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ABSTRACT

To reach cost targets that accelerate the widespread deployment of renewable hydrogen production by electrolysis, research and development efforts must be rapid,
efficient, and highly collaborative. To facilitate efforts, the H2NEW consortium has developed a benchmarking protocol as the basis for accurate comparison of PEM
electrolyzer research results. Herein, three U.S. National Laboratories harmonize and validate this protocol to establish minimum requirements for test stations, cell
hardware, cell test procedure, and the fabrication of a baseline material set, while maintaining maximum agreement of test results. The baseline membrane electrode
assembly (MEA) features significantly lower loadings than commercially available and is referred to as the “Future Generation MEA (FuGeMEA)”. It consists of
commercially available materials and is used as a baseline material set for research and development across the consortium. Using this material set, a phased
harmonization approach is applied to isolate and address sources of variation associated with the test stations, cell hardware, and FuGeMEA fabrication procedure.
Troubleshooting experiments are conducted within each phase, yielding a set of Lessons Learned (LL) that we present and discuss. In the final phase, the participating
laboratories separately fabricate the FuGeMEA, assemble the cell, and conduct the harmonized test protocol to obtain cell performance results with a maximum
standard deviation of 18 mV at 4 A cm 2. This work thus establishes the FuGeMEA performance benchmark and test protocol as a baseline system for broad use in test

equipment validation and comparison of performance results across the research community.

1. Introduction

In recent years, efforts to improve resilience of the energy sector have
been significantly increased. The introduction of renewable hydrogen as
an energy carrier is one promising pathway. The technology enables the
interconnection of electrical energy production with the industrial
sector while providing grid services. The United States Department of
Energy’s (DOE’s) H2@Scale initiative brings together stakeholders to
improve the penetration of hydrogen into the energy sector [1]. Part of
the DOE’s effort is reflected in its support of research and development
on polymer electrolyte membrane water electrolysis (PEMWE) through,
for example, the established Energy Materials Network HydroGEN
consortium [2] and the recently created Hydrogen from Next-generation
Electrolyzers of Water (H2NEW) consortium [3]. Both have ambitious
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research targets to advance hydrogen technology and reduce hydrogen
production cost. Those targets can only be achieved if hydrogen research
is conducted rapidly, efficiently, and jointly, i.e. in close collaboration
with the research community.

The challenges associated with comparing results of commercially
available membrane electrode assemblies (MEAs) across the research
community have been discussed in the literature [4,5]. Therein, the
completeness of cell conditioning and the accuracy of temperature
control was found to be of high importance [4] as well as the precise
execution of the test protocol. Any test interruption and deviations from
the protocol had a significant impact on the performance and impedance
data [4]. Staying within this framework accomplished an across-site
reproducibility of <20 mV and in-house reproducibility of < 5-10
mV, representing the upper limit that could be achieved for current
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densities up to 1.0 and 2.5 A cm ™2 in previous work [4,5], and up to 4 A
cm™2 for this work. This previously published work highlights the lim-
itations that govern data comparison across the community for com-
mercial MEAs, however the advancement of water electrolysis to next
generation MEA systems requires low (<0.4 mg Ir cm™2) to ultralow
(<0.1 mg Ir em~2) Ir loadings, high current densities, and operation at
pressure.

The H2NEW consortium addresses the data comparison challenges of
next generation systems in its research efforts. Herein, we fabricate,
integrate and operate individual variations of all cell components and
materials at each of three participating U.S. National Laboratories
(referred to as Lab 1, Lab 2, and Lab 3 in this work). Following an initial
baselining phase (Phase 0), the effort adds complexity in three phases of
harmonization: Phase 1 (test stands), Phase 2 (cell hardware), and Phase
3 (MEA fabrication). In each phase, sources of variation are isolated,
investigated, and mitigated to obtain harmonized results. This trouble-
shooting process yields a set of Lessons Learned (LL) that we present and
discuss to support the broader community’s efforts in establishing robust
test protocol, a baseline material set, and comparable results.

The harmonized material set used in this work is referred to as the
“Future Generation MEA (FuGeMEA)”. It is being used as a baseline
material set for R&D across the H2NEW consortium. The constituent
materials were selected for their general availability and accessibility
such that the FuGeMEA and test protocol herein may be used broadly for
test equipment validation and comparison of performance results. The
FuGeMEA features commercially available IrOy anode catalyst at 0.4 mg
Ir cm 2 loading, a Pt/C cathode catalyst at 0.1 mg Pt cm ™2, and a Nafion
N115 membrane. The anode catalyst layer ink formulation was chosen
based upon work by Alia et al. which evaluated ink and spray variables
for commercially available IrOx Alfa Aesar powders [6]. The work pre-
sented here gives insights into the approach, process, and learnings of
the harmonization process between the laboratories. The methods and
developed processes ensured that FuGeMEAs fabricated and tested at
each individual laboratory delivered near identical results. The outcome
establishes the basis for data sharing and close collaboration across the
H2NEW consortium.

The rate of publication in the low temperature electrolysis space has
increased from 10,000 publications in 2013 to 32,000 in 2023, more
than a 3-fold increase [7]. A direct comparison of results from a selection
of PEMWE literature can be seen in Fig. 1 [8,9,9-35], which presents an
inharmonious picture of the current state of PEMWE performance re-
sults. These cell voltage values correspond to the control or reference
case against which novel experimental work is compared, including
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unsupported IrOy and IrRuOy as the anode catalyst at a variety of
loadings. These MEAs were characterized at the beginning of life (BOL)
at 80 °C and ambient pressure. The anode catalyst loadings are split into
three groups: <0.5 (low), 0.5-2 (moderate), and >2 (high) mg Ir cm 2.
A 2019 study summarized all results in the literature (including novel
experimentation), finding a deviation up to 600, 500, and 200 mV at 1 A
cm 2 for N21 2,N115, and N117 respectively [4]. In our present analysis
of control or reference samples, a deviation of >200 mV remains at 1 A
cm 2 and the deviation increases to 250, 1000, and 400 mV at 3 A cm 2
for N212, N115, and N117, respectively. A 250-1000 mV deviation
among baseline samples is unacceptable for determining the
state-of-the-art across institutions.

