\]ournal Of The @The Elqctygchemical Sp;igty
Electrochemical Society

OPEN ACCESS You may also like

Closing the Hydrogen and Oxygen Mass Balance = ticiiciembne el co'ca:

Diffusion Layers

for PEM Water ElectrolyS|S Michael G. George, Hang Liu, Daniel

Muirhead et al.

- Mechanistic and Mitigation-Strateqy
Insights into NaCl and CaCI2
Contamination of Proton-Exchange-
Membrane Water Electrolysis Using
Continuum Modeling
Arthur R. Dizon and Adam Z. Weber

To cite this article: Anna T. S. Freiberg and Simon Thiele 2025 J. Electrochem. Soc. 172 034506

View the article online for updates and enhancements. - The Effect of Cell Compression and

Cathode Pressure on Hydrogen Crossover
in PEM Water Electrolysis

Agate Martin, Patrick Trinke, Markus
Stahler et al.

Your Lab in a Box! EL-CELL

electrochemical test equipment
The PAT-Tester-i-16 Multi-Channel Potentiostat for Battery Material Testing!

v/ All-in-One Solution with Integrated Temperature Chamber (+10 to +80 °C)!
No additional devices are required to measure at a stable ambient temperature.

v Fully Featured Multi-Channel Potentiostat / Galvanostat / EIS!
Up to 16 independent battery test channels, no multiplexing.

v Ideally Suited for High-Precision Coulometry!
Measure with excellent accuracy and signal-to-noise ratio.

v/ Small Footprint, Easy to Setup and Operate! -
Cableless connection of 3-electrode battery test cells. Powerful EL-Software included.

Learn more on our product website: Download the data sheet (PDF): Or contact us directly:

. +494079012-734
& sales@el-cell.com

PN

&  www.el-cell.com

Scan me! Scan me!

This content was downloaded from IP address 134.94.73.170 on 26/01/2026 at 10:44



https://doi.org/10.1149/1945-7111/adb7c8
https://iopscience.iop.org/article/10.1149/2.0091707jes
https://iopscience.iop.org/article/10.1149/2.0091707jes
https://iopscience.iop.org/article/10.1149/2.0091707jes
https://iopscience.iop.org/article/10.1149/1945-7111/adb520
https://iopscience.iop.org/article/10.1149/1945-7111/adb520
https://iopscience.iop.org/article/10.1149/1945-7111/adb520
https://iopscience.iop.org/article/10.1149/1945-7111/adb520
https://iopscience.iop.org/article/10.1149/1945-7111/adb520
https://iopscience.iop.org/article/10.1149/1945-7111/ac4459
https://iopscience.iop.org/article/10.1149/1945-7111/ac4459
https://iopscience.iop.org/article/10.1149/1945-7111/ac4459
https://pagead2.googlesyndication.com/pcs/click?xai=AKAOjsvvL8YYUgHxkX2Vl6hnBeFkTN_qc-lIRkc9zaJUbVLTb1g4ZjKOiSPIuI30-ZyMua9tE9b2ehMOjcxg3EpZA3CzpuXtwdvFh_AlFZF8_P3DD8ZBMFV67iSm4a-iULzPIQO4GD3yINtbUWAWLEAZpLc6_zqYOFLG8T4AMpT-rEDbNqCqHWErjxFuoYt1E1mta0jIVkxJzrFli6DaoAhyxc4cUU03FBT2_U6TehIZf59WE6SgeVh3xrbbEI7GJc1yyiymM9Qizwj_rlYC05fy_TU8H6l2gcZrMHM2ifmgHHDTrdDLsrUTsXQdWRVBJP6JtpbU0g3oGlJSHn9GnY2_cCJotx6p_lq1sBkgb-J_I85IxPo8dBkEQjyF&sig=Cg0ArKJSzCxzrecgFC4R&fbs_aeid=%5Bgw_fbsaeid%5D&adurl=https://www.el-cell.com/products/pat-battery-tester/pat-tester-i-16/%3Fmtm_campaign%3Diop%2520pdf%2520advert%26mtm_kwd%3Dpat-tester-i-16%26mtm_source%3Dpdf%26mtm_cid%3D2025

Journal of The Electrochemical Society, 2025 172 034506

CrossMark

Closing the Hydrogen and Oxygen Mass Balance for PEM Water

Electrolysis

Anna T. S. Freiberg"*“® and Simon Thiele'”

! Helmholtz-Institute Erlangen-Niirnberg for Renewable Energy (IET-2), Forschungszentrum Jiilich, Cauerstr. 1, 91058

Erlangen, Germany

2Department of Chemical and Biological Engineering, Friedrich-Alexander-Universitit Erlangen-Niirnberg, Cauerstr. I,

91058 Erlangen, Germany

In this study we show the possibility to close the hydrogen and oxygen mass balance for proton exchange membrane (PEM) water
electrolysis cells at lab scale at 80 °C. By a combined analysis of the cathode and anode exhaust with respect to the absolute
hydrogen and oxygen gas fluxes detected, we can quantify the true Faradaic efficiency of the system with respect to hydrogen
production. While both exhausts, anode and cathode, contain an apparent hydrogen flux, there is a certain missing hydrogen share
not leaving the cell, corresponding to roughly 2% at ambient pressure operation. This missing hydrogen flux shows a 2:1
correlation with the missing oxygen flux determined from the oxygen mass balance, proving that the inefficiency stems from a cell
internal process. We observe a linear correlation of missing hydrogen flux with current density for different operating pressure
cases, hinting toward an oxygen crossover based hydrogen loss at the cathode. The effect of the true Faradaic efficiency on the
overall production efficiency of the single cells at atmospheric pressure as well as differential and balanced elevated pressure of
10 bar, is shown, revealing a very limited operation window for efficient hydrogen production.
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Proton exchange membrane water electrolysis (PEMWE) is
ought to play a crucial role in the future decarbonization of major
energy sectors.”> The possibility to store inherently fluctuating
renewable energy by wind and solar in the form of chemical energy,
i.e., hydrogen gas, is the main motivation to advance this tech-
nology, which is already partially in application.” However, the costs
for producing hydrogen via this technology are still debated.*”’

A major driver for the cost of hydrogen produced by PEMWE is
the large investment cost caused by the necessity to work with noble
metals as electrocatalysts, namely platinum for the hydrogen
evolution reaction (HER) and iridium-based catalysts for the oxygen
evolution reaction (OER). Especially the scarcity of iridium and the
currently still needed large areal loadings in order to allow hydrogen
production with low electrical energy cost (i.e., at low overpoten-
tials) are problematic for large-scale application of the PEMWE
technology.

Reducing the necessary amount of iridium to lower the cost of
hydrogen production is probably the key challenge current research
is focusing on. However, there are other aspects that have to be
considered when thinking about the applicability of PEMWE. One
important aspect that has already been the focus of many studies is
the hydrogen crossover phenomenon. Hydrogen is commonly found
in PEMWE cells at the anode exhaust, especially when working with
thin membranes—which improve the electrical efficiency of the
system by reducing the ohmic overpotential—or when working at
elevated cathode pressures. The latter would be beneficial because
hydrogen is commonly stored at high pressure in suited vessels and
mechanical compression of hydrogen is an energy intensive process.

Though this crossover phenomenon necessarily leads to a loss in
efficiency of the system, it is debated mainly from a safety point of
view. The explosive regime of hydrogen in oxygen ranges from
4%-95%.0..° For systems to be operated safely, usually a maximum
tolerable amount corresponding to 50% of the lower explosive limit
(LEL) is set. While oxygen crossing over to the hydrogen side is
expected to be chemically recombined with the hydrogen present on
the platinum-based cathode catalyst, there is a significant hydrogen
content measureable in the anode exhaust. In general, the hydrogen
oxidation reaction (HOR) activity of the iridium-based anode
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catalyst at the high anodic potentials during OER has been
considered negligible in former studies.”'°

For the hydrogen crossover, a diffusion-limited permeation
mechanism has been discussed in literature. The hydrogen at the
cathode is dissolving into the proton exchange membrane, dif-
fusing through the bulk of the membrane and is then transitioning
from the electrolyte/anode interface into the anode compartment.
This mechanism is nicely observed for in situ permeation measure-
ments when the electrolyte membrane thickness is varied, with the
flux of hydrogen observed in the anode decreasing linearly with the
membrane thickness increase.''> At this point we want to
emphasize that the term permeation is used herein for a mass
transfer mechanism over the PEM based on solubility, diffusivity
and volatility, i.e., with a pure diffusive mass transport through the
PEM. However, for measurements under operation (i.e., at sig-
nificant current densities) the hydrogen flux to the anode compart-
ment at ambient pressure is increasing, easily reaching an order of
magnitude higher values than what would be expected from in situ
permeation measurements. Though several hypotheses have been
stated so far, a mechanistic understanding of this behavior is still
missing. Most commonly the increased permeation is ascribed to
an increase of hydrogen activity close to the membrane either by (i)
a net local pressure increase (due to the evolution rate exceeding
the threshold for efficient gas removal via the gas diffusion layer
without local overpressure at the catalyst layer-membrane inter-
face) or (i) by a local concentration increase significantly
exceeding the steady-state saturation pressure of hydrogen, i.e.,
the oversaturation effect.

