total voltage change. This suggests that the catalytic processes in the
electrodes are being impacted as well as the membrane proton
conductivity, which we will discuss in detail below. For the more
severe case of 50 μM Ca2+, the total voltage increased by more than
400 mV, with an HFR increases of ∼13 mΩ cm2. The relative
proportion of the voltage change from *J HFR is smaller in
comparison to the milder 5 μM Ca2+ case, with the *J HFR
accounting for only ∼6% of the total. For 50 and 500 μM Ca2+,
the additional impedance feature has grown dramatically larger than
the impedance for a clean cell, dominating the overall spectrum. The
growth of the low frequency feature results in a much larger overall
low frequency impedance, around 1 Ω cm2 or greater, for 50 and
500 μM Ca2+, in comparison to the ∼135 mΩ cm2 low frequency
impedance observed for the clean cell, which includes the normal
ohmic resistances and kinetic impedance.

The impedance spectra measured during polarization curves are
illustrated in Fig. S4. Figure S5 shows a comparison of the
impedance data presented in Fig. 3 to the impedance recorded
during polarization curves for the Ca-contaminated cell.

Figure 4 shows the impact from contaminated feed water on
polarization curves recorded after the 2 A cm−2 hold, with polariza-
tion curves and HFR-free voltage shown in (a), HFR in (b), Tafel
plots in (c), and polarization curve voltage over time in (d). All the
contaminants examined here resulted in qualitatively similar impacts
on the polarization curves, and so NaCl was selected as a
representative example as the NaCl results best illustrate the
different behaviors at low and high contaminant concentrations.
Figures S1 and S2 show polarization curves recorded with KCl and
CaCl2 contaminants. The trends in the magnitude of voltage impact
are similar to those shown in Fig. 2. No significant impact is visible
for 0.5 μM contaminants in the feed water, while 5 μM results in
moderate impact (∼150 mV at 4 A cm−2), and 50–500 μM result in
severe impacts (∼350–500 mV at 4 A cm−2). KCl contamination
(Fig. S1) generally results in similar performance impacts to NaCl,
while CaCl2 contamination (Fig. S2) leads to more severe impacts.

Figure 4a shows that the performance impacts from cation
contaminants result in distinctively shaped polarization curves. For
relatively mild contamination, (5 μM Na+,) the voltage increase
appears as upward curvature at high current densities, primarily
impacting the HFR-free voltage, which could be mistaken for mass

transport effects impacting the anode. For more severe contamina-
tion, (50–500 μM Na+,) a more unique “S” shape appears in the
ascending sweep of the polarization curve. Furthermore, the
descending sweep shows significantly lower voltages at moderate
to high current densities, resulting in an apparent hysteresis loop in
the polarization curves. In all cases there is minimal impact on the
voltage at low current densities.

Figure 4b shows that the HFR increases significantly with the
concentration of contaminants, which is expected based on lower
mobility of contaminant cations38 and indicates indirectly a loss in
proton conductivity from cation displacement. For 5 μM Na+ the
increase in HFR is generally uniform across all current densities, but for
50–500 μM Na+ the HFR shows significant dependence on the current
density. However, the majority of the voltage increase is present in the
HFR-free voltage, as shown in Figs. 4a and 4c. This is consistent with
prior work on cation contamination in PEM fuel cells,28,30,31 which
showed that kinetic and thermodynamic effects in the cathode were
more significant than ohmic impacts on the cell voltage, as well as
reference electrode measurements by Zhang et al.18,19

The difference between the upward and downward sweeps of the
polarization curve is related to voltage transients (shown in Fig. 4d)
observed at current densities above the “S bend,” where stepping the
current density up causes the voltage to rapidly spike upward, and
then decay back down. A similar effect also occurs when the current
is stepped down, with the voltage rapidly declining, and then
gradually returning to higher values. These transient effects cause
the polarization curves to be sensitive to the specific time at which
the current or voltage is sampled, as shown in Fig. S3, with times
shortly after the current step resulting in a more severe “S” shape
and wider hysteresis loop. However, the impacts of contaminants are
qualitatively similar across a range of times commonly used for
polarization curve measurement. These effects appear to be related
to both ion redistribution within the cell and ion removal from the
cell, as will be discussed in detail below.