In an ideal case, where test stands, cell hardware, and protocols are
appropriately harmonized, the cell voltage dependance on membrane
thickness and anode catalyst loading would be clear in Fig. 1. This is not
the case and even comparison of nominally identical MEAs across
multiple laboratories shows a large deviation. It is well understood that
increased membrane thickness increases the high frequency resistance
(HFR) and total cell voltage [9]. Liu et al. (yellow “x” in Fig. 1a—c) found
a clear increase in cell voltage that correlated to membrane thickness in
a direct comparison of nominal catalyst layers made with N212, N115,
and N117. In contrast, Fig. 1 data shows no clear trend between N115
(thickness = 125 pm) and N117 (thickness = 175 pm). Rozain et al.
conducted an analysis of MEA performance with IrOx loadings from 0.1
to 1.71 mg Ir cm 2, finding an improvement of 400 mV at 2 A cm ™2 with
the increase in loading [13]. Fig. 1 shows no clear relationship between
the low loading group (blue) and the moderate loading group (yellow)
for any membrane thickness. Many of these samples have been made
with disparate procedures and inks and tested with different cell
compression and flow rates, which certainly contributes to some of the
difference. Several datasets (solid markers) were made with commer-
cially available MEAs from a variety of suppliers. Fig. 1b shows that
despite using similar, “state-of-the-art” MEAs made with standard
fabrication practices, test stand and cell hardware have a large impact
on the measured performance.

Another critical, yet underexplored, factor affecting a PEMWE per-
formance measurement is the conditioning protocol. While most studies
focus on performance and durability, the rationale for specific condi-
tioning methods is rarely addressed, and standardized protocols are
necessary. Wang et al. [36] demonstrated a 9.15 % cell efficiency
improvement at 0.4 A cm 2 through conditioning, yet the effects of
these protocols on membrane or catalyst properties remain unclear, as
pre-conditioning performance is often not reported. Conditioning
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Fig. 1. Comparison of BOL cell performance measurements that are used as control or reference MEAs having IrO, or IrRuOy, as the anode catalyst and (a) N212, (b)
N115, or (c) N117 membrane. Test conditions are at 80 °C and ambient pressure. Data with solid markers signify the use of commercially available MEAs.
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approaches generally fall into three categories: current or voltage hold
steps, voltage sweeping, or combinations of both [5,37-39]. For
instance, Hartin-Weiss et al. [40] and Biihler et al. [31] utilized voltage
sweeping, whereas Kang et al. [41] and Oh et al. [42] employed current
hold steps. In this study, a conditioning protocol consisted of a voltage
hold followed by a set of polarization curves to ensure stabilized and
reproducible beginning-of-life (BOL) performance for reliable
inter-laboratory comparisons. Furthermore, a set of fast polarization
curves was found to sufficiently “re-condition” our reference MEA, such
that repeatable results can also be obtained after prolonged cell down-
time at open circuit, including shipping of the cell among institutions for
round robin comparisons.

While in-house results, on similar test equipment with the same
conditioning protocol, can yield valid comparisons, the inability to
compare across institutions hinders technological advancement. This
may be in part due to insufficient reporting of experimental details, i.e.
metadata, such as flow field and flow configuration, temperature control
location, and water quality to name a few. Consistency and complete-
ness of reporting is part of ongoing discussions in the international
community and subject to future harmonization efforts.

2. Methodology

The benchmarking methodology describes the test station and cell
hardware parameters for each lab, the harmonized cell test procedure,
and the FuGeMEA fabrication recipe. Additional description, pictures,
and schematics are available in the Supplemental Information — Part 1.
The protocol harmonization and validation effort is divided into three
phases that correspondingly isolate and address sources of variation due
to the test station (Phase 1), cell hardware (Phase 2), and FuGeMEA
fabrication (Phase 3).

2.1. Protocol — Test stations

The test station design and components ranged from being largely
custom designed and built to being an assembly of mostly commercially
available equipment. Regardless, the test station must be capable of
water and temperature regulation and supplying DC and AC current for
cell conditioning and characterization. The key test station parameters
are organized in Table 1. Test station pictures and additional description
are available in the Supplemental Information — Part 1.

2.2. Protocol - Hardware

Standard laboratory electrochemical cell hardware was used in this
work. This hardware style sandwiches the MEA between two flow fields
(FFs) by means of two compression plates which are bolted together to
hold the assembly. Such hardware is broadly accessible as it can either
be purchased from various commercial suppliers or fabricated in-house
following open-source designs [43] (Fig. 2). The key cell hardware pa-
rameters are organized in Table 2. Cell hardware pictures and additional
description are available in the Supplemental Information — Part 1.

2.3. Protocol — FuGeMEA fabrication

This section describes the FuGeMEA fabrication procedures with
further detail available in the Supplemental Information — Part 1. The
catalyst-coated membrane (CCM) was fabricated with dilute anode and
cathode inks prepared using IrO, powder (Alpha Aesar Premion®,
99.99% purity) and 46.7 wt% Pt/C (TKK TEC10E50 E), respectively. The
catalyst powders were mixed with ultra-pure DI water (MilliPore 18.2
MOhm-cm), n-propanol, and Nafion ionomer (D2020, 920 EW). Anode
and cathode inks used a 0.27 and 0.53 ionomer:catalyst ratio, respec-
tively. Inks were sprayed onto Nafion™ 115 (N115) membrane held at
80 °C on a vacuum plate in a Sono-tek ExactaCoat ultrasonic spray
system with a 25 kHz Accumist nozzle. Final MEAs are oversized at 27 x
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Table 1
Test station parameters by lab.
TEST STATION Lab1 Lab 2 Lab 3
Water T Anode inlet (~2 Anode inlet (~2 Anode inlet (~5
regulation cm from cm from cm from endplate)
thermocouple endplate) endplate)
position

Water heating

Anode loop type

Inline heater

Single-pass

Inline heater

Recirculation

Water bath with
hot plate
Recirculation (~2
L reservoir
volume)

Cathode loop type  Inlet closed, Inlet closed, Inlet closed, outlet
outlet to liquid/ outlet to water to liquid/gas
gas separator dropout and separator then
then exhaust exhaust exhaust