In order to prevent the formation of explosive mixtures at the
anode, the addition of a recombination catalyst has been studied.
With platinum being the catalyst of choice, several locations in the
PEMWE system have been discussed.'*™"> External recombiners
(i.e., after the cell) can be inserted into the exhaust stream of the
PEMWE anode, though there remains a certain volume of possible
explosive mixtures between the recombiner and the anode compart-
ment. Within the PEMWE cell, addition of recombination catalysts
into the anode catalyst layer'® or onto the PTL have been studied.
The latter is mainly motivated by the decrease in contact resistance
from the PTL to the anode catalyst layer when adding a precious
metal to the porous titanium structure,'>'”'® but a decrease in
hydrogen crossover in the anode exhaust has been observed
concurrently.'>!?
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While it is hard to differentiate between a recombination
mechanism (forming water as product) and an HOR mechanism
(forming protons and electrons) within the anode electrical compo-
nents, the addition of platinum to the membrane has been shown to
decrease the crossover hydrogen flux by a recombination mechanism
with oxygen.’®* The exact location, platinum particle size,
platinum dispersion and of course platinum amount will all play a
role in the effectiveness of this recombination layer. Additionally, it
has been shown that membrane degradation can be aggravated due to
the addition of such layers.** The long-term stability and activity of
such cell-internal recombination catalysts is still to be proven.

Besides the safety concern, the efficiency aspect regarding
product loss caused by gas crossover deserves further attention
and is so far hardly studied. Hydrogen found at the anode exhaust is
an apparent loss regarding the Faradaic efficiency of the system
toward hydrogen. Oxygen crossing over to the cathode side will lead
to an additional Faradaic loss caused by the consumption of two
moles of hydrogen for each mole of oxygen reacting on the platinum
surface. The oxygen crossover can therewith have a substantial
impact on the overall efficiency of the system.

Due to the fast recombination on the cathode catalyst, however, it
is hard to quantify the amount of oxygen crossing over experimen-
tally. In most former crossover studies the oxygen crossover was
commonly neglected'®*>*’ or only taken into account assuming a
pure permeation mechanism.?** Trinke et al.?® have tried to replace
the platinum-based cathode catalyst with a non-noble metal catalyst.
They could show that the amount of oxygen in the cathode is
actually substantial, and it is significantly exceeding a simple oxygen
permeation mechanism. However, as the catalyst chosen is un-
known, it remains unclear whether the amount of oxygen detected in
the cathode exhaust is really representative of the overall amount of
oxygen that crosses over.

In this study we aim to close the hydrogen mass balance and
report the actual hydrogen production efficiency by taking into
account the real Faradaic efficiency and the electrical efficiency.

In a custom made test station we are able to do composition and
absolute flux analysis of both single cell exhaust streams using a
mass spectrometer. By variation of the operating pressure we show
how the gas fluxes change for different operation strategies and end
up with a cell-based hydrogen production efficiency that shows the
importance of actual product stream analysis on efficiency values,
which was so far not done in literature. We have chosen the most
basic MEA and cell configuration in order to provide fundamental
insights.

Experimental

Gas balance analysis and efficiency calculation.—As explained
in the introduction, the gas balance within PEMWE is complex and
different assumptions have been made in literature to estimate the
Faradaic efficiency for hydrogen production r]}Z‘, which is generally
defined as

h ath
i = 2-—;"2” = 2~7N’£1 r [1]
th N, 1

with N,fg’h being the actual hydrogen mole flux found at the cathode
exhaust, F' being the Faraday constant and / the absolute current
supplied to the PEMWE cell. ;1,5;“ can differ from unity by taking

into account all possible parasitic mole fluxes stemming from
imperfect material and system properties as depicted in Fig. 1. In
an ideal case (left scenario in Fig. 1), 175? can be calculated directly
from measuring the amount of hydrogen leaving the anode Ny,
which is equal to the crossover hydrogen flux Ng”*. At this point it
has to be noted that the measurement principle, i.e., whether the
absolute flux Ny is measured via gas chromatography or mass

spectrometer or whether the H; in O, content is measured can lead to
slightly different values due to a finite oxygen loss via the membrane
No* as shown later in Fig. 7.

Oxygen crossing over to the cathode side Ng”* will lead to an
additional Faradaic loss. Assuming most of the oxygen reaching the
cathode to recombine (middle scenario in Fig. 1), we can therewith
rewrite Eq. 1 to

; Fa_ ) N — NEoS  2.Ngoss 1 2N _ 4NGPS
Hy N~ Ne~ Ne
_ cross cross
=1 — (X + 2X5°) 2]

Cross

with Ni7”* being the hydrogen flux reaching the anode, Nj”* being
the oxygen flux reaching the cathode and X representing the
respective molar share of the gas crossing over the membrane. For
the full balance used within this manuscript (right hand side of
Fig. 1) we do not assume the amount of crossover oxygen N5, to
be negligible. Additionally we do not want to postulate the HOR
activity of the anode to be negligible. We call the flux of hydrogen
detected at the anode Ny, an apparent hydrogen crossover, that only
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Figure 1. Gas fluxes considered for efficiency calculations with increasing complexity from left to right denoted as Sankey diagrams. The dashed vertical line

shall represent the separation of the anode and the cathode.
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serves as a lower limit estimate of the absolute amount of hydrogen
leaving the cathode compartment via the PEM, Ng’*. In general
also the gas leakage of the set-up resulting in additional losses
denoted as N’ in Fig. 1 must be considered.

We quantify the Faradaic efficiency based on Eq. 1 and

additionally report the directly measureable values of N,Q‘;"’, Ni,

Ng, and N(‘,'Z’h. Comparing those values to the theoretically produced
fluxes of hydrogen and oxygen based on Faraday’s Law (z = 2 for
the hydrogen mass balance, z = 4 for the oxygen mass balance), we
quantify the amount of missing product gases N""¢ according to
Eq. 3.

N,-

Nmissing — 7 _ (Ncath + Nan) — FLZ _ (Ncath + Nan) [3]

Looking at the right hand scheme in Fig. 1 we can sum up the
fluxes going into the parasitic loss terms for hydrogen and oxygen
resulting in Egs. 4.1 and 4.2.

N;Inzissing — NI-’;IZOR + N;;)Zak + 2.(N5;oss _ Né(zlth) [41]
Nénzlssmg — ENIZOR + N(l)e;lk + (Négoss _ Nézzzth) [4.2]

For a set-up where the leak rates are negligible, the amount of
missing hydrogen and missing oxygen will therewith follow a 2:1
ratio.

The electrical efficiency n,fzc is defined as

E, —AH®
EC _ LLHV — ‘ [5]

B B 2-F-Ecey

with Ejyy representing the minimum potential based on the lower
heating value of hydrogen and AH® the reaction enthalpy for water

in its gaseous state (AHO = —242% - Egy = 1.25V).

The hydrogen production efficiency can therewith be calculated
according to Eq. 6.