Mechanisms of performance impacts.—The results shown
above are consistent with previous reports of the performance
impacts of cation contaminants on PEMWE.4,18–24 Contaminant
cations increase the proton resistance of the membrane, although this
is a relatively small contributor to the overall voltage increase in
severely contaminated cells. More significantly, the electric field in
the membrane pushes all cations towards the cathode, but because
only protons are removed through hydrogen evolution, a concentra-
tion polarization in contaminant cations forms across the cell (as
illustrated in Greszler et al.,31 for instance). This results in a
depletion of protons in the cathode, leading to thermodynamic and
kinetic losses at high current densities. We observed minimal impact
on the cell performance at low current density, implying that catalyst
poisoning by adsorption is not a significant factor.

However, for PEMWE cells, cathode proton concentration losses
do not result in a limiting current behavior, as would be expected
from analogy to PEM fuel cells.27–29 Instead, at high current density
the voltage impact plateaus, resulting in the characteristic “S-
shaped” polarization curves shown above. This can be explained
by a key difference in the available electrode reactions for PEMWE
and PEMFCs. For PEMWE, the cathode typically has acidic
conditions, and therefore performs the acidic form of the HER,

+ →+ −H e H2 2 ,2 =E 0 V ,0 SHE which can also be described as
proton reduction. However, the alkaline form of the HER, or water
reduction, + → +− −H O e OH H2 2 2 ,2 2 = −E 0.83 V ,0 SHE is also
available as a backup reaction that does not require protons as a
reactant. A switch in HER mechanism caused by contaminant
cations was proposed by Zhang et al.,18,19 who showed that the
cathode outlet water pH increased after operating with sodium-
contaminated water on the anode side, indicating that sodium
hydroxide had been generated at the cathode.

Such a switch in the HER mechanism can explain the S-shape of
polarization curves in the presence of contaminant cations, as

Figure 5. Illustration of the effect of HER mechanism switching caused by
cation contaminants on polarization curve shape.
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illustrated in Fig. 5. Three distinct regimes appear in the S-shaped
polarization curve. At low current density, contaminant cations are
relatively diffuse in the cell, leaving a relative abundance of protons
in the cathode to support proton reduction. There is minimal impact
on the cell performance beyond an increased ohmic resistance in the
membrane. At moderate current density, the electric field (potential
gradient) in the membrane drives contaminant cations to concentrate
in the cathode, depleting protons, increasing pH, and leading to a cell
voltage increase as the cathode experiences a Nernstian potential
shift. At high current density, the cathode proton depletion is
sufficient to cause a switch in the HER mechanism from proton
reduction to water reduction. This halts the trend toward limiting
current from proton starvation of the cathode.

Fundamental investigations have shown that the HER mechan-
istic switch from proton reduction to water reduction is expected
around pH 4 or 5.39–42 When this occurs, the cell voltage will be
increased by both a Nernstian shift in the reversible potential for
hydrogen evolution and the slower kinetics of the HER in neutral-
alkaline conditions.39 The Nernstian shift of the reversible cathode
potential E C0, is given by:

= − ( ) = ( ) [ ]+E
RT

F
a

RT

F
ln

ln 10
pH, 1C H0,

For gas constant R, temperature T , Faraday constant F, and
proton activity +a .H At 80 C, the pH-potential relationship is

( ) / ≈RT Fln 10 70 mV. In the experimental results presented above,
the “flattening” of the HFR-free voltage curve is observed after
about 300 mV of HFR-free voltage increase, corresponding to the
expected Nernstian potential impact from a pH increase of ∼4. This
polarization curve feature is therefore consistent with the potential
that is expected to drive a change in the HER mechanism.