Anode ion None Cation and anion None

exchange resin

Cathode ion None None None

exchange resin

Tubing material PFA PFA PFA

Type of anode None — house DI Reaxus M1 class, KNF diaphragm

pump water system discontinous liquid pump

Type of cathode None None None

pump

Conditioning TDK-lambda (300  Biologic VSP-300 Biologic VSP

electronics A) power supply

Type of Gamry reference Biologic VSP-300 Biologic VSP

potentiostat 3000
Booster (amp Gamry reference Two 10 A booster ~ Biologic 20 A
range) 30k booster (30 cards booster
A)
Frequency range 40kHz-0.1 Hz 40kHz-0.1 Hz 40kHz-0.1 Hz
Anode Anode outlet, Anode outlet, 10 Sea level
backpressure, ~60 cm cm from endplate
position downstream
Cathode None Cathode outlet None
backpressure, (10 cm from
position endplate)
Anode water refill None None Exchange water
mechanism every 12 h
Cathode water None None None
refill
mechanism

27 mm?. Detailed ink and spray coating recipes are provided in Sup-
plemental Information - Part 1 with procedural and spray station vari-
ants among the labs detailed in section S1.3. The catalyst loadings were
determined by XRF after spray-coating. Anode loadings were 0.41
+0.01, 0.40 +0.01, and 0.40 +0.02 mg Ir cm 2 and cathode loadings
were 0.15 +0.01 mg Pt cm 2. Carbon-based gas diffusion layer (GDL)
(Avcarb, MGL280) with 78% porosity and 280 pm thickness at 50 kPa
was used as the cathode diffusion media. Platinum-coated titanium felt
(2GDL-10-0.25 BSO02PT, Bekaert) with 56% porosity and 250 pm
thickness was used as the anode porous transport layer (PTL). These
PTLs were cut either by laser ablation (FS laser or Tykma Minilase) or
die cutting and either used directly, cleaned by brief rinsing in DI, or
bath sonicated for 20 min in 1:1 DI:IPA and then dried with N5 or air-
dried overnight. Detailed descriptions of laser settings and PTL consid-
erations can be found in the Supplemental Information - Part 1. While
various cutting methods may be used, it is important that the chosen
method avoids roughness or stray fibers on the PTL edges that can press
into the CCM and create electrical shorts or pinholes [44]. The PEM
water electrolysis cells were assembled with a 5 cm? active area, masked
down by the openings of the polytetrafluoroethylene (PTFE) gaskets that
have a 10-mil nominal thickness for both anode and cathode. The
diffusion media and gasket thicknesses were measured and matched to
each other such that the final GDL compression was 20-24% for the dry
cell assembly. In the compression calculation (Supplemental Informa-
tion - Part 1), PTFE is assumed to compress 6% [45,46] with the Ti PTL
treated as being incompressible. We note that this formula does not
account for membrane swelling when the membrane is hydrated. The
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Fig. 2. Example cell hardware and MEA exploded-view drawing. Detailed source files and assembly instructions are available for this open source hardware [43].

level of compression in the wetted cell is difficult to characterize, but
due to the identical conditioning and assembly procedures, the impact of
membrane swelling is expected to be identical at all labs.

2.4. Protocol — Test procedure

In Phase 1, cyclic voltammograms (CVs) were conducted before
conditioning and after characterization, and a hardware resistance
check was performed prior to cell assembly. Fig. 3a shows an overview
of the BOL test procedure. The detailed parameters are described in the
text below. For users of Gamry or Biologic potentiostats, the test
sequence script files are available for download in the Supplemental
Information.

The BOL cell testing consists of a three-part cell conditioning
sequence (Fig. 3a Step 2 and Fig. 3b) followed by performance charac-
terization (Fig. 3a Step 3 and Fig. 3c) that is comprised of polarization
curves with EIS measurements at each current density. In addition to a
long voltage hold, the conditioning procedure includes a sequence of
polarization curves (10 “slow” followed by 10 “fast” polarization curves)
taken at the same current densities as the BOL cell performance char-
acterization, similar to the conditioning protocols used in other recent
PEMWE studies [47-50]. An example of the conditioning data (Fig. 3b)
shows that cell performance improves both during the voltage hold (blue
curve) and during the 10 “slow” polarization curves (t = 12-35h).
During the 1.85 V hold (t = 0-12h), the current density increases from
2.02 to 2.36 A cm 2. Over the course of the 10 “slow” polarization
curves, the cell potential at 4 A cm ™2 decreases from 2.012 to 1.990 V.
Previous work showed that cell conditioning can be insufficient when
single current or voltage hold alone are used and that at least one full
polarization curve was necessary to yield stable and comparable results
[5]. For the reference MEA used here, we find that at least 7x condi-
tioning polarization curves are needed. While the further improvement
during the 10 “fast” polarization curves is negligible, indicating that
they are not required, this set of “fast” polarization curves (Fig. 3a Step 2
Part 3) alone was used and found to be sufficient to “re-condition” the
round robin cell that was shipped among institutions in Phase 1.
Although not necessary, this set of “fast” polarization curves is retained
in Phase 2 and 3 work for consistency.

During conditioning and characterization, the cell was operated in a
wet/dry configuration where 50 mL min ™~ of DI water is supplied to the
anode and no water is supplied to the capped cathode inlet. For the labs
not located at sea level, 1 bar,ps backpressure was applied to the anode
outlet. The cathode outlet pressure was not regulated and thus varied
between approximately 0.8-1 bar, the nominal ambient pressure range
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among the labs. Both the cell and the water supply to the cell were
regulated to 80 °C using separate PID control loops. To prevent cell
depolarization, a voltage hold at 1.4 V during downtime between
measurement steps, i.e. between the end of conditioning and the start of
characterization, is preferred over allowing the cell voltage to float at
open circuit.

