REVIEW

W) Check for updates

ADVANCED
MATERIALS
TECHNOILOGIES

www.advmattechnol.de

Review and Prospects of PEM Water Electrolysis at Elevated

Temperature Operation

Marco Bonanno, Karsten Miiller, Boris Bensmann, Richard Hanke-Rauschenbach,
David Aili, Tanja Franken, Andreas Chromik, Retha Peach, Anna T. S. Freiberg,

and Simon Thiele*

Polymer electrolyte membrane water electrolyzers (PEMWE) are currently
restricted to an operating temperature range between 50 to 80 °C. This review
shows that elevated temperature (ET) above 90 °C can be advantageous with
respect to i) reduced cell voltages, ii) a reduction of catalyst loading or possibly
the employment of less noble electrocatalysts, and iii) a greater potential for
waste heat utilization when the electrolyzer is operated in exothermal mode
(when the cell voltage is higher than the thermoneutral voltage). Together
with presenting an overview of the materials and components utilized in

fossil fuels in energy applications.!'3
Hydrogen can be produced via water
electrolysis in multiple ways,[*] namely:
1) Alkaline Water Electrolyzers (AWE),
2) Anion Exchange Membrane Water
Electrolyzers (AEMWE), 3) Proton Ex-
change Membrane Water Electrolyzers
(PEMWE), 4) Solid Oxide Electrolysis Cell
(SOEC), and 5) Proton Conducting Ce-
ramic Electrolyzers (PCCEL).

elevated temperature PEMWE under liquid and steam operation, this article
summarizes the experimental and modeling performances reported to date,
highlights the challenges ahead, and suggests aspects, which will need to be
considered to improve the performance at elevated temperature. Key points,
which arise from this work are the extensive need of re-assessing the material
selection both for the cell components and also at a system level, the effects
and optimization of working with steam operation, and in the long run, the
need for techno-economic analyses to ultimately assess whether efficiency
gains will truly translate to a cost-effective technology alternative.

1. Introduction

The production of hydrogen from non-polluting renewable en-
ergy is expected to play an important role in limiting the use of

In AWE, a cell consists of two metallic
electrodes immersed in an aqueous lig-
uid electrolyte, and a porous diaphragm,
which conducts hydroxyl ions is used
as separator.l*! AWE are particularly ad-
vantageous in that hydrogen production
does not depend on the use of Platinum
Group Metals (PGM) as catalysts in the
electrodes. While the relative simplicity
and low system cost of AWEP! have al-
lowed its industrial deployment world-
wide, AWE suffers from poor handling
of load fluctuations, which are customary when coupling to re-
newable energy sources. These are hence mainly operated in
the low current density region up to 500 mA cm=2.51 A con-
stant struggle in AWE is to minimize the distance between the
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electrodes and separator to reduce the ohmic resistancel® while
preventing mixing of product gases.

In this regard, recent efforts have led to the replacement of the
conventional diaphragm with an AEM consisting of a thin, dense,
non-porous polymer membrane across which hydroxide ions are
transferred.l” AEM technology still resorts to low-cost non-noble
electrodes but requires lower concentrations of corrosive elec-
trolyte circulating in the system. Moreover, the use of the mem-
brane also allows higher purity of the product gas streams!®°l and
the possibility to store hydrogen under higher pressures.'”] On
the other hand, long-term stability and operation at high current
density still need to be resolved to achieve large-scale application
with AEMWE.[®]

PEMWE are a membrane-based technology too, where the an-
ode and cathode form a sandwich against a proton-conducting
polymer electrolyte. The highly acidic nature of the polymer
membrane calls for noble metal catalysts resistant to these harsh
conditions,*! with iridium and platinum-based catalysts used for
the anode and cathode electrodes, respectively. In this process,
only deionized water is circulated within the cell.l!'l PEMWE
are typically operated between 50 and 80 °C.I'2] Albeit higher
investment costs are required, PEMWE offers the acceptance
of transient power loads and the capability to operate at high
current densities in the multi-Ampere per square centimeter
range.l3]