Given the chloride salts used as contaminants in this study, it is
possible that some degree of chlorine evolution occurs during these
experiments.4,24 However, if all the chloride in 500 μM NaCl-
contaminated inlet water were consumed, chlorine evolution would
contribute a maximum of 8 mA cm−2 to the total current. However,
in reality some NaCl will exit the anode outlet without any
interaction with the cell, and some may participate in an ion
exchange, acidifying the outlet water, consistent with the findings
of Zhang et al.18,19 It is also possible that chloride poisoning of the
catalysts could impact the cell performance. However, there is
minimal impact visible at low currents in Tafel plots (Figs. 4b, S1b,
S2b) for contaminated cells, indicating that any kinetic impacts of
catalyst poisoning by chloride adsorption are minor in comparison to
kinetic effects. Furthermore, chloride adsorption was not clearly
evident in cyclic voltammograms recorded with contaminated feed
water (Fig. S6). Therefore, we do not believe this to be a significant
effect on our performance curves.

The switch in HER mechanism has an important consequence
beyond determining the cells current/voltage relationship. The water
reduction mechanism produces hydroxides, which can leave the cell
paired with contaminant cations. This effect is necessary to explain
the alkalinization of the cathode outlet water observed by
Zhang et al.18,19 This creates an electrochemical mechanism for
cation removal from PEMWE cells, which does not exist for PEM
fuel cells. We expect that cation removal also explains the voltage
hysteresis and transient effects described in the previous section.
Specifically, significantly lower voltages are measured on the
downward sweep of the polarization curve (Fig. 4a), reflection ion
removal that occurs at high currents. The transient voltage spikes
shown in Fig. 4d reflect rapid redistribution of ions within the cell,
followed by a slower re-equilibration process from ion removal and
uptake. Importantly, this mechanism can be actively used for cation
removal to recover contaminated cells, which we will explore in the
following section.

Cell recovery from cation contaminants.—Hydroxide genera-
tion on the cathode from water reduction, as discussed above, has
important implications for the recoverability of cation contaminants.
Hydroxides produced on the cathode can pair with contaminant
cations, giving them a counter ion to dissociate from the sulfonic
acid groups of Nafion™ ionomer and leave the cell. As this occurs,
protons generated on the anode from the OER replace contaminant
cations after migrating to the cathode, restoring the Nafion™ to
proton form. The observation by Zhang et al.18,19 that the pH of the
cathode outlet water increases when sodium ions are introduced at
the anode inlet gives clear corroborating evidence for cation removal
by hydroxide generation.

The results of the previous section demonstrate that mechanism
switching of the HER depends on current density. Extreme proton
depletion in the cathode occurs only with a high electric field in the
membrane accompanying high current density. This provides the
cell operator the ability to trigger a “cleaning” mechanism at high
current. This section will investigate how this phenomenon can be
leveraged for contaminant removal and performance recovery.

Several publications have demonstrated removal of contaminant
cations through an acid washing of the cell, typically using sulfuric
acid,12,13,20,24 and in one case using carbonic acid from dissolved
CO2.

21 For these acid-wash methods, a sufficient excess of protons
must be provided to remove most contaminant cations once

Figure 6. Summary of performance recovery observed during the different
recovery protocols, including the cell voltage at 4 A cm−2 (blue diamonds,
left axis) and the HFR, averaged across all points in the polarization curve
(orange, right axis). The baseline performance metrics measured for each cell
before contamination are indicated by the horizontal lines on the plot.
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equilibrium is reached between the membrane and the acid solution.
In contrast, the mechanism demonstrated here generates the needed
protons in situ. Previous publications have also demonstrated partial
recovery from restoring a clean deionized water feed to the cell,
which may be to some extent to re-equilibration of the cell with
deionized water or to the current-driven mechanism discussed here.