The conditioning procedure consisted of three steps:

1. Voltage control hold at 1.85 V for 12 h with the current stepped up
prior to this hold in 5-min long increments at 0.2, 0.5, 1, 2, and 3 A
em 2,

. Repeat 10 current-controlled polarization curves (referred to as 10x
“slow” polarization curves), starting from low to high current den-
sity, then from high to low current density. Each current set point is
held for 3 min at 0.01, 0.02, 0.04, 0.06, 0.08, 0.1, 0.12, 0.14, 0.16,
0.18,0.2,0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 1.0, 1.5, 2, 2.5, 3, 4 A cm 2
in ascending and then descending order with a single segment at the
4 Acm2 apex.

. Repeat 10 current-controlled polarization curves with the same pa-
rameters as Step 2 but instead hold each current set point for 30 s
rather than 3 min. This Step 3 of 10x “fast” polarization curves is also
used as the “re-conditioning” procedure in the Phase 1 round robin
where a single assembled cell was shipped among and measured
repeatedly at all Labs.

After full conditioning (Steps 1-3) or reconditioning (Step 3 only),
the performance characterization consisted of:

4. A single current-controlled polarization curve from low to high
current density with each set point held for 1 min immediately followed
by an electrochemical impedance spectroscopy (EIS) measurement at
each current density. The EIS frequency range was 40 kHz-0.05 Hz with
a 5% current amplitude up to 0.2 A cm ™2 and a constant amplitude of 40
mA cm 2 at the higher current densities, executed in order of high to low
frequency. The current density set points for this combined polarization
curve and EIS measurement sequence was 0.01, 0.02, 0.04, 0.05, 0.06,
0.08, 0.10, 0.15, 0.20, 0.30, 0.40, 0.50, 0.75, 1.00, 1.25, 1.50, 1.75,
2.00, 2.25, 2.50, 2.75, 3.00, 3.25, 3.50, 3.75, 4.00 A cm 2. The x-axis
intercept from the Nyquist plot at each current density was used as the
high frequency resistance (HFR).

2.5. Harmonization phases

The protocol harmonization effort consisted of three subsequent
phases (Phase 1-3) following an initial baseline measurement (Phase 0)
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Table 2
Cell hardware parameters by lab.
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CELL ASSEMBLY Lab 1

Lab 2

Lab 3

Hardware origin/Vendor NREL open-source design [43]

Compression type
Bolt torque (inch-1b)

Clamping bolts
40 (increments of 20 in-1b)

Number of bolts 8

Washer type Belleville stack
Flow field (FF) flow alignment type Co-flow

Active area (cmz) 5

Position thermocouple for cell temp regulation
Type of thermo-couple

Anode FF material

Anode FF pattern

Anode FF coating

Anode land/Channel aspect ratio

K-type

Ti (Grade 2)

Triple serpentine (25 sz)
Pt (Treadstone Tech. LLC)
1:1 (0.83 mm nominal land and
channel widths)

Cathode FF material Ti

Cathode FF pattern Triple serpentine

Cathode FF coating Au (Treadstone Tech. LLC)
Cathode land/Channel aspect ratio (cm/cm) Same as anode FF

Type of cell heating 2 x 40 W heating patch
Position anode inlet Bottom, direct connect to FF
Top, direct connect to FF
Bottom, direct connect to FF
Top, direct connect to FF
6-8

Position anode outlet

Position cathode inlet

Position cathode outlet

Cell resistance [10 mil PTFE + MGL280 @ 0.1 A
ecm~?] (mQ cm?)

FF anode side, 1 mm from active area

Fuel cell technologies, inc 25SCH “acid fuel

cell” option

Scribner electrolysis cell fixture

Clamping bolts Clamping bolts

40 (increments of 20 in-1b) 40 (increments of 10 in-1b)
8 8

Belleville stack Flat or belleville

Co-flow Co-flow

5 5

FF cathode side, 23 mm from active area FF anode side

T-type K-type

Ti (Grade 2) Ti

Triple serpentine (25 sz)

Pt (Treadstone Tech. LLC)

1:1 (0.87 mm nominal land and channel
widths)

Triple serpentine (25 cm2)

Pt (in-house coating)

1:1 (0.87 mm nominal land and
channel width)

Graphite Graphite

Triple serpentine Triple serpentine

No coating No coating

Same as anode FF Same as anode FF

2 x 100 W heating rods 100 W heating rod pair
Top, direct connect to end plate Bottom

Bottom, direct connect to end plate Top

Top, direct connect to end plate Bottom

Bottom, direct connect to end plate Top

8-9 9

at each lab. Table 3 provides an overview of the test phases with a
description of the purpose of each phase and the parameters that were
identical and those that varied among the three labs. The Phase 0 initial
baselines yielded incongruent results despite having an identical MEA
source and assembly components (gaskets, PTL & GDL). Thus, Phases
1-3 were devised to isolate and address the sources of variation by test
station (Phase 1), cell hardware (Phase 2), and MEA fabrication (Phase
3). In Phase 1, a single “traveling” cell was assembled and conditioned at
Lab 1 and then shipped from lab to lab. This approach isolated the test
station as the sole source of variation. In Phase 2, the MEAs and as-
sembly components were sourced from a single Lab while the cell
hardware used at each lab varied. In Phase 3, each lab fabricated their
own MEAs in addition to using their own hardware, assembly, and test
station.

3. Results

The test results for Phase O (initial baseline), Phase 1 (test station
comparison), Phase 2 (hardware comparison), and Phase 3 (MEA
fabrication comparison) are shown in Fig. 4. Within each phase, sources
of variation were isolated to the test station, hardware, or MEA fabri-
cation and then harmonization experiments were conducted to confirm
the source and mitigate the resulting variation. Fig. 4 plots show the
initial results within each Phase to demonstrate how much variation was
observed prior to the mitigation effort. Sources of discrepancy and
variation were determined exclusively from the polarization curves and
HFR values, though additional methods of EIS analysis can offer further
insight [48,51,52]. The harmonization troubleshooting experiments
within each phase then resolved the discrepancies before proceeding to
the next phase. The harmonization experiments yielded the Lessons
Learned (LLs) that are summarized in Table 5 where the LLs are
numbered with the prefix “LL”. Detailed findings for each LL are pro-
vided in the Supplemental Information - Part 2.

