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The research and development of proton exchange membrane water electrolysis (PEMWE) is an upcoming and
growing area due to a rising interest in hydrogen as an energy carrier. Operating conditions are harsher than in a
fuel cell system, particularly because the potentials required for the oxygen evolution reaction are significantly
higher. In commercial water electrolysis systems, this is compensated by typically using titanium material sets
that are often protected against oxidation through coating processes. Such material choices make small scale
research hardware and porous transport layers expensive and difficult to source. In this work, we show that the
stability of traditional, carbon-based fuel cell materials such as porous transport layers and graphite flow fields
can be sufficient for electrolyzer initial performance characterization procedures such as cell conditioning, a
limited number of polarization curve measurements, and electrochemical impedance spectroscopy. We identify
and quantify the onset of carbon degradation in porous transport layers with regards to operating length and
define a strategy that enables the utilization of standard fuel cell hardware for short-term PEMWE experiments.
With the knowledge that existing fuel cell material sets can be applied to conduct electrolyzer research when
adhering to such limitations, fuel cell research hardware and experience can be more readily transferred to the
younger and rapidly growing electrolysis research field.

1. Introduction

Fuel cell research and development efforts have a 20" -year history
which has resulted in considerable existing research and development
capabilities at many institutions. More recently, awareness of the value
of Hy beyond its use in fuel cells is increasing. Emerging concepts also
emphasize Hy as commodity chemical in various industrial sectors and
as an energy storage medium that supports electrical distribution net-
works [1-3]. While electrolytic hydrogen production offers a clean and
efficient generation pathway, catalyst development and integration
studies are still needed for the development of economically viable
systems [4-7]. However, the link between ex-situ catalyst results and in
situperformance is not as established for electrolysis electrocatalysts as it
is for fuel cell electrocatalysts. Consequently, in situ evaluation of cata-
lyst and/or electrode is currently a pathway that is required for
advancing electrolysis systems. Fortunately, the complexity of the sys-
tem needed to operate water electrolysis cells [8-10] is generally
simpler than that required for fuel cells [11-13], which could allow for
an easy transition from fuel cell research to electrolysis research even for
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small research groups.

Over the decades of fuel cell research, a specific fuel cell research
hardware configuration has become widely accepted for material
development work that requires typical performance and durability tests
on subscale cells. This hardware consists of thick endplates often made
of aluminum, gold plated copper current collectors that are insulated
from the endplate with a sheet material, and graphite flow fields that
typically contain a serpentine flow channel structure [14-16]. The
diffusion media materials that are typically used in the cell are carbon-
fiber based and wet-proofed with a hydrophobic polymer treatment.

Relative to fuel cells, proton exchange membrane water electrolysis
(PEMWE) cells experience harsher conditions during operation. To
enable the oxygen evolution reaction (OER) they require an operating
potential that exceeds 1.4 V at 80 °C and can even be higher than 2 V to
achieve high current densities [17-19]. These potential conditions are
critical to the durability of the anode where oxidation occurs and pro-
tons are generated, leading to a locally acidic environment [20-26].
While IrO, OER catalysts are relatively durable under extended opera-
tion [27-29], such conditions are known to be detrimental to carbon-
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based materials, i.e. the diffusion layers and flow fields, commonly used
in fuel cells [30-36]. Considerable understanding of these materials and
their limitations within fuel cell operating conditions exists [37-40].
Prior to adopting the use of standard fuel cell hardware and gas diffusion
layer (GDL) materials for use in electrolyzer research cells, the perfor-
mance, durability and limitations of these materials need to be under-
stood before they can be used in any research efforts.

The stability limitations of carbon-based materials in an electrolyzer
anode are certainly expected to prevent their application in commercial
systems [41-43]. In this study, we show that the short-term stability of
carbon paper based porous transport layers (PTL) and graphite flow
fields is sufficient for use in PEMWE initial performance testing. Such
initial performance measurements are central to catalyst development,
integration studies, and membrane electrode assembly optimization
[44-49].