Nt = nggy g [6]

MEA preparation.—The 5cm” active area MEAs used
throughout this study were prepared by a standard decal transfer
method. For the anode ink, the commercial iridium oxide/titanium
dioxide anode catalyst powder (Elyst Ir75 0480, Umicore, 74.6%
iridium) was mixed with a 20%,, ionomer dispersion (D2021,
Chemours), DI water and 2-propanol (Sigma Aldrich, > 99.9%
purity). The ink had a total catalyst content of 46%.,, an ionomer
solid content of 11.6%\,, and a solvent ratio of roughly 1%, H>O in
2-propanol (excluding the ionomer dispersion). A 5 ml ink batch was
mixed in a 16 ml HDPE bottle with 33 ZrO, beads (5 mmyg;,, Fritsch,
Germany) on a roller mill at 180 rpm for 20 h. The ink was spread on
a 50 pm virgin PTFE substrate with a 80 pm wetfilm thickness
Mayer-Rod at 10 mm s~ '. The coating was left for drying first at
room temperature until visually dry (< 30 min). Then the coating
was placed in a convection oven at 70 °C for 3 h. 5 cm? active area
electrodes were cut using a stencil in square shape. The dry thickness
of the anode coatings was 11+ 1um and the loading of the

electrodes was 2.02 + 0.12%.

The cathode electrodes were fabricated similarly with minor
parameter adjustments as stated. The commercial platinum on
carbon catalyst powder (Pt50 0380, Umicore, 50%.,; Pt) was mixed
with a 20%.,,, ionomer dispersion (D2021, Chemours), DI water and
1-propanol (Sigma Aldrich, > 99.9% purity). The ink had a total
catalyst content of 13%.,, an ionomer to carbon ratio of 0.65 and
roughly 4%,, H,O in I-propanol (excluding the ionomer

dispersion). A 5 ml ink batch was mixed in a 16 ml HDPE bottle
with 33 ZrO, beads (5 mmyg;,, Fritsch, Germany) on a roller mill at
60 rpm for 20h. The ink was spread on a 50 pm virgin PTFE
substrate with a 100 pm wetfilm thickness Mayer-Rod at 10 mm s™".

The dry thickness of the cathode coatings was 6+ 1 pum and the
loading of the electrodes was 0.23 + 0.0122%

em?

Both electrodes were hot-pressed onto a commercial Nafion™
membrane (N212, Chemours, 51 pm dry thickness, 6 cm x 6 cm) in
a single hot-press step at 2.5 MPa, 155 °C for 6 min. Pacopads
(Pacopad #5500, Pacothane Technologies, USA) were used as
pressure distribution medium during the hot-pressing step. A sheet
of 50 um Kapton® was added between the electrodes and the
Pacopads to prevent contamination of the MEA. The electrode
loading was determined based on the cut electrode weight and the
weight of the respective decal foils after hot-pressing.

Cell assembly.—The general cell design was adapted from Bernt
and Gasteiger.” Single channel, 7 serpentine flow fields milled from
grade 1 titanium with gold coating were used on anode and cathode.
A sintered titanium powder PTL (Mott Corporation, USA, 50%
porosity, 258 + 5 pm) was used on the anode side and a carbon paper
GDL without MPL (TGP-H-120T, Toray, Japan, 5% PTFE,
332 +2pm) was used on the cathode side. The GDL and PTL
were cut to dimensions of 2.6 cm x 2.6 cm. A 10 pm virgin PTFE
subgasket (Goodfellow, UK) was used on the anode side and a
25 pm virgin PTFE subgasket (Hightechflon, Germany) was used on
the cathode side, each with a cutout of 2.35cm X 2.35 cm.
Adjustment of the cell compression was done using the thickness
of the virgin PTFE gaskets (Hightechflon, Germany), assuming a
membrane swelling of 50%. The thickness of the virgin PTFE
gaskets were chosen to result in a GDL nominal compression of
20 + 2%, whereas 3% of settling of the PTFE gaskets during cell
compression was accounted for. The cell was tightened with twelve
M10 screws and with 15 Nm torque each, which was reached in
steps of 2.5 Nm.

Electrochemical protocol for MEA testing.—Three MEAs were
tested to ensure reproducibility. After cell assembly, and leak check
with nitrogen gas, the cell was flushed with 20 ml min~" H,O on the
anode and 200 sccm nitrogen on the cathode without backpressure.
After reaching a temperature of 80 °C, the cell was left to equilibrate
for 30 min. To exclude electrical shorts, a test was executed at 1.3 V
cell voltage with active 100 sccm of hydrogen on the cathode with a
maximum short current of 0.2 mA cm 2. A simple conditioning
protocol was applied afterwards: The current was ramped up at
10 mA s~ ! to a total current of 5 A (e, 1A cm_z), followed by a
hold for 30 min without active hydrogen supply. Three short
galvanostatic polecurves with a holding time of 5min at each
current density were measured consecutively, whereas it was
ensured that the cell potential never decreased below 1.3 V. After
conditioning at 80 °C and ambient pressure, CVs at 50 mV s~ in the
range of 0.1-1.3 V were recorded to track the begin-of-test state of
the anode catalyst with 100 sccm hydrogen flux on the cathode and
20 ml min~! H,O on the anode.

Afterwards the gas crossover measurements were conducted. For
this, a polarization curve with 30 min holding time was recorded
between 10mA cm™2 and 4 Acm 2 at 80°C and at symmetric
ambient pressure without active hydrogen supply. The cell potential
was set to 1.3 V and the cathode pressure was increased by the active
hydrogen line set to 100 sccm. When a cathode pressure of 10 bar,
was reached, the hydrogen flux was decreased to 10 sccm and kept
constant throughout the elevated pressure measurements. A re-
conditioning at the elevated pressure was executed including the
current ramp to and 30min hold at 1Acm™2 and two short
polecurves with 5 min holding time per measurement point. The
gas crossover measurements were conducted as described above.
The same protocol was applied for the symmetric elevated pressure
operation at 10 bar,/10 bar,.
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After the crossover measurements, the cell was brought back to
symmetric ambient pressure operation and the short reconditioning
protocol was applied followed by end-of-test CVs.

The voltage difference between the third short polecurve during
the initial conditioning and the last short polecurve after the
crossover measurements was less than 0.3% for all MEAs at all
current densities. Along with the overlap of the CV features at begin-
of-test and end-of-test we therefore conclude that the cell has not
undergone aging during the measurement sequence. Except for the
four CV cycles at begin-of-test and end-of-test (each) the cell
potential never dropped below 1.3 V. One MEA was additionally
tested for its crossover characteristics at ambient pressure after the
elevated pressure operation. The gas fluxes observed were well
within the error range shown for the begin-of-test ambient pressure
measurement.

For the polarization curve data shown in this study, the last 5 min
of the constant current hold steps during the crossover measurement
polarization curve were averaged. All polarization curves contained
galvanostatic electrochemical impedance spectroscopy measure-
ments at all current densities with an excitation in AC current
corresponding to 10% of the DC load with a minimum
of 3mA cm™ “ in the frequency range of 200 kHz to 100 mHz. The
impedance data is not further discussed here but was recorded to
ensure no unexpected changes especially with respect to HFR were
observed throughout testing.

Test station set-up.—To directly quantify the gas composition
and absolute volume flows produced in the PEMWE single cells at
different operation conditions, a dedicated test station was devel-
oped. A simplified flow diagram is shown in Fig. 2. The anode of the
PEMWE cell (left hand side in Fig. 2) is fed with DI water. The
water is fed by a gear pump, whereas an additional digital liquid
mass flow controller (MFC) is controlling the pump speed to ensure
a constant feeding rate even at elevated backpressure. The DI water
is pumped from a reservoir (inertized by continuous nitrogen
bubbling) and passes through an ion-exchanger and a conductivity
indicator (CI) before being pre-heated to enter the cell. All
measurements were conducted with feed water resistivities of at
least 16 MOhm cm. The water-gas mixture leaving the cell is diluted
downstream with nitrogen whereas an exact volume flow of
200 sccm is ensured by a digital MFC (Bronkhorst EL-Flow
Prestige; calibrated to 200 sccm of N, with an accuracy of
+0.6% // 1.2 sccm). This nitrogen stream (5.0 grade) serves as
internal reference for the mass spectrometer (MS) data as explained
later. After dilution, the backpressure regulator (PC) is passed,
before the anode exhaust mixture is guided into a simple drainer to
separate the liquid water from the humid gas stream. The drainer is
kept at elevated temperature (roughly 60 °C) to minimize the error
caused by dissolved product gas in the water phase. The water is
drained back into the DI water reservoir and the gas is fed into the
multi-sampler head of the MS.