Operating between 700 and 900 °C, SOEC exhibits a signifi-
cant potential for a reduced electrical energy demand compared
to the water electrolysis technologies outlined above that are typ-
ically operated at temperature of 50-80 °C.I'21*] The electrolyte
used in SOECs is generally zirconia, which has been stabilized
with yttrium and scandium oxides.[] The high temperatures in-
volved in SOEC allow the resulting electrochemical processes to
be highly efficient and reversible but thermo-mechanical stabil-
ity remains a major issue which has so far restricted large-scale
commercialization.[*”]

PCCEL are also operated at high temperatures in the range of
300-600 °C.[*I Similar to SOEC, a Ni-in-oxide-electrolyte compos-
ite (cermet) is employed, but while SOEC is driven by the mi-
gration of oxygen ions to the anode, PCCEL utilize H* as the
conducted ion in the electrolyte materials. Once again, PCCEL
is currently still restricted to research and development due to
durability issues.!'®]

Each technology has its positive and negative aspects. SOEC
and PCCEL are restricted to sites where heat energy at the cor-
responding operation temperatures is available. If available, the
higher temperatures in SOEC and PCCEL offer the lowest elec-
trical energy demand but the technology is not as mature as for
PEMWE or AWE. Comparing the last two, PEMWE is typically
favored over AWE due to the safer operation with liquid water,
rapid system response, improved gas purity and higher perfor-
mance. AEMWE is indeed a promising technology, but is too
at its infancy stage. Within this context, exploring the prospects
of PEMWE operated at ET operation allows to borrow favorable
aspects from each technology, that is, i) benefiting from the re-
duced electrical energy demand accompanied with higher tem-
peratures, ii) build on the favorable performance achieved with
PEMWE, iii) gain from the technological maturity not present
with AEMWE or SOEC, and iv) explore whether an elevated op-
erating temperature window would serve as a possibility to re-
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duce the use of PGM catalysts (compared to PEMWE as typically
operated at or below 80 °C).

In the following, low temperature (LT) will hence stand for a
system where the operating temperature is less than or equal to
90 °C while elevated temperature (ET) is considered for PEM-
based systems studied in the temperature range between 90 and
170 °C, as shown in Figure 1.

2. Motivation for Opting for ET PEMWE

In the light that performance, durability, and cost are generally
the three main factors considered for widespread implementa-
tion of water electrolysis for hydrogen production,!*”! this section
is intended to shed light on the key advantages that could pos-
sibly be enabled by operating at higher temperatures—in particu-
lar, a reduction of the specific energy demand of the electrolyzer,
a reduction of catalyst loading or the employment of less noble
electrocatalysts and better waste utilization when the electrolyzer
is operated in exothermal mode (i.e. the cell operation voltage is
above the thermoneutral voltage).

2.1. Reduction of the Specific Energy Demand

Increased operating temperature leads to reduced Open-Circuit
Voltage (OCV) and reduced kinetic losses due to improved re-
action and transport kinetics. This results in a reduction of the
cell voltage as shown in results from Garbe et al."® and repro-
duced hereunder in Figure 2a. A different membrane thickness
mainly influences the ohmic region as observed from the dif-
ferent gradients for the same temperature level (above ~0.5 A
cm™?). On the other hand, the higher temperature of 120 °C re-
duces the cell voltage also in the activation region at the lower
end of current density. Section 3 below, related to thermodynam-
ics and reaction kinetics, provides more detail on the theoretical
background for this improvement. Notwithstanding the higher
gas cross-over at ET resulting in a lower faradaic efficiency com-
pared to operation at 60 °C (Figure 2b), the lower cell voltage also
leads to a reduction of the specific energy demand (wy, ) of the
electrolyzer (Figure 2c). This is particularly evident following the
minima points at a current density of ~0.2 A cm™2, after which
the specific energy demand increases in a linear fashion to follow
the same trend of the input power to the cell. One can also note
the effect of low faradaic efficiency at current densities <0.2 A
cm~2 on performance. The presented results involved a pressur-
ized system to maintain the water in a liquid state. Operating in
steam (at the same temperature but lower pressure) would have
led to alower reversible voltage and hence, a lower specific energy
demand.