2. Materials and methods

Measurements were performed using an in-house built electrolyzer
test station that featured the minimalistic equipment approach
described in previous work [8]. The DI water supply is preheated by
separate proportional-integral-derivative (PID) temperature controllers
(Watlow) which are connected to resistive heating tape that is wrapped
around approximately 2.5 m long sections of 6.35 mm stainless steel
line. Those lines serve as DI water supply lines for the anode and cath-
ode. A third PID controller is connected to pad heaters that are glued to
the endplates of a regular fuel cell hardware. The control thermocouple
is inserted directly into the anode flow field plate. A backpressure con-
trol system is available to regulate the cell outlet pressure. This system is
employed at our laboratory to compensate for the high elevation and
typically used to regulate the operating pressure to sea level ambient
pressure of 1 bar absolute. A power supply (HP 6031A) sources current
while a multimeter (Keithley Model 2000) with National Institute of
Standards and Technology-traceable calibration records the cell voltage.
A computer with MultiScan (Grandalytics) software provides the elec-
tronics control and data recording, and a custom LabVIEW program is
used for regulating and logging the cell back pressure.

Electrolyzer measurements were performed using a standard fuel cell
hardware with 25 cm? active area and graphite single serpentine flow
fields (Fuel Cell Technologies). The PTL used was 0.35-mm thick Toray
carbon paper with 5% Teflon wet proofing (TGP-H-120, Fuel Cell Earth).
For context, the interfacial resistance of the carbon-based PTL (5 mOhm
cm?) is lower than that of Ti-based PTLs (20-35 mOhm cm?) and higher
than that of Ir-coated Ti PTL (2 mOhm cm? ) according to previous in situ
measurements [9]. The cell was sealed with 0.25-mm thick PTFE gasket.
A catalyst-coated membrane (CCM) based on Nafion 117 was fabricated
by ultrasonic spraying (SonoTek) of catalyst inks containing commercial
Ir oxide from Alfa Aesar (Premion Iridium (IV) oxide 99.99%) and Pt/C
(50 wt.% Pt on Ketjenblack) for the anode and cathode sides, respec-
tively, as well as D2020 Nafion ionomer solution (Ion Power). The
detailed fabrication procedure can be found in previous publications
[50]. The resulting catalyst loadings were 1.22 mg Ir/cm? and 0.033 mg
Pt/cm? as measured by X-ray fluorescence (XRF) spectroscopy. We note
that previous work with IrO, OER catalyst at similar loadings demon-
strated stable performance for several hundred to thousands of hours
[27-29]. Thus, the contribution of IrO, dissolution to the performance
degradation observed in this work is assumed to be negligible, which
enables interpretation of the results with regards to the stability and
degradation of the carbon-based PTLs and flow fields. Microscopy im-
ages were conducted of PTL as well as flow field materials prior to and
after cell operation using a Keyence VHX5000 digital microscope.

Before performing polarization curve (VI) measurements, the cell
temperature was first increased and allowed to stabilize at 80°C with 50
ml/min DI water (nominally 18.2 MQflowing through both the anode
and cathode. The outlet pressure of both cell compartments was regu-
lated to 1 bar absolute. A three-step conditioning sequence was
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conducted by sourcing 0.2 A/cm? for 30 min, 1 A/cm? for 30 min, and
finally holding the cell at 1.7 V for 10 h. Subsequently, a series of 27
current-controlled VI measurements was performed. Each measurement
included both an increasing and a decreasing current scan which were
averaged to generate the VI curves presented in this work. Current
density steps were 0.1 A/cm? up to 0.2 A/cm? and 0.2 A/cm? between
0.2 A/cm? and 3.0 A/cm?. The voltage was capped to never exceed 3 V.
Each constant-current step segment was held for 5 min, and the last 1
min of data was averaged for each segment. It took a total of 160 min to
complete each VI measurement. Although often valuable, we did not
perform EIS measurements during this testing sequence to avoid open-
circuit cell conditions during the manual switching process that was
required by the available equipment. Instead, we preferred to conduct
an uninterrupted sequence of polarization curves. Note that open-circuit
conditions between measurements tend to be transient and uncon-
trolled, and cycling from high voltage to open circuit conditions accel-
erates Ir dissolution[51,52]. These conditions however interesting, are
not the focus of this work, which addresses the feasibility readily
accessible, carbon-based PTL materials and graphite flow fields for
initial electrode/catalyst integration studies.