In the Phase 0 initial baseline measurement set (Fig. 4a), Lab 1 (blue
circles), Lab 2 (yellow squares), and Lab 3 (red triangles) tested nomi-
nally identical MEAs that were synthesized by Lab 1. Each lab used their
own test benches and hardware “as-is” prior to any harmonization ef-
forts. Phase 0 showed that Lab 2 (yellow) and Lab 3 (red) HFR, total cell
voltage, and HFR-free cell voltage results differ in HFR (Lab 2), kinetics
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(Lab 2), and non-ohmic high current overpotential (Lab 3). The total cell
voltage at 4 A cm™2 varies by up to 190 mV. Some test station changes
were made to improve agreement before the Phase 1 round robin
testing. These changes include shifting the anode water temperature
control position at Lab 3 close to the cell inlet (LL1.0) and flushing the DI
water supply lines at Lab 2 (LL2.3).

In the Phase 1 test station comparison (Fig. 4b), the traveling cell was
shipped among and tested at all three Labs, starting with Lab 1, then
shipped to Lab 2, and back to Lab 1, before being sent to Lab 3, with the
final test taking place at Lab 1. This sequence is indicated in Fig. 4b with
legend names having suffixes of r1 (run 1) through r5 (run 5). The full
conditioning procedure was conducted prior to the first measurement at
Lab 1 while the subsequent measurements used the “re-conditioning”
procedure (see Methods). Retesting the traveling cell at Lab 1 between
the tests at Lab 2 and Lab 3 confirmed that performance drift throughout
shipping and downtime was negligible when the re-conditioning pro-
cedure was used before each test. A small offset of total and HFR-free cell
voltage in the low current density range for the Lab 2 data was observed,
which was found to be due to power supply accuracy at low current
density (LL1.1a-c). Including all measurements r1-r5, the maximum cell
voltage deviation at 4 A cm~2 was 19 mV, and thus within the range of
typical intra-lab variation [5], demonstrating excellent agreement
resulting from the improvements implemented after the Phase 0 baseline
measurements.

The Phase 2 hardware comparison (Fig. 4c) was initiated after
obtaining the protocol and test station agreement of Phase 1. In Phase 2,
each lab used its own hardware and assembled the test cell using MEAs,
gaskets, PTLs, and GDLs supplied by Lab 1. The initial results of Phase 2
showed higher deviation of cell voltage (by up to 140 mV at 4 A cm™2)
and HFR (by up to 43 mOhm-cm2) for Lab 2 and Lab 3, but good
agreement of HFR-free cell voltage. This indicated elevated series re-
sistances for Lab 2 and Lab 3 hardware, which were investigated and
resolved in LL2.1 and LL2.3.

The Phase 3 MEA fabrication comparison measurements (Fig. 4d)
proceeded after resolving the hardware discrepancies of Phase 2. In this
final phase, each lab fabricated their own MEAs for testing. General
agreement was found between Lab 1 and Lab 2, with a cell voltage
variation of 2 mV at 4 A cm™2, but some additional kinetic loss is
observed in the Lab 3 results, as indicated by slightly higher total and



M.R. Parimuha et al.

(a) Hardware \\ Step 1: CVs k
resistance p g 5ih
check 4 0-5h)

International Journal of Hydrogen Energy 114 (2025) 486496

\\ Step 4: CVs A
. (05h) o
,

(b) 4 (c
2.0 V¥ ViV N yyyyy — 2.0
VVYyVvVVYVyVyey q‘NE
. VYV veww |3 —
R i A A [ R
— v { o
;g vvvvvvvvvvw-Zg) %—3'
%1.6— ]}I’ I’l, -‘E %1.6-7 _________
c 1 @ < o
5 ---- hfr-free
1.4 = 1.4
&% —L0 i T
0 10 20 30 40 0 2 4
Time (h) Current Density ( 5)

Fig. 3. The diagram of (a) BOL test procedure consisting of a (b) three-part conditioning sequence followed by (c) performance characterization with EIS. The data
examples of (b) and (c) are from Phase 3 results. Note that the CV measurements, Step 1 and Step 4 outlined by dashed lines in (a), were conducted in Phase 1 only.

Table 3
The phases of protocol harmonization.

Phase Description Constant among Labs Variable among Labs

0 Initial baselines Protocol, MEA source Test station, cell hardware and assembly

1 Test station comparison Protocol, cell hardware and assembly, MEA source Test station

2 Hardware comparison Protocol, MEA source, and assembly Test station and cell hardware

3 MEA fabrication comparison Protocol Test station, cell hardware and assembly, MEA source

HFR-free cell voltages. The total cell voltage difference at 4 A cm ™2 is a
maximum of 35 mV. A full table of values, including cell voltage, HFR,
and HFR-free data as well as the corresponding standard deviations, is
compiled for easy comparison in the Supplemental Information - Part 1
Section 7.

Table 4 gives an abbreviated list of experimental standard deviations
achieved in this work for single-lab and multi-lab scenarios at relevant
current densities. The results for Lab 1 (single lab) are determined from
all uninterrupted tests. Multi-lab standard deviations are determined
from Phase 3 results only. In either case, the voltage standard deviation
increases with current density and the HFR standard deviation is con-
stant. The single-lab HFR-free standard deviation is 4 mV for all current
densities, but for the multi-lab case, it increases with current density.
Comparing single-lab to multi-lab variation, respectively, the total cell
voltage standard deviation is 7 mV and 18 mV, the HFR-free cell voltage
standard deviation is a maximum of 4 and 22 mV, and the cell HFR
standard deviation is 1 and 2 mOhm-cm?. These results represent more
than a 10x improvement in cross-lab reproducibility (compared to Fig. 1
survey), which advances the value of data sharing and utilization of
results across the research community to further accelerate joint
research efforts.

4. Discussion: Lessons Learned (LL)

In this section, the Lessons Learned (LL) are discussed in detail.
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Table 5 presents a summary of all observations and troubleshooting
efforts during Phases 1-3 of this work. The LLs are grouped by the phase
in which the troubleshooting investigation was conducted. If multiple
troubleshooting experiments were conducted to evaluate a single
discrepancy, the set of LLs are grouped using the same LL number but
different suffix letters (e.g. LL1.2a and LL1.2b). Detailed description and
data for each LL investigation can be found in the Supplemental Infor-
mation - Part 2 document.