2.2. Improved Catalyst Utilization

Currently, PEM technology heavily relies on the use of platinum
group metals (PGM) for its catalysts. Such materials are expen-
sive and their scarcity is feared to possibly become a bottleneck
to electrolyzer installations when going to large scale.['2%] While
it is possible to apply lower loadings or increasing the current
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Figure 1. Operating PEM-based technology at ET would combine lower electrical power requirements with the advantages typically associated with LT

PEMWE (numeric indicators not drawn to scale).

density, these techniques both result in increasing cell voltage.[?!]

Alternatively, support structures within the catalyst layers may
be employed to improve catalyst distribution. Moreover, studies
have looked into the optimal loadings for the most efficient use
of catalyst.[21-23]

ET can potentially also contribute to improved catalyst utiliza-
tion. However, a reduction in catalyst loading would lead to an
increase in kinetic losses, canceling the savings made in lower
voltages at ET. This would hence lead to operating at the cell volt-
ages typical for LT. While it is then not possible to fully harvest the
benefits of lower voltages and lower loadings at the same time,
this would give the possibility to reduce PGM-based materials (at
ET) and still have a performance, which would be at the same

level as that currently achieved at LT (i.e., no ‘relative’ loss in per-
formance). Ultimately, only a formal study would show the extent
to which this interplay of cell performance, temperature and cat-
alyst loadings can be beneficial to reduce PGM-based catalysts.
For the selection of proper catalyst materials at LT a strong vol-
cano behavior of exchange current density and M-surface inter-
mediate bond energy is reported in acidic and alkaline media for
both cathodic Hydrogen Evolution Reaction (HER) and anodic
Oxygen Evolution Reaction (OER),?#] as shown in Figure 3a,b.
Hence, the optimal metals form not too strong and not too weak
M-surface intermediate bonds. With the increase of reaction tem-
perature in the ET PEMWE, the M-intermediate bonds become
thermally activated and thus more reactive. Therefore, operating
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Figure 2. Comparison of LT and ET results with respect to a) polarization curves, b) faradaic efficiency (that in this case includes both hydrogen loss
by permeation to the anode compartment and also by the electrochemical reaction of hydrogen and permeated oxygen on the cathode catalyst) and c)
specific energy demand. (a) and (b) adapted with permission.!'8] Copyright 2021, Elsevier.
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Figure 3. a) Exchange current density versus M—H bond energy for each respective metal surface in acidic media. Reproduced with permission.[2426]
Copyright 2010, American Chemical Society and Copyright 1972, Elsevier. b) Exchange current density versus M—H bond energy for each respective
metal surface in alkaline media. Reproduced with permission.[?3] Copyright 2013, The Royal Society of Chemistry.

at ET could widen the window of suitable catalyst towards less
expensive elements that form at LT too strong M-intermediate
bonds.

2.3. Thermal Management and Heat Integration

In exothermal operation, the cell voltage is higher than the ther-
moneutral voltage (U,,) and excess heat needs to be removed
from the cell to prevent it from overheating. The extent of heat
loss from a PEMWE stack could be sufficiently significant to be
recovered,!?”] hence turning the waste energy into a resource.
Possible heat recovery applications have already been identified
at LT operation(?®] and it is expected that higher temperatures
would make the implementation of heat recovery more lucrative.
In this regard, much can be learned from techniques suggested
for fuel cell (FC) systems. This section, which has in fact been
largely inspired by reviews summarizing heat recovery efforts in
PEMFCs, 3% suggests four techniques to which ET PEMWE
systems can be amalgamated to better make use of the waste
energy. Efforts should also be directed at techniques of how the
excess heat is extracted from the stack and transferred to the re-
quired fluid or planar surface.?!! It follows that significant re-
search is yet required with regards to the inclusion of heat man-
agement strategies and assessment of their potential feasibility.