The experiments presented in this section will compare perfor-
mance recovery after: (1) restoring a clean deionized water feed, (2)
repeating a polarization curve measurement with a clean water feed,
and (3) applying a high current density to deliberately drive water
reduction and hydroxide generation. The results of these experi-
ments are shown in Figs. 6 and 7, comparing Na+, Ca2+, and Fe3+,
in all cases introduced at a concentration of 500 μM during a
2 A cm−2 current hold until a steady-state voltage was reached.
Fe3+, which is representative of transition metal contaminants that
may leach from system components, was included for this investiga-
tion as a potentially difficult to remove trivalent cation with more
complex solubility behavior in comparison to Na+ and Ca2+.
Removal of iron and other transition metal contaminants is further
of interest because these ions can catalyze Fenton reactions and
accelerate membrane chemical degradation.11

Figure 6 summarizes the results of these experiments by showing
the voltage at 4 A cm−2 and the mean HFR values for the different
recovery procedures. Corresponding polarization curves are shown

in Fig. 7, including baseline and contaminated polarization curves
for comparison.

In the first case, labeled “Rinsed” in Figs. 6 and 7a, the cell
performance was measured after resting overnight with clean
deionized water flowing over the anode and cathode. Additional
analysis, including Tafel plots and HFR as a function of current
density, is shown in Fig. S7. For Na+, the water rinse appears to
result in a significant recovery of the performance, although
contaminant effects are clearly still present in the cell, leading to
300–400 mV of excess losses at 4 A cm−2. Relatively minor
recovery is visible for the Ca2+ contaminant, while the Fe3+

contaminant shows no recovery from the water rinse. This trend
with the contaminant is expected following the affinity of each
cation for Nafion™.

Both the return to a clean water feed and the operation of the cell
may have contributed to the observed recovery. To investigate the
recovery induced by cell operation in the standard current density
window, the cell was re-contaminated with a 500 μM solution and
then seven consecutive polarization curves were recorded over
approximately 18 h with clean feed water. This procedure was
done without an overnight rinse, but took a similar overall time to
the rinse procedure. The voltage and HFR for all the sequential
polarization curves are summarized in Fig. 6, while the final
polarization curve from this sequence is plotted in Fig. 7b.

Figure 7. Comparison of polarization curves (solid lines) and HFR-free voltage (dotted lines) for different contaminants after different recovery procedures
(blue) in comparison to measurements with contaminated water feed (orange) and baseline cell performance in clean water (black). (a) Performance in a single
polarization curve recored after clean deionized water was flowed over the cell overnight. (b) Performance on the seventh polarization curve recorded in clean
deionized water. (c) Performance after a high current density recovery protocol conducted with clean water. Arrows indicate the direction of current sweep.
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Additional analysis shown in Fig. S8. In all cases, repeated
polarization measurement resulted in much more significant perfor-
mance recovery than rinsing with deionized water alone. The same
trend in the degree of recovery by contaminant was observed, with
most of the impact from Na+ contaminants being recovered and only
minor recovery from Fe3+ contaminants. This result provides
evidence that cation contaminant removal can occur from a
current-driven process. However, the recovery observed from
repeated polarization curves is incomplete, and Fig. 6 shows the
progress of cell recovery is slowing as more polarization curves were
recorded, without clearly trending toward full recovery, especially
for Ca2+ and Fe3+.

A final procedure was tested to investigate the effect of
deliberately applying a very high current density to drive contami-
nant removal through hydroxide production on the cathode. This
procedure, illustrated in Fig. S9, applied 4 A cm−2, 6 A cm−2 and
8 A cm−2 to the cell sequentially for one hour each, with polarization
curves and holds at 2 A cm−2 in between to benchmark the cell
performance. This was conducted after the repeated polarization
curve test without re-contamination of the cell. The results recorded
after this protocol are shown in Figs. 6 and 7c, labeled “After high
current,” with additional analysis in Fig. S9. These measurements
demonstrate almost complete recovery of the initial cell performance
for Na+ and Ca2+, with the HFR recovering within 1 mΩ cm2 of the
initial value and the cell voltage recovering within 25 mV of the
initial value at 4 A cm−2. The recovery for Fe3+ was more modest,
although still improved in comparison to the other recovery
protocols tested.