On the cathode side of the test station (right hand side of Fig. 2)
an active hydrogen line is added to be able to preset the cathode half-
cell potential and to actively pressurize the cathode up to 10 bar,.
The pressure is controlled by a digital backpressure controller
directly after the cathode cell outlet. For measurements with ambient
backpressure, after initially flushing the cell with active hydrogen,
the flow is stopped and the solenoid valve at the cell inlet is closed.
For elevated pressure operation at the cathode, a small continuous
flow of 10 sccm of hydrogen (5.0 grade) was fed to the cell to ensure
stable pressure operation even at OCV conditions and at small
current densities where the hydrogen production rate is small. This
small continuous flux was achieved by a low flow digital MFC
(Bronkhorst EL-Flow Prestige; calibrated to 100 sccm of H, with an
accuracy at 10 sccm of + 0.15 sccm). This set hydrogen flux resulted
in a background signal in the MS, which was corrected for by using
the signal obtained during the 1.3 V hold at the beginning of each
polarization curve. After the backpressure regulator, the gases from
the cathode exhaust are diluted with 200 sccm of nitrogen just as for

Figure 2. Simplified flow diagram of the test setup developed for the
hydrogen mass balance analysis. The product gases of both, anode and
cathode compartment, are diluted with 200 sccm of N, before being directed
to a mass spectrometer.

the anode case. After passing a drainer to prevent liquid water from
reaching the MS, the humid product gases are fed into the multi-
sampler head of the MS as well. Due to the large osmotic drag
coefficient for PEMs, the drainer on the cathode is necessary due to
liquid water formation. The liquid from the cathode drainer is
discarded.

Analysis of mass spectrometry data.—Quantification of the
gases was done using a magnetic sector mass spectrometer (Prima
BT, ThermoOnix Ltd, UK). In contrast to gas chromatography
devices, the MS system does not rely on dry sample gases and can
work up to a sample dew point of 70 °C. The MS uses a Thoria
filament as ionization source, a magnetic sector analyzer and a
Faraday cup detector. The MS is equipped with a multi-sampler head
of up to 16 inlets, whereas a motor controls the position of the
sampling head to the stream of interest. Sample streams not
characterized at a given time are simply guided to the exhaust. For
the chosen sample stream, a fixed amount is fed through a capillary
to reach the filament. Quantification of the hydrogen, water, nitrogen
and oxygen flow was done according to the signals at a mass to
charge ratio (m/z) of 2, 18, 28 and 32, respectively. Though the exact
water content in the gas phase is not of interest, it was needed to get
exact values of the hydrogen signal as water bears a small signal
fragment on m/z = 2 of roughly 0.05% at our MS with respect to its
main signal at m/z = 18.

In order to quantify the absolute amount of hydrogen and
oxygen gas flux on anode and cathode, the 200 sccm of N, added
after the cell exhaust on both sides were used as an internal
standard. For this, the sensitivity of the MS with respect to the
quantified gases, H,, O, and N, was calibrated using a 3/3/94 gas
mixture (by volume). The data was analyzed based on the raw
current signal on the corresponding channels using the calibration
factor obtained from the calibration gas measurement and the given
N, flux of 200 sccm in the exhaust gases. The pure N, background
and the calibration gas were measured at the beginning of the
measurement series of each cell and after cell shut down to correct
for the baseline signal.

The multi-sampler head of the MS allows automatic alternation
between the sample streams to be directed into the ionization source,
analyzer and detector. The sample streams were analyzed with 5s
per data point and the sampling head was switched every 5 min
between anode exhaust sample stream and cathode exhaust sample
stream. The last 5min of data from each sample stream were
averaged for gas flux quantification. For the here discussed correla-
tions, the minimum current density analyzed with respect to gas flux
quantification is 50 mA cm 2.
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Gas flux quantity representation and set-up error estimate.—
Based on the analysis of the MS data, the absolute gas flux of
hydrogen and oxygen in both exhausts can be quantified. With the
goal of estimating the full efficiency for hydrogen production, the
gas fluxes are given as sccm/cm?, whereas the geometric area of
the electrode of 5 cm® was used for normalization. We represent the
data as the average of independent measurements on three MEAs
with the error bars denoting the min-max deviation of those.

Using the geometric area of the electrodes for normalization can
lead to systematic errors with respect to the absolute crossover flux
values. While the gas production according to Faraday’s Law will
only occur in this area, gas crossover can also happen over the rim
between the electrode area and the subgasket cut-out as explained by
Bernt et al.'” In this region mass transfer between the electrode
compartments is expected to run via a simple permeation mechanism
without significant influence of osmotic drag and oversaturation,
which is believed to be limited to the nano-porous electrode area.
However, as gas crossover fluxes observed are commonly signifi-
cantly higher than predictions based on simple permeation, we
believe this error to be insignificant in comparison to the deviations
observed between independent repetition measurements. Anyway,
the Faradaic efficiency measured will still be quantitatively repre-
sentative as it is based on the absolute hydrogen flux found in the
cathode exhaust.

Aside of the systematic error caused by the normalization,
random errors in the gathered data could stem from the measurement
and analysis set-up due to insufficient device accuracies. The error of
the MFCs is small as given in the explanation of the test set-up,
which means that the internal nitrogen standard for absolute flux
quantification will lead to minor errors in the MS sample stream
(<0.6%). The non-linearity of the MS signal and leak tightness of
the whole test set-up (see Fig. 2) was carefully evaluated. The
PEMWE test cell was assembled with a 500 um glass fiber
reinforced gasket replacing the MEA without PTL and GDL and
was connected to the test station. The liquid feed of the anode was
replaced by a digital MFC (Bronkhorst EL-Flow Prestige; calibrated
to 200 sccm of N,) feeding synthetic air or the calibration gas
mixture (3% H, and 3% O, in N,). With this set-up, O, and H,
product fluxes of 0.15-150 sccm were fed through the cell hardware
(at ambient backpressure or 10 bar,), diluted with the internal
200 sccm N, standard and analyzed in the MS. Over the three orders
of magnitude in absolute H, and O, flux, the signal in the MS
resulted in calculated values always closer to the set values than the
denoted accuracy of the used MFCs. Additional errors by leakage
and/or non-linearity of the MS are therefore seen to be significantly
smaller than the already discussed minor error caused by the MFCs.

Additional errors of the measurements could include fluctuations
in the temperature and pressure controls of the test station. As such
random errors are hard to quantitatively correlate to an error in the
measured gas fluxes, the usage of three independent measurements is
seen to cover such errors bests.

While we only represent the gas fluxes as such without trying to
quantitatively correlate them to a mass transfer based on e.g.
permeation, we want to quickly point out that membrane creep
might significantly influence gas permeation and other mass transfer
mechanisms over the PEM. Especially when working with thin
membranes and rough PTL surfaces, special attention needs to be
paid to the inhomogeneous membrane creep, which most likely
results in local current density distribution variations, which can
affect gas crossover characteristics.

Results and Discussion

Exhaust gas quantification at ambient pressure conditions.—
The capabilities of our measurement set-up to close the hydrogen
mass balance even at ambient pressure and with small active cell
areas of only 5cm?” are discussed first. For this, the exhaust gas
quantities were analyzed for three individual MEAs at 80 °C, 1 bar,

symmetric pressure and a water feed rate of 20 ml min~'. All data
shown stems from three independent measurements with the error
bars representing the min-max deviation.

The first relationship we analyzed was the general dependency of
the oxygen flux at the anode exhaust N5} and the hydrogen flux at

the cathode exhaust N;',‘Z”h as a function of current density (please

note that the corresponding polarization data is shown and discussed
in Fig. 7). In the ideal case—i.e., 100% current selectivity for OER
and HER and no gas crossover—the fluxes would strictly follow
Faraday’s Law. As shown in Fig. 3a the general trend of Faraday’s
Law (green line) is of course met, but the absolute amount of
hydrogen found at the cathode exhaust (orange squares) and oxygen
found at the anode exhaust (blue squares) is slightly too low.

The other fluxes directly quantifiable are the apparent gas
crossovers at their respective counter electrode, i.e., the hydrogen
amount found in the anode exhaust Nj] and the oxygen content

found in the cathode exhaust Ng’;”’. Both are depicted in Fig. 3b as

orange and blue stars, respectively. The hydrogen flux found in the
anode exhaust follows the general order of magnitude and current
density dependent trend as found in literature.'®** At current
densities below 1 A cm™ a small linear dependency of hydrogen
flux in the anode with current density can be seen, whereas at higher
current density a strong, exponential increase can be observed. The
exact reason for this behavior is still strongly debated in literature
and is not the focus of this study.