2.3.1. Heating Applications

The surplus heat energy from a PEMWE system could be utilized
for hot water generation such as the scenario studied by Siecker
etal.3! In this case, a circulating fluid transfers the heat from the
stack(s) to the hot water tank from which the required thermal
loads are drawn (Figure 4a). When applied to FC systems, this
technique has been shown to be even practical at the domestic
level.32]

2.3.2. Cooling Applications
Sorption cycles (Figure 4b) utilize heat sources to increase the

refrigerant pressure in their cooling process instead of electric

Adv. Mater. Technol. 2024, 9, 2300281 2300281 (4 of 25)

energy.l?! Sorption chillers reach lower coefficients of perfor-
mance, but the fact that they can be driven by a waste heat
compensates this fact.**) Adsorption chillers, which utilize solid-
vapor pairs, typically work best below 80 °C.1?°] This makes them
particularly interesting for applications using waste heat from an
ET electrolyzer. Combined cooling, heating and power (CCHP
or trigeneration) can thus be realized. As cooling is often much
more needed than heating, this is an attractive option.

2.3.3. Power Generation

The Rankine cycle is a widely used power generation method,
whereby steam produced in a boiler drives a turbine and gen-
erator for electricity generation. The water is then condensed
back for recirculation. Organic Rankine cycles (ORCs) work on
the same principle but adopt a low boiling point organic work-
ing fluid to recover waste heat from low-grade heat sources, with
operating temperatures typically between 65 and 200 °C.[?°! This
advantage comes at the cost of lower efficiency, but ORCs are still
attractive for producing electricity from waste heat. Figure 4c dis-
plays how heat recovery from PEMWE could be coupled to ORCs.

An alternative could be the utilization of the Seebeck effect.
Herein, a voltage is generated when a temperature difference ex-
ists between the two sides of a thermoelectric generator (TEG)-
Figure 4d. Such a technology is hailed for being silent, durable,
scalable, compact, and having minimal operational costs due to
wear and corrosion.**! On the other hand, TEGs suffer from low
efficiencies.*]

It should be kept in mind that power generation from elec-
trolysis waste heat means producing power within an electricity-
consuming unit. The electricity should therefore rather be con-
sidered as a means of increasing efficiency of the electrolysis at
high operation states.

2.4. Challenges for ET Operation and Measures for System
Improvement

While ET may promise the advantages outlined above, much
more is required to guarantee that operating in this temperature
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Figure 4. Schematic diagrams of heat management strategies in the recovery of waste energy from ET PEMWE systems—used for a) heating applications,
b) cooling applications, c) power generation through the ORC, and d) thermoelectric generators. Inspired from the individual figures in Nguyen et al.[2°]
to make the case for PEMWE.

window would be a feasible alternative. In this regard, this sec-  terials with non-precious electrocatalysts,?”38] the reduction
tion summarizes the key challenges which would definitely need ~ of gas cross-over,®! modeling of species’ transport,*! sta-
to be addressed. bility and degradation,[*!l pressurized operation,[*!] the adop-

Naturally, ET PEMWE requires investigation of similar ar-  tion of modern manufacturing approaches for porous struc-
eas currently being studied also at LT such as optimum cat-  tures’ fabrication,[**] lower cost materialsl*! and the influ-
alyst loadings?>3>%] or even replacing Platinum Group Ma-  ence of the Porous Transport Layer (PTL) properties.**%! In
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the light of the research carried out to date, the following
points are further considerations that would particularly apply
for ET.

Membrane—Composite membranes seem to make up for the
harsher conditions to guarantee suitable water retention, me-
chanical strength, and low gas cross-over. Though PEMWE typ-
ically requires relatively thick membranes to suppress hydrogen
cross-over to an acceptable level, a thickness ranging down to 50
pm has also been tested at ET.(*®! While benefiting from lower
ohmic overpotentials, it is problematic to operate such a thin
membrane in the lower end of current density (< 0.8 A cm™
in the case of Garbe et al.)l’®] due to the safety limit of 2% hy-
drogen in oxygen in the anode compartment. Moreover, chemi-
cal ionomer decomposition and irreversible structural changes
of Perfluorosulfonic Acid (PFSA) membranes when subjected
to ET call for alternative materials if PEMWE operation should
have a suitable lifetime. Phosphoric acid (PA) doped polybenz-
imidazole (PBI) membranes have been utilized for steam con-
ditions, albeit exhibiting a lower performance than membranes
used for liquid water operation. Indeed, it is clear that there is a
need still for the development of polymer electrolyte membranes
with improved thermal, mechanical and chemical stabilities at
ET.[*! Cortil®® suggests to explore membranes involving electro-
spun nanofibers to achieve high proton conductivity while reduc-
ing fabrication costs. It follows that the choice of ionomer in the
catalyst layer must also satisfy the same requirements set for the
membrane.