4.1. Phase 0 — Assessment of lab state-of-the-art and first round of
improvements

In Phase 0, the results from Lab 1 showed the lowest cell resistances,
the expected polarization curve shape, and the highest performance
(Fig. 4a). Thus, our harmonization experiments were driven first by
efforts to identify and remove sources of variation in Lab 2 and Lab 3
equipment and protocol. To resolve the Phase 0 discrepancies, Labs 2
and 3 made adjustments to their test stations and hardware that enabled
the agreement observed during the Phase 1 test station comparison. In
Phase 0, Lab 2 results featured an elevated HFR by 20-40 mOhm-cm?
and a cell voltage increase up to 50 mV higher at low current density.
HFR and kinetic losses can occur for many reasons, though in this case,
they were caused by the presence of impurities in the water recirculation
system of the test station. Flushing the water system significantly
reduced the performance deviations observed at Lab 2 during Phase 1.
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Fig. 4. Initial cell performance measurements are grouped by (a) Phase 0 initial baselines, (b) Phase 1 assessment of test station impacts, (c) Phase 2 assessment of
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reader is referred to the Web version of this article.)

Table 4
Comparison of standard deviation of single-lab and multi-lab performance
parameters.

Current density (A/  Voltage St. Dev. HFR-free St. Dev HFR St. Dev.
cm?) W) W) (Ohm*cm?)

Lab 1 All Lab 1 All Lab 1 All

Labs Labs Labs

0.05 0.004  0.008 0.004  0.008 0.001  0.003
0.1 0.004 0.009 0.004 0.009 0.001 0.003
0.5 0.004 0.012 0.004 0.013 0.001 0.003
1.0 0.004  0.013 0.004 0.015 0.001  0.003
2.0 0.004  0.015 0.004 0.018 0.001  0.002
3.0 0.006 0.016 0.004 0.019 0.001 0.002
4.0 0.007  0.018 0.004  0.022 0.001  0.002

Lab 3 Phase 0 results show a significant non-linear overpotential in the
total cell voltage and HFR-free curves in the high current density region
>2A cm’z). After this Phase 0 measurement, Lab 3 increased their DI
water reservoir volume from 0.75 to 2 L (recirculated system) and
moved their temperature control thermocouple to within 5 cm of the cell
inlet. Bender et al. found that with cell temperatures of 56-80 °C, per-
formance at 1.0 A cm ™2 is shifted by 3-4 mV °C™!, emphasizing the
importance of accurate temperature regulation [4]. Although the sour-
ces of variation in Phase 0 were not fully isolated, it is apparent that
water impurity is also a significant concern. Contaminants have been
shown to negatively impact the MEA’s membrane and catalyst layer by
increasing ohmic and kinetic overpotentials. Many cationic species have
a higher affinity than protons for the SO~ group in Nafion, thus
reducing proton conductivity in the membrane and catalyst layer ion-
omer and resulting in a higher HFR [53]. The electromigration of
contaminant cations can lead to their accumulation in the cathode
catalyst layer and can cause reduced charge transfer efficiency and
reduced electrochemically active catalyst area [53]. Examples of
non-contaminated EIS spectra can be seen in LL2.3 and Padgett et al.
present examples of polarization curves and EIS spectra for contami-
nated cells in Figs. 3 and 4 of their work [49]. While the specific
contamination source was not investigated here, the corrective actions
implemented within Phase O yielded significantly improved perfor-
mance agreement in the Phase 1 test station comparison.

4.2. Phase 1 — Assessment of test station impacts

During Phase 1, a traveling cell was tested to assess, and where
possible eliminate, the impact of any remaining test station differences.
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This traveling cell was first conditioned and characterized at Lab 1
before being shipped to Lab 2 and Lab 3 for reconditioning and char-
acterization. The primary challenges with this phase were to preserve
cell performance throughout shipment and downtime, as well as to
resolve the low current density discrepancy observed in Lab 2 during
Phase 0. During Phase 1, the traveling cell was subjected to multiple,
long-term periods at open circuit during shipping. Open-circuit condi-
tions are known to cause reduction of the IrOy catalyst to a more metallic
state, which can affect cell performance [54]. Thus, the re-conditioning
procedure was defined and evaluated for its ability to oxidize the cata-
lyst, re-humidify the MEA, and recover from such performance drift. For
characterization runs 2-5 (r2-r5), the reconditioning protocol provided
repeatable cell performance over the two-month period between r1 and
15, the downtime at open circuit voltage, and unknown shipping con-
ditions. Lab 1 tested the cell for rl (after full conditioning), r3, and r5,
with Lab 2 measuring r2 and Lab 3 measuring r4. The cell voltage of
these tests differs by up to 10 mV at 4 A em 2 Despite the implemented
test station improvements, Fig. 5 shows that Lab 2 results continued to
deviate in the low current density region. Several troubleshooting ex-
periments (LL1.2a-d) were conducted to resolve the discrepancies: (i)
The water temperature control thermocouple was moved into the inlet
of the cell for the most accurate temperature regulation (LL1.2a); (ii)
Different water flow rates were tested (LL1.2c) to determine its influence
on kinetic performance; (iii) Performance was characterized at ambient
and 1 bar anode backpressure (LL1.2d) to identify if the operating
pressure was the cause. However, none of these experiments explained
the Lab 2 performance offset at low current density. Finally, it was found
that the incumbent, 100-A booster was inaccurately controlling the
low-current output below about 0.5 A cm™2. This booster was subse-
quently traded for two 10 A booster cards (20 A total range), which
resolved the low current density issue for Lab 2 (Fig. 5, LL1.2b). Based
on the traveling cell results of experiments r1-r5, an acceptable level of
agreement is for inter-Lab measurements to be within 20 mV (LL1.5) at
4 A cm_z, as achieved in previous benchmarking efforts [5]. Addition-
ally, Lab 1 used nominally identical MEAs to determine that on a single
test stand, the variation can be as low as 5-10 mV, while between
different test stands, variation can increase up to 20 mV.