Hydrogen is commonly found on the anode due to the assumed
low HOR activity (or recombination activity) of the iridium-based
catalyst. This bears a significant safety risk due to the formation of
possible explosive mixtures, which will be further discussed later in
Fig. 7. Oxygen crossing over to the cathode side on the other hand is
expected to undergo a fast chemical recombination on the platinum-
based cathode with the hydrogen present. Still, there is a small
apparent oxygen crossover in the hydrogen stream corresponding to
a cathode hydrogen purity of roughly 99.98% in our measurement
set-up (blue stars in Fig. 3b). This is probably caused by the
limitations of the small active area cell measurements. Due to
alignment purposes, the gasket cut-out is slightly larger than the
active area (roughly 5.5 cm?), which results into parts of the oxygen
filled PTL structure to be in contact with the membrane with no
cathode CL on the opposite side of the membrane. Therefore,
oxygen can cross over without having the possibility to chemically
recombine on the platinum-based catalyst. Measurements with larger
cell areas will lead to a substantially lower share of oxygen impurity
being present in the cathode product stream. Interestingly, the
oxygen impurity seems to follow a strict linear relation with
the applied current density. Comparing the flux of oxygen observed
on the cathode and hydrogen found on the anode, the detectable
hydrogen content is generally higher with a factor of 3 at 1 A cm™>
up to a factor of 7 at 4 A cm™ 2.

Comparing the amount of hydrogen and oxygen that should have
been produced according to Faraday’s Law and the total amount of
the respective gases found as a sum in both exhausts, there are
significant amounts of product gases missing (see Eq. 3). The
amounts of missing gases for the different studied current densities
are shown in Fig. 3c. For a direct comparison, the amounts of the
respective apparent crossover gas found on the counter electrode are
added to this panel again as orange and blue stars. The first
observation is that the amount of missing gases, both for the
hydrogen mass balance and for the oxygen mass balance largely
exceed the apparent crossover fluxes. At ambient pressure condi-
tions, the missing amount of product gases is a factor of 5-50 larger
at all current densities. An important observation is the basic fact
that the amount of missing gas is strongly current density dependent.
This is an implicit proof that the amounts predicted to be missing
based on Faraday’s Law do not stem from an insufficiently tight
measurement set-up, as the latter would need to lead to a constant
missing flux, independent of the current density applied. The
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Figure 3. Quantification of gas fluxes for PEMWE cells based on a N212
membrane running at 80 °C, symmetric atmospheric pressure with
20 ml min~" of H,O supply to the anode. Three replicates were measured
with the error bars corresponding to the min-max deviation. (a) Current
density dependent product gas fluxes detected in their respective exhaust. H,
flux found on the cathode (N,E,‘;’h orange squares, right axis) and O, flux found
on the anode (Ng, blue squares, left axis) compared to the production rate
according to Faraday’s Law (green line). (b) Gas flux found on the opposite
electrode exhaust, Ny, and Né;’h. (c) Amount of missing product gas fluxes
over current density N™**"¢ according to Eq. 3. The results of (b) (i.e., Ny,
and Ng‘;’h) are added here as stars for direct comparison keeping the same
color scheme.

dependency on the current density for both gases, hydrogen and
oxygen follows an almost linear trend, which will be discussed in
detail in conjunction with the measurements done at elevated
pressure.

By plotting the oxygen and hydrogen gas fluxes in a 1:2 ratio
(according to the electrochemical water splitting reaction), it
becomes evident, that the information on both missing gases (though
analyzed completely separately) is equipollent: There is twice as
much hydrogen missing in the mass balance as oxygen. This leads to
the conclusion that the analysis works out well and that the reason
for the missing product gases indeed stems from a process inside of
the cell rather than a leaking measurement set-up or from significant
losses of the product gases through the water phase in the drainers.

In general, a product gas flux not following Faraday’s Law can in
the first instance mean that the selectivity of the respective half-cell
reaction is not 100%, i.e., that parts of the mole flux of electrons do
not participate in the desired electrochemical reaction. As the
analysis was done after equilibration of 30 min at the respective
current density, it must be a net reaction running that relies on
continuous supply of the reactant. The electrochemical oxidation of
metal components on the anode (including the catalyst) for example
would be self-limiting and could by itself not lead to discrepancies in
the Faradaic efficiency over longer hold times. Also the fact that
both product gases, hydrogen and oxygen, show the same share of
missing flux deems a general parasitic reaction to be unlikely,
especially as such reaction would in the first instance only change
the selectivity of one of the electrodes, not both.

However, taking into account the fact that the membrane is an
imperfect barrier for gases, there are two mechanisms that could
easily explain the 1:2 ratio in missing product gases. On the one
hand, oxygen that is crossing over to the cathode would recombine
on the platinum-based catalyst with hydrogen in a 1:2 ratio. On the
other hand, hydrogen crossing over to the anode could be electro-
chemically oxidized to protons. Parts of the current at the anode
would therewith not produce oxygen via the OER, but simply
consume hydrogen via the HOR. As the cell would partially run in a
simple hydrogen pumping mode, the Faradaic efficiency of both
product gases would be decreased. Such an electrochemical pump
can be considered a chemical short and reduces the Faradaic
efficiency in the same sense as an electrical short.

The HOR activity of iridium-based catalysts (that undergo
oxidation at the high anodic potentials) has been considered
negligible in PEMWE permeation studies in literature.”'® Minding
that there is still a considerable detectable amount of hydrogen gas
present in the anode exhaust, this assumption seems valid. As we are
starting with a rutile IrO, catalyst surface and throughout the
measurement series ensured the potential of the cell to never drop
below 1.3 V—which should prevent the reduction of the rutile phase
according to Weiss et al.>'—it might be reasonable to assume that
also for our measurements the HOR activity on the anode can be
neglected. However, iridium-based catalysts can change upon simple
storage and are inherently unstable with respect to their surface
chemistry. CVs have been recorded after conditioning and after the
measurement series and did not show changes with respect to
possible surface reduction. But minding the high potentials at the
anode and therewith the high driving force towards HOR we
consider both mechanisms for the 1:2 ratio of missing gases to be
reasonable.

Effect of backpressure on missing gas quantities.—In order to
differentiate between the oxygen crossover and the hydrogen cross-
over driven mechanisms for the 1:2 ratio of missing product gases,
measurements at elevated backpressure were conducted. The same
crossover measurements as for the ambient pressure case were
executed at differential pressure of a 1 bar, anode with a 10 bar,
cathode and at symmetric pressure of 10 bar, using the same three
MEAs. While the latter case is unconventional (the anode is meant to
run at ambient pressure generally), it allows a simple single
parameter variation to get a better understanding of the effect of
oxygen crossover on the missing gas quantities.

The results of the exhaust gas quantification are shown in Fig. 4.
A full discussion on the electrochemical results is done later in



Journal of The Electrochemical Society, 2025 172 034506

an

Fig. 7. The hydrogen flux observed at the anode outlet Ny and

oxygen flux observed on the cathode outlet Ng‘;’h are given as stars.

The amount of missing oxygen (open blue circles) and missing
hydrogen (open orange circles) are again calculated based on Eq. 3.

In Fig. 4a the gas fluxes for the differential pressure operation
with 1 bar, backpressure on the anode and 10 bar, backpressure on
the cathode are shown. While the amount of oxygen found in the
cathode exhaust is still very small (blue stars), the hydrogen flux
detected directly at the anode exhaust is substantial (orange stars). It
does not follow the same current density dependent shape as
observed for the ambient pressure case (see Fig. 3b) as it lacks the
exponential increase at higher current densities. This change in
apparent hydrogen crossover rate trend over current density has
already been shown in literature.'®*° Also here the exact mechan-
isms are not understood yet.