Catalyst-The majority of studies dealing with ET have looked
into directions other than novel catalysts, typically resorting
to those adopted at LT, or at most, their efficient utilization.
The search for alternative catalysts, however, goes beyond the
drive to reduce PGM materials due to their cost and avail-
ability. Indeed, catalyst activity,®!} electrolyte compatibility,!*?!
and stability’®® (shown to also change as a function of tem-
perature) would also be factors to consider in catalyst selec-
tion. One may argue not to expect significant changes in
the catalyst properties given the temperature is not substan-
tially increased. Nonetheless, the cases outlined above did re-
sult in observable changes and may hence be seen as a pos-
sibility for finding improved catalysts in the ET operation
window.

PTL-PTL optimization efforts (on porosity, thickness, tex-
ture, and pore diameter for instance) differ on whether water
electrolysis is performed at atmospheric pressure or at higher
pressures.’ At ET, changes to the volumetric gas production
rates!’® are expected to exert a direct influence on the mass
transfer of reactants and products. This has been investigated ex-
perimentally by Li et al.5*! but the studied temperature was in
this case limited to 100 °C. The experimental approach would
need to correlate PTL properties (following a detailed character-
ization) to the respective electrochemical performance.[*¢>¢] Ac-
knowledging the greater challenge due to the harsher conditions,
high-resolution visualization techniques can also be employed
to aid the understanding of water/gas distribution in the porous
media.’”8] Such data would even serve as a basis for the develop-
ment of mathematical models specifically catered for operation at
ET.

Also related to the PTL is an improved material choice to with-
stand increased passivation at ET.*®! A number of options ex-
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ist to replace titanium by other metals plus corrosion-resistant
coatings.

Bipolar Plate (BPP)-The material issue just described is even
more severe for the BPP which involves more mass. One would
have to assess however whether the coating cost would cancel
any savings from lower catalyst loadings.>3] This is particularly
relevant as these components can constitute a substantial pro-
portion of the stack cost-approximately up to two-thirds for a LT
setup.!?’]

Reactant Operating Phase—Possibly, ET PEMWE could be oper-
ated with steam instead of liquid water. On the one hand, this
could simplify mass transport in the electrolyzer as both reac-
tant and product phase would be gaseous. Increasing temper-
ature and gas pressure could increase the number of interac-
tions of the water molecules with the active centers per time and
area. On the other hand, liquid phase operation means higher
water activity at the active catalyst sites compared to gaseous op-
eration. Therefore, it is very difficult to be sure about the out-
come of such a change in the system. There are only very limited
works focusing on this specific topic and operating in steam in
PEMWE: vapor-fed PEMWE has been mainly studied with water
vapor from a humidified carrier gas, at temperatures well below
100 °C. Spurgeon and Lewis!®®l opted for vapor operation specif-
ically to mitigate mass transport limitations associated with bub-
ble formation. Results indicated that at a current density below 40
mA-cm~2, a more favorable performance was observed with wa-
ter vapor over liquid operation. Above this limit, however, mass
flux of water to the PEM limited the electrolysis performance with
the use of water vapor. Improved performance (with water va-
por) was also observed by Schuler et al.l!l The current densities
employed were also on the lower end, (<100 mA-cm™2), since
the focus of the study involved the characterization of the reac-
tion mechanism for the OER for LT PEMWE. Here, the authors
suggested that when in contact with liquid water, the ionomer
swells in a way as to distort the electrical percolation network
in the catalyst layer. Consideration should also be given to diffu-
sion/convection flow coefficients and to the fact of having an ac-
tivity other than unity (as typically used for liquid water). Indeed,
limited data is available on the effect of using different phases in
PEMWE at ET.