These results demonstrate that a current-driven recovery process
can be highly effective for some contaminants such as Na+ and
Ca2+, delivering near complete recovery of the initial performance
even for highly contaminated cells. The much poorer recovery for
Fe3+ may be in part related to its high valence state and affinity for
Nafion™, although the solubility of Fe cations may also present a
challenge, as explored in the next section. However, the high current
density and voltage applied to the cell during a high-current recovery
procedure of this type will also lead to significant generation of heat,
which will likely limit its practical application to electrolyzer stacks.

Characterization of iron deposits in PEMWE cell after FeCl3
contamination.—Transition metal contaminants, such as iron, have
more complex behavior than tap water cations, creating the
possibility to form solid deposits in the cell. It has been previously
reported that some transition metal contaminants in PEMWE cells
can deposit on the cathode catalyst surface, leading to poisoning of
the catalyst.23

The iron contamination test reported in the previous section left
deposits on the anode side gasket and PTL that were visible upon
disassembly, as shown in Fig. 8a. These deposits were most visible
on the gasket at the locations of the flow channels and ranged in
color from dark red near the inlet to pale yellow near the outlet. They
were visible on the PTL as dark stripes at the channel locations, as
well as discoloration of the flow field channels. There were no
visible deposits on the cathode side. Iron deposition on the anode is
expected from Pourbaix diagrams,43–46 which indicate that Fe2O3

(red iron oxide) is stable in the near-neutral pH and oxidizing
conditions present in the anode flow channels. The color change
from the cell inlet to outlet may be due to formation of
FeO(OH)·H2O (yellow iron oxide) or another phase, possibly from
the increased presence of crossover hydrogen near the cell outlet, or
from a decreased concentration of oxide deposits resulting in a paler
color. Scanning electron microscopy (SEM) was used to examine the
dark stripes on the PTL facing the flow channels and showed sub-
micron crystallites had formed on the PTL surface (Fig. 8b).

The CCM was further cross-sectioned and examined by scanning
transmission electron microscopy (STEM) and energy dispersive X-
ray spectroscopy (EDS) to identify contaminant deposits inside the
CCM (Figs. 8c, 8d). Iron-containing deposits were present
throughout the anode catalyst layer and are expected to form by a
similar process to the deposits observed on the PTL. Iron-containing
deposits were also found in the cathode catalyst layer, although in
more localized clusters rather than distributed throughout. Pourbaix
diagrams43–46 show that FeO or Fe3O4 is stable at low potentials and
moderately alkaline conditions. The observation of iron oxide
deposits in the cathode therefore supports the conclusion that the
cathode pH increases as a result of cation contamination.
Furthermore, the formation of solid iron oxide deposits and the

Figure 8. Images showing solid iron deposits in the the cell after contamination with FeCl3 and the recovery protocol. (a) Photographs of the inside of the
disassembled cell hardware, showing residual Fe solids on the anode-side gasket, PTL, and flow field, but no visible deposits on the cathode side flow field. (b)
Scanning electron microscope image (secondary electron detector) showing crystallites of iron oxide deposited on the anode PTL facing toward the flow field, at
a region aligned to the flow channel. (c)–(d) STEM-EDS maps showing Fe deposits in the anode catalyst layer (c) and cathode catalyst layer (d). Annular dark
field STEM images are shown at left, with corresponding elemental maps at the right showing Ir and Pt in red and Fe in cyan.