For the 1 bar,/10 bar, differential pressure operation, the missing
gas amounts for oxygen and hydrogen follow a strict 1:2 correlation
as well (Fig. 4a open circles). This proofs that the measurement
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Figure 4. Quantification of gas fluxes for PEMWE cells based on a N212
membrane running at 80 °C with 20 ml min " of H,O supply to the anode at
(a) differential pressure operation at 1 bar,/10 bar, with elevated cathode
backpressure and at (b) symmetric pressure operation at 10 bar,/10 bar,.
Three replicates were measured with the error bars corresponding to the min-
max deviation. The gas flux found on the opposite electrode exhaust is
denoted as blue or orange stars. The amount of missing product gas fluxes
over current density are shown as open circles.

set-up is indeed able to close the mass balances of the product gases
as it does not depend on a certain set of operation parameters. While
the amount of detected hydrogen on the anode is expectedly higher
in case the cathode is run with 10 bar, backpressure, interestingly
also the total amount of missing hydrogen is increased, but only by a
factor of roughly 1.5 at the highest current density studied of
4 Acm™2 Even more so, the rather strict linear behavior of the
missing gas fluxes with current density observed for the ambient
pressure case is limited to the mid to high current density region.
The next logical step is to check for the dependency of the
missing gas fluxes on the anode backpressure. A differential pressure
measurement, however, is not possible in our set-up due to safety
reasons, which is why we conducted the crossover analysis at a
symmetric pressure of 10 bar,/10 bar,. Even with increased oxygen
backpressure the amount of oxygen found in the cathode exhaust
Ng‘;’h is small and only 10% higher than for the ambient pressure
measurements and the differential measurement at 1 bar,/10 bar,. As
we have hypothesized that the oxygen crossing over can any way
only be detected for the rim between the electrode active area and
the gasket cut-out, the insignificant change of the detected oxygen in
the cathode exhaust would hint toward an insignificant change in
oxygen activity at the membrane interface with increasing anode
back-pressure. Also, for the symmetric operation at elevated back-
pressure the apparent hydrogen crossover Ny is increased compared

to the ambient pressure case, as expected. A deeper discussion
follows in the next part.

Just as for the ambient pressure case and for the measurements
executed under differential pressure, the missing amounts of oxygen
and hydrogen gas found as a sum in both exhausts are following a
strict 1:2 relation with both gas fluxes providing equivalent
quantitative information.

Comparison of the hydrogen mass balance for different
pressure conditions.—In the former chapters we have established
the quantification of the oxygen and hydrogen gas fluxes to result in
the same quantitative findings regarding missing amounts of product
gases found in the exhausts. For an easier quantitative comparison of
the mass balance, Fig. 5 shows the results obtained for the hydrogen
quantification for the three discussed operating pressure settings.
The left axis is showing the current lost with respect to the amount of
missing hydrogen based on Faraday’s Law (Fig. 5a) and for the
apparent hydrogen crossover Ng (Fig. 5b).

Looking at the current density dependent missing hydrogen flux,
there is a strong similarity regarding the behavior at current densities
exceeding 1 A cm™> following a close to linear trend (taking into
account the error bars stemming from the three independent MEAs
analyzed). A simple linear fit with a direct weighing of the error bars
at each current density was executed in the range of 0.5-4.0 A cm >

and is shown as dotted lines in the respective color in Fig. 5a. All fits

show a very similar slope of 0.11 — 0.13 S“Aﬂ of missing hydrogen

flux. The difference in absolute values observed stems from a change

in the intercept of the linear fit increasing from 0.04 % at
symmetric atmospheric pressure (light orange) over 0.15 Scccl:f 2 at

sccm .
-— at symmetric

differential operation of 1 bar,/10 bar, up to 0.34 Ccm
operation at 10 bar,.

A linear dependency of the missing hydrogen gas amount whose
slope over current density is independent of the operating pressure is
an intriguing finding. A possible explanation for this could be for
this share to be caused by oxygen crossover driven by the electro-
osmotic drag as it is one of the few mass transport mechanisms in
PEMWE cells that is expected to have a linear correlation with the
applied current density. Oxygen that is dissolved in the water
domains of the PEM could be dragged along with the water phase
upon proton movement to the cathode, which was already consid-
ered in literature.”?*%% Trinke et al.*® have shown with ambient
pressure measurements at 70 °C with a N117 membrane an oxygen
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Figure 5. (a) Comparison of the missing hydrogen flux (and corresponding
Faradaic current, left axis) over current density at different pressure settings
at 80 °C. Light orange corresponds to the measurements at symmetric
ambient pressure, orange to the data from the measurements with elevated
cathode pressure (differential operation at 1 bar,/10 bar,) and dark orange
represent the measurements at symmetric elevated pressure of 10 bar,. The
open circles show the data points obtained with their error bars corre-
sponding to the min-max deviation of three independent measurements. A
linear fit was applied in the current density of 0.5-4 A cm ™2 and is shown as
dotted lines. (b) Amount of hydrogen flux found on the anode Ng; as a
function of current density and pressure settings. The intercepts of the linear
regression of (a) are added here as dotted lines for direct comparison of the
relative losses.

content in their Pt-free cathode experiments that also followed a

linear behavior with a slope corresponding to roughly 1-1078 moloy

However, it is not clear whether there unknown Pt-free cathode truly
bears insignificant recombination activity.
Looking at the average missing hydrogen flux slope obtained of

roughly 0.12 w, this would correspond to an oxygen crossover

scem, 02

flux of 0.06 or 4.46-1078 %’02 For an order of magnitude

nH0

comparison a drag coefficient of £ = 4—== is chosen, which would
Nyt

correspond to a water drag of 4.14-10 . So there would be

_5 molp,0
A

roughly 10° mole of oxygen dragged along for each 10> moles of
water being dragged, which is a high, but not unreasonable number.

This oxygen crossover mechanism could also be close to back-
pressure independent due to the fact that oxygen permeation through

the PEM is generally diffusion limited.''*** This means that the
solubility of oxygen in PEMs is a low barrier for oxygen crossover,
no matter whether the transport through the PEM is caused by
diffusion or electro-osmotic drag. Minding that the exact solubility
coefficients of oxygen in the PEM during water electrolysis
conditions are hardly studied and as the activity of oxygen at the
electrode/electrolyte interface is unknown, we can not do a deeper
sense check at this point. But we want to bring awareness to the
community that electro-osmotic drag could indeed largely affect the
Faradaic efficiency of PEMWE.

Consequently, we assigned the constant slope of the linear fit to
the missing gas flux to be caused by recombination at the cathode of
the dragged along oxygen with the hydrogen present. The y-intercept
is the parameter leading to the different absolute amounts of missing
gas fluxes for the different pressure cases. These intercept values are
added to Fig. 5b as dotted lines for comparison. As clearly visible,
this intercept is dependent on both, the backpressure on the cathode
(light orange vs orange line) and the backpressure on the anode
(orange vs dark orange line). An increase in gas crossover flux with
partial pressure increase is generally expected.

Comparing the ambient pressure results with the results from the
differential pressure measurements at 1 bar,/10 bar,, we would
assume the difference to not be caused by a change in oxygen
crossover as the anode operation conditions were not changed. We
hypothesize that the higher amount of missing gases in the latter case
stems from an increased hydrogen crossover flux that is, however,
not leaving the anode compartment of the PEMWE cell. The iridium
oxide anode catalyst must therewith have an HOR activity that is
high enough to reduce the Faradaic current used for the OER but low
enough to still allow significant amounts of hydrogen being able to
leave the cell and be detected by the MS as apparent hydrogen
crossover Ng

An increase in cathode backpressure by 9 bar resulted in an
increase in current density independent missing gas flux from

0.04 scrmH,

detected in the anode exhaust increases as well (Fig. 5b). The latter
follows a simple pressure dependent increase according to the partial
pressure of hydrogen on the cathode (i.e., a factor of roughly 18) up
to a current density of 1.5 A cm™>. At higher current densities the
exponential increase observed for the ambient pressure measure-
ments decreases this ratio down to only a factor of 5.4 at a current
density of 4 A cm™>. Assuming our hypothesis to be correct and that
the increase in missing hydrogen flux upon pressure increase at the
cathode really stems from an increase in HOR current at the anode, a
deeper understanding of the HOR activity of the catalyst under
PEMWE operation would be necessary. Just as the exponential
increase of hydrogen content at the anode upon current density
increase during ambient pressure operation still lacks a mechanistic
understanding, we can only try to explain the data based on basic
hypotheses without being able to physically explain the quantities
observed.