4.3. Phase 2 — Assessment of hardware and cell assembly

During Phase 2, each laboratory assembled nominally identical
FuGeMEA material sets in their standard electrochemical cell hardware
for subsequent testing. Initial results deviated significantly (Fig. 4c),
indicating that the protocol addressing cell hardware and assembly
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Table 5
Summary of lessons learned.
Phase  LL LL Title Lesson Troubleshooting
#

1 1.1a Water T control Water supply Water temperature
point (see also temperature should regulation
1.2a) be measured as close  thermocouple moved

to cell inlet as to the anode inlet
possible

1 1.1b  Recycled DI: Larger DI water Recycled DI systems:
Reservoir size reservoir volumes or ~ Water reservoir

ion resin traps can enlarged (0.75—2 L)
mitigate error from
contaminants

1 1.2a  Water heating Supply line only Initiated DI reservoir
method (see also  heating can be heating in addition
LL1.1) sufficient with the to DI line heating

appropriate control
TC location (see
1.1a)

1 1.2b  Power supply Use an auto-ranging 100 A biologic
low current power supply or booster traded for 2
accuracy potentiostat x 10 A biologic

boosters

1 1.2c  Water supply Water supply flow Characterization
flow rate rate of 50 mL min~!  done with flow rates

lead to more of 20, 40, and 50 mL
repeatable results min~! DI water

1 1.2d  Anode No significant Lab 2 performed
backpressure change is observed characterization at

between 77 kPa and  ambient pressure
an applied 100 kPa (77 kPa) and sea
level (100 kPa)

1 1.3 Traveling cell The ‘reconditioning’  Introduced a cell
protocol for test procedure gives ‘reconditioning’
station repeatable procedure for
validation measurements at assembled cell

multiple hardware to be
laboratories shipped between
institutions

1 1.4 Calibration cell Freezing cells or Phase 1 calibration
freeze during MEAs (in shipment) cell froze during
shipping degrades shipment (with

performance (up to residual water) in
900 mV for hydrated  cold weather
cells or 20-40 mV

for MEAs)

1 1.5 Intra-lab Intra-lab pol-curve Comparison of Lab 1

repeatability variation <5 mV pol-curves from
round robin testing
and between 2 test
stands at Lab 1

1 1.6 CVs and double CVs can be a Comparison of CVs
layer qualitative indicator ~ before and after
capacitance of conditioning conditioning

progress

2 2.1a  Flow field Flow field coatings Flow fields used as is
coating failure can degrade or fail (with box gold

causing increased coating)
HFR

2 2.1b  Flow field over- Overcoating on top In-house platinum

coating attempt of a failed coating coating added over
may not restore gold coating
original HFR

2 2.1c  Flow field re- Removal of failed All coatings
finish and re- coating is necessary sandblasted then
coating to fully recover from  commercially re-

the HFR increase of coated (Pt) by
a failed coating Treadstone

2 2.2a  Compression: Over-compression Cell components

Torque can increase HFR were deeply
and kinetic losses, so indented - over-
apply torque compressed
incrementally

2 2.2b  Compression: The use of flat or The same MEA + cell
Washer type belleville type assembly was

washers had no

characterized with
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Table 5 (continued)

Phase LL LL Title Lesson Troubleshooting
#
impact on BOL different washer
performance but types
bellville washers are
better for durability
studies
2 2.3 Residual Any test station Fully flushed DI lines
contaminationof  contamination can & supply
test station compromise
comparability of
results
2 2.4 Conditioning Conditioning Shutdowns or other
interruptions interruptions can interruptions during
compromise conditioning
comparability of
results
3 3.1 Performance Cell performance is BOL characterization
sensitivity to Ir- relatively of MEAs with a range
loading insensitive to Ir- of Ir-loadings
variation loading within
0.3-0.4 mg Ir cm 2
1.52 1
1.501
S 1.48-
©
s 1.464
C
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Fig. 5. Low current density region of Fig. 3b showing a comparison of mea-
surements using a single-range, 100-A booster (blue squares) and using a 20-A
booster consisting of two, 10-A booster cards (red triangles). The final FuGe-
MEA benchmark measurement (black curve) is shown for reference. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)

required harmonization.

Cell characterization at Lab 2 (Fig. 4c, yellow squares) resulted in
about 40 mOhm-cm? higher HFR compared to those measured at Lab 1
and Lab 3. The Lab 2 cell featured an Au flow field coating with a cell
resistance of 47 mOhm-cm? (see “cell resistance check” in Supplement
Information - Part 1). This resistance was significantly higher than that
of the Lab 1 hardware (8 mOhm—cmz) and translated to high HFR for Lab
2, with the resulting polarization curve shown in Fig. 4c. Several ex-
periments were required to resolve the limitation of the cell. In the first
troubleshooting experiment (LL2.1b), a platinum coating was applied
over the original gold coating (Pt@Au). This additional coating reduced
the cell resistance to a still insufficient 33 mOhm-cm? In a second
correction step, the entire flow field surface was first sandblasted to
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remove the coating (LL2.1c). During this process, the Pt@Au coating
flaked off easily, indicating a poor adhesion to the underlying Ti flow
field and delivering a possible explanation for the elevated HFR. Finally,
a commercial platinum coating (TreadStone Technologies, Inc) was
applied to the flow field, resulting in a much-reduced cell resistance of
6.5 mOhm-cm?, and a large improvement in HFR (Fig. 4d). This resis-
tance was considered to be sufficiently comparable to the other labs’
hardware resistance values.

A preliminary Phase 2 experiment at Lab 3 showed clear signs of GDL
over-compression to the point that it fell apart (LL2.2a). This over-
compression slightly increased HFR and introduced mass-transport-
like loss behavior at high current density. In Fig. 4c, Lab 3 has higher
HFR (<30 mV @ 4 A cm™2) and a polarization curve with slight upward
curvature, which was attributed to a mild, isolated contamination event.
Previously, contamination at Lab 2 was fixed by flushing the water
supply lines, so Lab 3 now followed the same procedure. After, the issue
was resolved, as later confirmed by the Phase 3 agreement.