Journal of The Electrochemical Society, 2024 171 064510



poor solubility of iron cations in neutral to alkaline conditions may
hinder the removal of iron from the cell as a soluble hydroxide. This
may in part account for the relatively poor recovery from Fe
contamination reported in the previous section. It is also notable
that these deposits persist in post-mortem analysis, however, as
when current is removed from the cell the pH in the ionomer is
expected to fall to the point where Fe2+ or Fe3+ cations would again
be soluble. The relatively localized solid iron oxide deposits may
therefore be formed in voids of the cathode catalyst layer, where a
lack of ionomer may prevent dissolution.

These observations suggest some obstacles to recovering the
performance impacts of transition metal contaminants, such as iron,
by the high-current process that was effective for sodium and
calcium. First, solid Fe-containing deposits in the cell may provide
a reservoir of contaminants that can be introduced into the
membrane and ionomer over time. Second, the insolubility of Fe
cations at high pH, which leads to formation of solid iron deposits on
the cathode, may inhibit cation removal by hydroxide generation on
the cathode.

Conclusions

This investigation examined the impact of cation contaminants
on PEMWE cell performance and the recovery of contaminated cells
through a current-driven process. We tested the performance impacts
of feed water containing representative tap water cations at
concentrations ranging from 0.5–500 μM, with conductivities span-
ning from ASTM Type II to tap-water levels. We found clear short-
term performance impacts for concentrations of 5 μM and greater,
including solutions that would be classified as ASTM Type II
(>1 MΩ cm). This demonstrates that use of ASTM Type II water
risks introducing significant performance impacts for PEMWE,
depending on the ions present. Significant impacts may occur from
even lower ion concentrations over a longer timeframe, potentially
impacting durability measurements. Higher contaminant concentra-
tions (50–500 μM) led to large cell voltage increases (300–600 mV)
that reached a stable plateau within minutes to hours, depending on
the concentration. Instead of reaching a limiting current behavior,
the increased voltage from high contaminant concentrations plateaus
in “S-shape” polarization curves. We conclude that this results from
a change in the HER mechanism from proton reduction to water
reduction, driven by proton depletion in the cathode, as postulated by
prior studies.

These results identify several signatures of cation contamination
in PEMWE cells, which are useful for practical diagnosis of
contaminant effects. These signatures include:

• Polarization curve shape: For relatively mild contamination,
additional losses appear with an onset at high current densities and
an upward curvature, superficially resembling mass-transport-in-
duced losses. For relatively severe contamination, the high-current-
density losses level off as a result of the HER mechanism change,
creating an “S-shaped” pol curve.

• Hysteresis in the polarization curve: The high-current-density
region of the polarization curve is asymmetric with the direction of
the polarization curve sweep. The descending sweep shows lower
voltage than the ascending sweep, most likely as a result of ion
removal at high currents, creating a hysteresis loop when plotted
together. Recording and examining both sweeps of the polarization
curve is therefore a good practice for identifying potential effects
from cation contaminants.

• Transient voltage spikes: For significantly contaminated cells,
when the current is stepped up during a current-staircase polarization
curve, the voltage spikes up and then decays down over a period of
10’s of seconds. A similar reversed feature appears as the current is
stepped down.

• Impedance changes: Contaminated cells show an increase in
HFR as well as an additional impedance feature observed at low
frequencies, presumably related to proton depletion in the cathode.

We further demonstrated that contaminants can be removed from
the cell, especially by the application of high current density, which
triggers the water reduction mechanism to produce hydroxide as
counter ions that remove contaminant cations. A protocol including
a 1 hr hold at 8 A cm−2 achieved near-complete recovery of cells
contaminated with Na and Ca. This protocol was less effective at
recovering from Fe contaminants, which may be related to the
insolubility of Fe under high pH conditions and solid Fe-containing
deposits observed with microscopy. The results support the key
conclusion that contaminant cations can be removed from PEMWE
cells without the use of an acid. The oxygen evolution reaction
instead can serve as a proton source to replace contaminant cations
removed by water reduction on the cathode.

Together, the results presented here can improve understanding
of cation impacts in PEMWE, inform development of strategies to
mitigate or recover performance losses, as well as improve the
consistency and rigor of electrolysis research.
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