Hartig-Weiss et al.** have shown the implementation of a Pt-wire
micro-reference electrode into a running PEMWE cell with two N212
membranes stacked to form the PEM. They have observed the
potential of the reference electrode to undergo a distinct jump from
close to 0V vs the cathode up to 1 V vs the cathode when the current
density exceeded 2.1 A cm ™2 for a PEMWE cell operated at 1 bar,/10
bar, differential operation. This jump can be explained by a change in
atmosphere surrounding the Pt-wire micro-reference from hydrogen-
rich to oxygen-rich. We have hypothesized the intercept of the linear
fit of the missing gas flux to actually represent an additional hydrogen

flux to the anode. Adding this 0.15 % flux to the amount of

hydrogen actually detected at the anode Ny, would therewith

represent the true hydrogen crossover. At a current density of
25Acm 2 the hydrogen flux for the 1 bar,/10 bar, differential

scem H,

to 0.15 SCCI:HZ At the same time, the amount of hydrogen

operation would correspond to 0.33 —=. The linear slope of the
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missing gas flux that we had assigned to the oxygen crossover would
represent an oxygen flux of 0.16 A‘::jf 2 i.e., the atmosphere would

change at this current density from hydrogen-rich to oxygen-rich
(taking into account the 2:1 ratio of hydrogen and oxygen). Our
results and hypotheses therewith (semi-)quantitatively fit the measure-
ments of the micro-reference electrode shown by Hartig-Weiss et al.**

Comparing the 1 bar,/10 bar, differential pressure measurements
with the symmetric elevated pressure results obtained from the
10 bar,/10 bar, measurements, the current density independent

.. . scempy. scem gy
missing gas flux increases from 0.15 szz to 0.34 szz, almost

twice the increase observed for the cathode pressure elevation.
Another important finding that has to be discussed along this
observation is the amount of the apparent hydrogen crossover Nj,.

SCCM Hy

It is decreased by 0.03 — 0.06 —= upon increase of the anode

cm?
backpressure for all analyzed current densities.
Revisiting Fig. 1 we have introduced the term apparent hydrogen
crossover for Ny because it might differ from the actual hydrogen

crossover Ny if the anode bears a finite HOR activity. A decrease
in Ny, could therewith be caused either by (i) a decrease in the

Ccross

source term Ny ”* or by (ii) an increase in the sink term N,IJZOR (see
also right hand side of Fig. 1). Hypotheses on how they could be
affected by an increase in anode backpressure are discussed in the
following. (i-a) The amount of oxygen crossing over to the cathode
could deplete hydrogen at the cathode/electrolyte interface upon
recombination forming water and therewith change the source term
for the hydrogen crossover to the anode compartment. (i-b) The
coverage of gas and water at the anode/electrolyte interface is
changing with the backpressure at the anode, altering the volatility of
the dissolved hydrogen from the electrolyte into the anode compart-
ment. (ii-a) The same amount of hydrogen reaches the anode but a
larger share of it is undergoing HOR instead of reaching the anode
exhaust. This could be possible due to the fact that at elevated anode
pressure the retention time of the oxygen product gas (and therefore
the crossover hydrogen gas) is increased due to the lower volumetric
evolution rate. (ii-b) In principle, also the HOR activity of the
catalyst could change upon change of the backpressure on the anode
due to the different surface potential of the catalyst caused by the
high activity of oxygen. All mechanisms would at the same time lead
to an increase in current density independent missing gas flux, which

is observed as well. Of course, a combination of those mechanisms
is just as likely.

It becomes evident that the gas crossover quantities and the share
of hydrogen flux at the cathode are not straight forward to
quantitatively assign to different possible loss terms. By running
three independent MEAs under the afore described pressure condi-
tions we are confident that the results obtained are true. We wanted
to focus on the phenomenological description of the results obtained
and tried not to draw conclusions by favoring one mechanism over
the multitude of other possible explanations. However, we want to
stress the most important findings of our product gas analysis:

® Oxygen crossover is a so far hardly studied phenomenon in
PEMWE but might have a significant impact on the overall amount
of hydrogen that can be attained.

® The apparent hydrogen flux observed at the anode is not a good
descriptor regarding the overall amount of hydrogen lost.

® Gas crossover in PEMWE during operation is not just simple
permeation that can be estimated based on the pure material
coefficients such as solubility, diffusivity and volatility obtained
during steady state in sifu measurements.

® Many aspects that will alter the gas crossover behavior are not
well understood, which makes comparison of crossover data from
different studies especially difficult.

® The anode catalyst, its mutable surface chemistry, the elec-
trodes’ structures, the nature of the electrode/electrolyte interfaces as
well as the flow conditions through the electrodes can all affect the
hydrogen flux exiting the cathode and therewith the hydrogen
production efficiency. Neither of them is truly understood and
some basic understanding is still missing.

Besides all of those open ends, we want to show how the
described phenomena and experimentally determined gas flux
quantities actually affect the hydrogen production efficiency.

Change of the hydrogen Faradaic efficiency with operation
conditions.— After thoroughly studying the gas fluxes attained from
the PEMWE cells, the actual Faradaic efficiencies for hydrogen
production as a function of current density and operating pressures
are compared.

The most important information in Fig. 6 is depicted as green
bars. Those represent the amount of hydrogen quantified in the
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Figure 6. Distribution of hydrogen flux share for the PEMWE single cells based on a N212 membrane running with 20 ml min~" of H,O supply to the anode at
80 °C for the current density range of 0.1-4 A cm 2 The share of hydrogen found in the cathode exhaust (i.e., the Faradaic efficiency) is shown in green bars
(starting at 0). The apparent hydrogen crossover is stacked in orange bars. Closing the hydrogen balance is possible by using the amount of oxygen missing in the
overall gas balance and taking into account the 2:1 correlation of hydrogen and oxygen produced (stacked blue bars). The shown bar charts represent the
measurements executed at (a) symmetric ambient pressure, (b) differential operation with 10 bar, cathode backpressure and (c) at symmetric elevated
backpressure of 10 bar,. Error bars are based on the min-max deviation of the three independently measured MEAs.
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cathode exhaust at different current densities for the three studied
pressure cases. This is the actual Faradaic efficiency of the PEMWE
cells, minding that hydrogen is the goal product. For the ambient
pressure operation shown in Fig. 6a, the Faradaic efficiency of the
cell is almost independent of the current density operated at, being in
the range of 97.5 +0.7%. The amount of hydrogen detected in the
anode exhaust is added as orange bars and is almost invisible for
the atmospheric pressure operation. In Fig. 5 we have discussed the
amount of missing hydrogen, i.e., the difference between the amount
theoretically produced based on Faraday’s Law (100%) and the sum
of hydrogen found in both exhausts. To show once more, that the
amount of missing oxygen can just as well be used to quantify the
amount of missing hydrogen, it is stacked to the bars representing
the hydrogen share found in the anode and in the cathode as dark
blue bars in the known 2:1 ratio. Therewith the hydrogen mass
balance can be closed with the average values of the three different
hydrogen shares adding up to 100% for all current densities.

The linear dependency of the amount of missing gas at current
densities exceeding 0.5 A cm™2 can also be seen in Fig. 6 as a close
to constant loss in Faradaic efficiency depicted as blue bars. The
change in intercept for the elevated pressure cases leads to a small
distortion of course.

Increasing the cathode backpressure in Fig. 6b the Faradaic
efficiency loss caused by the hydrogen crossover is increased as
depicted by the significant share of the orange bars as well as the
increase of the missing gas share represented by the blue bars (based
on the oxygen mass balance). We want to stress once more that the
Faradaic loss by the hydrogen crossover is most likely bigger
than the apparent hydrogen crossover Ny . The actual Faradaic

efficiency of the PEMWE cells increases with current density for the
1 bar,/10 bar, operation from only 79.7% at 0.1 A cm™2 up to 96.9%
at 4 A cm ™2 This is caused by both, a decrease in hydrogen share
loss observed at the anode and a relative decrease of missing gas flux
with current density.

The anode backpressure was increased in the last pressure
variation as well for analytical reasons even though a PEMWE
cell would most likely not be chosen to operate like this. Here the
Faradaic efficiency changes the strongest over current density from
65.1% up to 96.2% when increasing the current density from
0.1A cm™ to 4A cm™? (green bars in Fig. 6c). Interestingly,
here the loss that can be directly assigned to the share of hydrogen
found in the anode exhaust is lower compared to the differential
pressure operation at 1 bar,/10 bar,, which was already discussed
along Fig. 5.

True hydrogen production efficiency of PEMWE single cells.—
After thorough analysis of the Faradaic efficiency of the PEMWE
single cells, we are now able to do a cell-based hydrogen production
efficiency comparison for the different operation conditions.