3. Results and discussions

Fig. 1 shows initial performance results of the electrolyzer cell
operated with carbon-fiber PTL and graphite flow fields. Fig. 1A shows
the current and voltage vs. time during cell conditioning and Fig. 1B
shows results from a subsequent series of 27 VI measurements.
Throughout the first two 30-min steps of the conditioning sequence at
0.2 A/cm? and 1.0 A/cm?, the cell performance improves as the voltage
decreases. The cell performance continues to gradually improve during
the following 10-h long 1.7-V hold, with the current density increasing
by 0.043 A/cm? over the first five hours and by 0.012 A/cm? over the
last five hours. The performance improvement with ongoing operation
significantly slowed down at the end of the 10 h period. In the last hour
it was 0.002 A/cm? (0.5%) and the cell conditioning was considered to
be completed [8]. The data indicate that a conditioning process is taking
place within the cell. This may be due to improved access to reaction
sites or due to the development of favored transport pathways. In any
case, no indications are apparent in the data that indicate any detri-
mental effects of carbon related degradation or deterioration.

Fig. 1B shows the results of the subsequent VI measurement
sequence. Three subsets of VIs are discernable in the results, i.e. VIs
#1-17, #18-20, and #21-27. The performances of VIs #1-17 are
closely clustered together. Their results are essentially identical, and no
effects of any degradation processes are apparent. Quantitatively, VIs
#1-17 have a standard deviation of 4.4 mV and 6.7 mV at 1.0 A/cm? and
2.0 A/cm?, respectively, which fall within the aforementioned 0.5%
voltage stabilization threshold for completion of cell conditioning and
compared to previously reported benchmarking data indicate excellent
reproducibility rather than degradation [8]. The performance of the VI
#18-20 subset diverges from that of the VI #1-17 subset at current
densities above 1.5 A/cm?. While the performance is stable within the VI
#18-20 subset, the VI #20 operating voltage is higher than VI #17 by
14.7 mV and 18.2 mV at 1.0 A/cm? and 2.0 V/cm?, respectively. An
additional performance decline is apparent between the VI #18-20
subset and VI #21-27 subset. For example, at 2.0 A/cm? the perfor-
mance of VI #21 is another 74.0 mV lower than VI #20 and a total of
92.2 mV lower than VI #17. In addition, each of the following VIs
#21-27 show a performance decline with respect to the previous VI. In
Fig. 1C, these trends are plotted against the VI measurement number for
current densities of 1.0, 2.0, and 3.0 A/cm?. The data suggest that a
small amount of cell stabilization is occurring within VI #1-4 (Fig. 1C
region i. shaded blue), which is indicated by a small voltage increase at
1.0 and 2.0 A/cm? and a decrease at 3.0 A/cm?. Subsequent to VIs #1-4,
the performance of the cell is stable over an additional eight VI mea-
surements (Fig. 1C region ii. shaded green). The results of VI #13,
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Fig. 1. Measurement sequence of electrolyzer cell using carbon PTLs and
graphite flow fields. a) Cell conditioning sequence of 0.2 A/cm? for 30 min, 1
A/cm? for 30 min, and 1.7 V for 10 h b) subsequent VI measurement series, c)
voltage stability for the same VI measurement series plotted for current den-
sities of 1, 2, and 3 A/cm?.

indicate the first signs of a performance decline that may be related to
cell degradation. This decline proceeds in subsequent measurements
(Fig. 1C region iii. shaded yellow), being more pronounced at a high
current density of 3.0 A/cm?. At VI #17 and after (Fig. 1C region iv.
shaded red), the voltage at 3.0 A/cm? jumps and the voltage at 1.0 A/
cm? and 2.0 A/cm? increases steadily with each measurement. After VI
#21, the cell limit of 3 V was reached at 3.0 A/cm? for the first time.

Electrochemistry Communications 124 (2021) 106941

Note that the initial VI stability, which is likely dominated by the
degradation of the carbon PTL material, is expected to improve when the
voltage range is limited to values significantly below 3 V, such as for
example 2.5 Vor 2 V.