Operating parameters and system components—While cell clamp-
ing pressure is instrumental to limit interfacial resistance and
hence ensure a good electrical conductivity, excessively high val-
ues may lead to damage of the components, reduced PTL porosity
and loss of proton conductivity.[62¢3] Identifying optimal clamp-
ing pressures becomes particularly important at ET where mem-
brane swelling is more pronounced, and may possibly further
increase any overpressure. More studies are also required at a
system level and the ancillaries, which would be required to pro-
vide the harsher operation conditions. For instance, ion-exchange
resins are typically used to guarantee an adequate purity of the
circulated liquid water. These components however are typically
restricted to LT.*! Alternatives such as resin materials capable of
withstanding ET, different treatment techniques or system modi-
fications involving partial purification must hence be sought and
studied.

Effect of heat recovery and utilization—-A number of studies
have already looked into integrated energy systems involving LT
PEMWE.[*%] This can also be extended to ET'”) and incorporate
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heat utilization for secondary purposes such as, but not limited
to, the examples outlined above.

Techno-economic analyses—In continuation to the latter point,
hydrogen economics!”!! would also need to be considered apart
from the technical feasibility and efficiency standpoint. Cost-
effectiveness studies may tackle different facets of the technology
such as i) the catalyst loading reduction potential by weighing
performance changes and cost at various loadings, ii) the effect
of opting for more corrosion-resistant materials such as tanta-
lum over titanium, iii) consideration for additional costs (with
respect to Capital and Operational Expenditures) of Balance-of-
Plant (BoP) components needing to operate in harsher condi-
tions, iv) how the system would perform and deal with start/stop
situations (due to the intermittency of power sources), or v)
whether efficiency gains would translate to monetary savings,
and to what extent.

2.5. Review Scope, Structure, and Delimitations

Many areas of research have been identified so as to make hy-
drogen production more competitivel'*”?] with temperature ex-
pected to be one of the factors worth exploring to improve
performance.l>74]

The interest in opting for ET operation is confirmed by a re-
cent review by Zhang et al.,|'%! and Corti.’"! In the former,*®! the
merits and challenges of water electrolyzers at ET are discussed
both for the established technologies of AWE and PEMWE and
also for the more novel techniques. It also addresses the mate-
rial selection for the different cell layers, especially with regard to
membranes and electrocatalysts. Moreover, it makes reference to
the general performance and stability for ET systems. In the case
of Corti,l" the study focused on PEMWE and critically assessed
polymer electrolytes employed for ET, in particular by their com-
parison to LT operation. While acknowledging that direct com-
parison is not easy due to differences in the additional materials
making up the cell assembly, the author suggests that a better
trend is observed for LT results and it is not clear that ET opera-
tion poses any clear advantage.

The presented review focuses solely on PEMWE, but does
not solely consider membrane materials. In particular, it delves
deep into full-cell studies and mathematical modeling consid-
ered at ET operation. In the case of full-cell studies, these are
used as a base to describe and critically assess the different
components from cell to a system level. The individual de-
tails from these studies are hence structured to provide a holis-
tic view of the state-of-the-art for the respective cell or system
component.

Having already highlighted the advantages and challenges of
PEMWE operated at ET, the review follows by first presenting
the theoretical basis of thermodynamics and reaction kinetics,
which make ET more favorable. The materials considered for
each component of a PEMWE setup at ET are then discussed. The
final section looks at system performance from a higher perspec-
tive with respect to input power, operating phase utilized, results
from mathematical modeling and how ET affects degradation.
This review is hence expected to set the stage for future studies
and hence allow for a broadly informed decision of ET PEMWE
for different applications.
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3. Thermodynamics and Reaction Kinetics of ET
PEMWE

The reduction of cell voltage when operating PEMWE at higher
temperatures is a result of i) reduced Open-Circuit Voltage (OCV)
and ii) reduced kinetic losses from improved reaction and trans-
port kinetics. This section is intended i) to present the underly-
ing theory so as to outline how the improvements with ET are
brought about and ii) as a guide to compute the relevant voltages
to be expected at ET.