The top panel in Fig. 7 shows the polarization characteristics of
the PEMWE single cells at the different pressure conditions. Upon
increase in cathode pressure (triangles vs squares), there is a
significant change in reversible cell voltage (45 mV for 10 bar,
cathode backpressure) as already described in literature. The higher
cell voltage observed throughout the polarization curve corresponds
to an increase of 42-66 mV, which is fairly close to the theoretical
predicted change based on the Nernst equation. When adding
backpressure to the anode, the observed reversible voltage and
kinetic region is hardly changed but a small decrease in overpotential
at higher current densities can be observed compared to the
differential pressure operation (diamonds vs triangles). This change
is not caused by a change in HFR but is assumed to stem from a
change in the mass transport resistance at the anode at elevated
backpressure.'”

With representative electrochemistry being obtained at all shown
pressure cases, the hydrogen content in the anode exhaust is further
analyzed with respect to possible safety concerns arising from
formation of explosive mixtures upon hydrogen crossover. The

values are shown in the bottom panel of Fig. 7 using the respective
symbols. We differentiate two different hydrogen in oxygen
contents: As open symbols, we show the hydrogen in oxygen
content with the oxygen flux taken from Faraday’s Law. Many
studies only quantify the hydrogen flux at the anode without
quantification of the true oxygen flux.'**"**2°3° By having ana-
lyzed the absolute oxygen flux leaving the anode compartment, we
can calculate the true hydrogen in oxygen content, which is denoted
as closed symbols. This value would correspond to the reading from
a H, in O, safety sensor. For the ambient pressure case (squares),
there is hardly any observable difference between the two hydrogen
content calculations because the amount of missing gas is rather
small (see also Fig. 6). Only at small current densities of less than
100 mA cm ™2 the quantification of the true oxygen flux actually
makes a difference and increases the hydrogen in oxygen share. For
all current densities exceeding 30 mA cm ™2, the hydrogen in oxygen
content stays below the threshold of 2%.

When increasing the cathode pressure to 10 bar, (triangles) the
hydrogen in oxygen content is significantly increased. Only at
current densities exceeding 2.5 Acm~> a safe operation can be
ensured. Due to the higher loss of oxygen for this operating
condition, the difference between the hydrogen in oxygen content
assuming 100% Faradaic efficiency for oxygen evolution and the
truly measured hydrogen in oxygen content is more pronounced.

For the symmetric operation at elevated pressures of 10 bar,/10 bar,
(diamonds), hydrogen in oxygen contents of less than 2% are achieved
at current densities exceeding 1 A cm™2 caused by the lower hydrogen
gas flux observed on the anode for this case as shown in Fig. 5b. Due
to the higher amount of missing gases, the hydrogen in oxygen content
calculated by the two afore described methods differs the most,
accounting for almost 0.5% at 0.5 A cm™ 2. It is therefore important
to quantify the true hydrogen in oxygen content rather than only
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Figure 7. Top: Comparison of polarization curves obtained for the three
different pressure cases during the crossover measurement. Bottom: H, in O,
content on the anode over current density. Two different values are shown
with open symbols representing the H, flux in the anode exhaust normalized
by a theoretical production rate of O, according to Faraday’s Law and closed
symbols representing the H, flux normalized by the actual O, flux found in
the anode exhaust. The safety limit of 2% H, in O, is added as a dashed line.
Squares show the data obtained for the ambient pressure case, triangles
correspond to the 1 bar,/10 bar, operation and diamonds represent the
symmetric elevated pressure operation case. Lines between data points are
merely added as a guide to the eye.
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looking at the hydrogen flux exiting the anode in order to judge safe
operation of the PEMWE cells.

Now that the safe operation windows for the different pressure
conditions are fixed, the actual hydrogen production efficiency is
discussed. For this we multiply the electrical efficiency and the
Faradaic efficiency as discussed in the experimental part. The results
are shown in Fig. 8. The top panel shows the partial efficiencies, i.e.,

the electrical efficiency ngf (grey shades) and the Faradaic

efficiencies ;75;“ (green shades).

The highest Faradaic and electrical efficiency is observed for the
symmetric ambient pressure case, which is expected due to the lower
driving force for gas loss and the lower reversible potential for the
gas evolution reactions. The Faradaic efficiency and electrical
efficiency for the pressurized cases have already been discussed in
Figs. 6 and 7, respectively. Not taking into account the true Faradaic
efficiency for hydrogen production—that cannot be quantified based
on the pure hydrogen in oxygen flux that is easy to determine
experimentally—one would only use the electrical efficiency ngf
behavior and compare it to the LHV of hydrogen. A common goal is
hydrogen production efficiencies exceeding 70%y gy, which would
correspond to a maximum current density of roughly 3.2 A cm ™~ for
the ambient pressure case, 2.5 A cm > for the symmetric elevated
pressure operation and roughly 2.3 Acm 2 for the differential
pressure operation at 1 bar,/10 bar, based on the electrical efficiency.

When taking into account the real Faradaic efficiency of the
system, the overall production efficiency can be calculated and is
displayed in the bottom panel of Fig. 8. Also here, the 70%; v
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Figure 8. Top: Electrical efficiency (grey shades) and Faradaic efficiency
(green shades) over current density for the three studied operating pressure
cases. Bottom: Hydrogen production efficiency based on the LHV of the
hydrogen gas product. For current densities where the 2% H; in O, limit is
exceeded, the symbols are shown semi-transparent. The reference of 70%; yv
is given as an orange line. Squares show the data obtained for the ambient
pressure case, triangles correspond to the 1 bar,/10 bar, operation and
diamonds represent the symmetric elevated pressure operation case. Lines
between data points are merely added as a guide to the eye.

efficiency value is added as a guideline. Additionally, current
densities that cannot be aimed for because they exceed the 50% LEL
H, in O, values (see Fig. 7) are only shown as semi-transparent
symbols. The results from this analysis are the final window
assignment for safe and efficient hydrogen production on those
PEMWE single cells.

In general, at low current densities the possible formation of
explosive mixtures is limiting the operation window, whereas the
high potentials at high current densities cause the production
efficiency to drop below a reasonable value. For the ambient
pressure case (light blue squares in bottom panel of Fig. 8),
operation between 50 mA cm > and 2.5 A cm™? is possible. For
the differential pressure operation, there is only a very narrow
window between 0.2 A cm ™2 and 1 A cm™2 where the production
efficiency is above 70%ypyy. This window is, however, also not
possible to operate at due to the hydrogen in oxygen content being
above 2%. Though the latter is less of a problem for the symmetric
elevated pressure operation, the production efficiency is signifi-
cantly worse due to the lower Faradaic efficiency, limiting the
operating window to a single operating point around a current
density of 1 A cm™ that just barely allows operation from a safety
point of view.

Conclusions

In this study, we have shown that closing the hydrogen and
oxygen mass balance for PEMWE single cells is possible even with
small active area lab cells. The amount of missing gas fluxes in the
exhaust streams follows the 1:2 ratio of oxygen and hydrogen. We
have shown that the amount of missing hydrogen gas easily exceeds
the commonly reported hydrogen in oxygen content. By changing
the operating pressure of the cell, we were able to show the similar
current density dependent deficiency of product gases in the exhaust
that follows a linear trend, which might therefore be assigned to
oxygen crossover to the cathode caused by the electro-osmotic drag.
Additionally, the amount of hydrogen observed in the anode
compartment seems not be a good descriptor of the actual hydrogen
loss to the anode due to possible HOR activity of the iridium-based
anode catalyst. We have therefore introduced the term apparent
hydrogen crossover, which is the amount of hydrogen that actually
can be quantified at the anode exhaust. By determining the true
Faradaic efficiency with respect to hydrogen production, we showed
that gas crossover phenomena in the cell significantly diminish the
efficient operation window for PEMWE.

Despite being able to phenomenologically describe the change in
Faradaic efficiency of the product gases with current density and
pressure, we were only able to offer several hypotheses for those
dependencies. It became evident that there is still a lack of
fundamental understanding of PEMWE processes. Membrane creep
might be an important factor to consider when evaluation the system
efficiency with thin, non-reinforced membranes especially over the
systems lifetime.

A major unknown is the nature of the electrode/electrolyte
interface at both, the anode and cathode. While steady state gas
permeation through PEM has been studied extensively, the results of
this study show that gas crossover in operating PEMWE is by far
more complex. Thorough studies on the electrodes’ structures, the
nature of the electrode/electrolyte interfaces as well as the flow
conditions through the electrodes with respect to their effect on the
product gas fluxes are still missing and will be necessary to bring the
most efficient configuration and systems into application.
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