Fig. 2 shows imaging results from both the anode carbon paper PTL
and the anode graphite flow field subsequent to conducting the exper-
imental matrix. Fig. 2A shows the top view of the electrode-facing side of
the anode PTL, with the inset showing the same section at a lower res-
olution. Within the marked circles of the images, the anode PTL contains
a hole that likely originated from degradation processes that occurred
during operation. The Fig. 2A inset also shows a dark line at the location
of the hole. Such lines appeared at the locations where the edge of the
anode flow field “land” areas make contact to the PTL. The discoloration
seems to be related to increased anode PTL degradation along the
interface from land to channel, which is also a location of increased
physical stress. At the perimeter of the flow field land areas the PTL
materials undergo an abrupt transition from a high compression under
the land to a low compression within the flow channel. This causes
mechanical deflection and may weaken the PTL fibers. In addition, the
current density distribution also transitions at the land/edge from

Top fibers intact

Fig. 2. Limits of carbon PTL on cell anode side. A) Initial failure/corrosion of
PTL carbon fibers, B) loss of top PTL fibers at PTL perimeter, and C) extreme
example of unchecked durability testing that will lead to severe corrosion of
carbon PTL perimeter and direct contact between the MEA and graphite flow
field, which can cause graphite pitting damage.
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primarily through-plane over the land area to primarily in-plane over
the channel area. The darker discolored lines shown in the Fig. 2A inset
correspond with this transition area. The discoloration could be the
result of loss of PTFE coating on the carbon fibers and subsequent
texturing caused by carbon fiber corrosion. As Fig. 2A shows, this
mechanism can progress into a pinhole which reduces electrical contact
and will eventually lead to loss of performance. The degradation process
may thus increase ohmic losses followed by decreasing catalyst utiliza-
tion especially for electrode layers with low lateral conductivity like the
unsupported, low-loading Ir anode catalyst layers used in this work.

Fig. 2B shows another prevalent area of PTL degradation which was
observed within about 1 mm of the perimeter of the anode carbon paper
PTL. In this edge area, a loss of the topmost layer of carbon fibers is
apparent at the surface facing the anode electrode (Fig. 2B left side). If
this corrosion process at the perimeter of the PTL is left unchecked for an
excessive amount of time, disintegration of PTL material will occur at
the edge. Fig. 2C shows an extreme example of the undesired conse-
quences of extended operation which resulted in the loss of anode PTL
integrity and geometry at the perimeter. In this extreme case, the
extended operation resulted in direct contact between the CCM and the
graphite flow field which caused pitting and destruction of the graphite
flow field. The impacted areas are indicated by the white rectangle and
shown as top view images of the PTL (top) which is missing the edge,
and the flow field (bottom) which is significantly pitted. It is likely that
the acidic nature of the membrane and/or ionomer in an oxidative
environment, i.e., potentials of >1.2 V vs. reversible hydrogen electrode
where the carbon oxidation rate becomes appreciable [53], has
contributed to the corrosion of the anode graphite flow field. For this
reason, direct contact of the MEA to the graphite flow field must be
avoided to prevent flow field damage.

4. Conclusions

This work investigates the utilization of commonly available carbon-
based fuel cell materials and hardware for PEM water electrolysis
research. The results imply that Ti-based material sets are not ultimately
required for all PEMWE research needs. Instead, cheaper and more
readily available graphite materials may be used in specific cases. The
presented results indicate that carbon-based material sets are sufficient
for characterizing initial electrolyzer performance, however, they have
limitations for extended utilization at the anode electrode. The longevity
of the representative carbon materials tested was adequate for per-
forming a 10 h cell conditioning procedure followed by twelve, 2.5-h
long polarization curve measurements before any performance losses
were observed. This result translates into 40 h of allowable operation
that included 15 h of operation between 2 V and 3 V.

Based on this work, PEMWE research that requires material
screening in MEA components, such as material development R&D, can
safely utilize traditional fuel cell hardware and materials within the
demonstrated set of conditions. Operation outside of these conditions
leads to performance degradation of the cell due to carbon corrosion
predominantly along the land/channel transition area and the perimeter
of the anode PTL. Excessive periods of operation may further result in
pitting and destruction of the anode flow field and are highly unadvised.
Furthermore, contact between membrane and graphite must be avoided,
which might occur by MEA misalignment during assembly or over-use of
carbon PTL without replacement.

In summary, existing fuel cell materials and hardware can be applied
to electrolyzer research adhering to the associated limitations. Thus, fuel
cell research assets can be more readily transferred to the younger and
rapidly growing electrolysis research field.
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