4.4. Phase 3 — Assessment of MEA fabrication

After harmonizing test stations and hardwares in Phase 1 and Phase
2, respectively, Phase 3 targeted the harmonization of FuGeMEA fabri-
cation at each Lab. The initial results at the beginning of Phase 3
(Fig. 4d) indicate that the detailed FuGeMEA fabrication recipe (Sup-
plemental Information - Part 1) is largely reproducible across different
Labs and spray stations. Good performance agreement was achieved
between Lab 1 and Lab 2 without any corrective measures, while a 35
mV offset was observed at 4 A cm ™2 in the HFR-free data of Lab 3. Such a
deviation is likely related to an elevated kinetic loss. At Lab 1, MEAs are
sprayed in batches of up to nine 5 cm? cells, while Lab 2 and Lab 3 spray
each MEA individually. Because only Lab 3 results show disagreement,
the use of smaller ink batches or other fabrication details related to in-
dividual MEA fabrication can be disregarded. XRF analysis of the MEAs
from Lab 3 revealed that their loading was 0.4 0.02 mg Ir cm ™2, which
ruled out the possibility that the kinetic offset was caused by a lower-
than-expected catalyst loading. A supplemental study (LL3.1) conduct-
ed at Lab 1 showed that the catalyst loading shortfall would have to be
below 0.3 mg Ir cm ™~ to explain the elevated kinetic loss observed in Lab
3 data.

A notable difference in the Lab 3 spray coating procedure from Labs 1
and 2, where the ink reservoir (syringe) is pointing downward with a stir
bar agitating the ink suspension during spray coating, is that the syringe
at Lab 3 is pointing upward and the ink is not stirred during spray

(a) 201 —— Voltage
hfr free
S 1.8
©
3t
C
=
516
1.4
€ 120 : : '
[}
é w—‘—‘—ﬁ A —h—h—h—h—h—h—h—Ah—h—
£ 1001
P
. ; ‘ .
T 0 1 2 3
Current Density (c:‘]z)

(b) 2.0-

International Journal of Hydrogen Energy 114 (2025) 486496

coating. Without stirring, the larger and heavier catalyst particles may
settle out of suspension and be retained within the syringe reservoir
while the smaller particles and ionomer spray preferentially. This may
lead to a higher-than-expected ionomer:catalyst ratio initially and a
lower ratio later in the spray coating process. Such non-uniform ionomer
distribution could yield equivalent loadings yet lead to different per-
formance. For example, Alia et al. found, when optimizing the FuGeMEA
recipe, that a poor ionomer dispersion could block active sites, thus
impacting the kinetic performance negatively [6]. While additional
studies may be conducted to understand the influence of spray coating
parameters, the FuGeMEA fabrication procedure yielded a total cell
voltage standard deviation of 7 mV among successful BOL experiments
at Lab 1, a high degree of repeatability for a single harmonized lab, and
18 mV at 4 A cm™2 among the three Labs. Thus, the protocol herein may
be used to reproduce the FuGeMEA benchmark cell voltage results to
within a +7 or 18 mV window that corresponds to a 95% confidence
interval (Fig. 6a and b blue shaded region). Despite using low loadings,
fabrication at various laboratories, and testing to higher current den-
sities, this degree of comparability is similar to those recently reported
for international benchmarking results (<20 mV difference) that
employed MEAs from a single commercial batch [5]. This level of
agreement satisfies our needs for accurately comparing data across
H2NEW collaborations.

5. Conclusion

Three National Laboratories harmonized electrolyzer test results
using an accessible, baseline materials set (FuGeMEA), a standard
electrochemical cell hardware, and a diverse set of test benches. Sources
of variation were isolated and addressed using a phased approach: In
Phase 1, a “traveling cell” reconditioning protocol was defined that
enabled direct comparison of different test stands at different labora-
tories. In Phase 2, performance variation due to cell hardware param-
eters was isolated and addressed. In Phase 3, the FuGeMEA was
fabricated and characterized at each Lab wherein a cell voltage standard
deviation of 18 mV at 4 A cm~2 was achieved. The resulting data set
defines the FuGeMEA performance benchmark in single-lab (Fig. 6a)
and multi-lab settings (Fig. 6b) and the expected variation when
following the protocol herein.

This protocol describes conditions necessary to successfully compare
MEAs. These conditions include 1) supply water quality that is free of
contaminating metal ions at the cell inlet, 2) water temperature that is
regulated close (within 5 c¢cm) to the cell inlet, 3) calibrated current/
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Fig. 6. The single-lab (a) and multi-lab (b) FuGeMEA benchmark. The shaded regions of each curve have a width of two standard deviations (plus and minus one
standard deviation). A subset of the standard deviation values is listed in Table 4.
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voltage control equipment with high applied and measured accuracy
(for example, 0.2% of both setting and reading values) at both high and
low range, 4) cell hardware resistance of 5-10 mOhm-cm?, enabled by
quality flow field coatings and hardware components with highly par-
allel surfaces, and periodically checked using the hardware resistance
measurement procedure, and 5) thoroughly documented and commu-
nicated procedures for conditioning, reconditioning, and MEA
fabrication.

This work serves as a comprehensive guide for reproducing the re-
ported FuGeMEA performance benchmark results. Anyone conducting
this exercise successfully, i.e. achieving the same results with this
reference system and protocol, can subsequently compare their results in
a meaningful way to others who have also successfully reproduced these
results. Within the H2NEW consortium, due to the demonstrated results,
performance data can be directly compared among laboratories without
the need to reproduce experiments. This establishes the trust required
for successful collaboration and accelerates the work of the H2NEW
consortium. The impact of this work can be amplified with any addi-
tional institute reproducing the results of this reference material set.

Detailed step-by-step procedures, the raw data from Fig. 6b, and
troubleshooting studies are available in the Supplemental Information
Part 1 and Part 2 documents, respectively. We tabulated a series of
Lessons Learned (Table 5) that resulted from our troubleshooting efforts
to aid others in identifying equipment or protocol deviations that can
compromise comparability and repeatability of test results. As part of
collaborative efforts in PEM electrolysis research, the application of the
Lessons Learned herein advances the goal of establishing a deeper level
of trust with regards to data sharing between laboratories. The pro-
cedures and results enable a meaningful comparison across laboratories
and further accelerate joint research efforts.
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