3.1. Cell at Open Circuit Conditions

The electrochemical splitting of water in standard conditions
(298 K, 1 bar) occurs as follows:

H,0, ~ H,(g) + 30:(g) (1

Energy needs to be supplied to the system for the reaction to
occur. Applying the First Law of Thermodynamics to the elec-
trolyzer with a steady flow of heat and work (in the form of electri-
cal power) and assuming changes in height and potential energy
being negligible:

oI
0=Ua - I+Q--% - Agh (T p) 2

where U, is the applied voltage, I is the applied current, Q is
the heating power, n is the number of electrons exchanged in
the reaction, F is the Faraday constant and Ah is the change in
specific enthalpy h as a function of temperature T and pressure
p-

Moreover, also applying the Second Law of Thermodynamics
for the Electrolyzer:

' ARS(IP)+ Sirr (3)

where Ags(T,p) is the change in specific entropy as a function of
temperature and pressure and S, is the entropy generated within
the system by the irreversibility of the process.

For the open-circuit condition, we have reversible operation

(i.e. S;,, = 0) and from Equations (2) and (3):
1
Urev = _ﬁ- : (TARS(IP) - ARh (sz)) (4)
Q= == TAs(Tp) )
ev T nF R P
where U, is the reversible voltage and Q,., is the heat energy

input under reversible conditions.
From the definition of the Gibbs free energy, Apg = Ay h —
TAgs, and comparison to Equation (4), the following is obtained:

_ Axg(Tp)
Urev - T (6)
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Figure 5. The variation of the energy components required to split water as
a function of temperature at 1 bar and 100 bar. Reproduced under terms
of the CC-BY license.l"®! Copyright 2017, The Authors, published by The
Electrochemical Society.

The enthalpy and entropy changes for the computation of the
Gibbs free energy can be calculated from the elementary proper-
ties of each constituent in the reaction:

Agh (T 1bar) = A, +(0.5)- AR, — AW, )
Ags (T, 1 bar) = sy, +(0.5) - 80, —Si,0 (8)

where AW and s refer to the temperature-dependent values of en-
thalpy of formation and entropy for O,, H,, and H,0 at p =
1 bar, respectively, and can be found in data tables.”>7¢] Equa-
tion (6) can then be used to respectively compute the reversible
voltage. Figure 5 displays the effect of elevated temperature on
Apg, TAgsand Agh. The decrease in A g with increasing temper-
ature effectively means a lower U,,,, which in turn signifies that
a lower electric power input would be required.

Applying increased pressure improves the storage density of
hydrogen. This has an effect on A,g(T,p) and leads to higher
U,o,- The reader is referred to Hanke-Rauschenbach et al.l””! for
details on how these can be calculated for increased pressure.
From an operational point of view, it should be noted that higher
system pressure also increases the water saturation temperature
such that the system may operate with water in the liquid state
even above 100 °C.

3.2. Cell at Load Conditions

Under load conditions, a higher cell voltage than U,, needs to be
applied to produce hydrogen:
Ucell =0,

rev

+ Uloss (9)

where U, sums up the contributions of various voltage losses
arising from i) reaction kinetics due to the charge transfer pro-
cesses at the electrode/electrolyte interfaces, ii) charge transport
within the bulk media and at the individual interfaces of the cell
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components, and iii) mass transport of the reactants and prod-
ucts towards and away from the active (surface) area.[*>78]

An important variable to evaluate the cell under load condi-
tions is the so-called thermoneutral cell voltage (U,,). This can
be derived by setting Q = 0 in Equation (2):

I
0 =U, - I+0~ = Ah(Tp) (10)
_ Agh (T, p)
Un=—"1p— (11)

The entropy generation term S, can be defined as:

: I- (Ucell - Urev)
S = —— 12)

And inserted in Equation (3), we obtain:

. I
Q = ﬁv : TARS(T;p) -I- (Ucell - Urev) (13)

For Q = 0and U, = U,, we deduce that:

I I- (Utn - Urev)
0= A(Tp) - ———= (14
And following re-arrangement:
TAgs(Tp)
- =R i 15
Utn Urev n F ( )

Given this result, Equation (13) can be re-formulated such that:

Q =1 (U'm - Ucell) (16)

Equation (16) shows that Q > 0 (heat needs to be supplied) if
U,y < U, while Q < 0 (heat needs to be removed) if U,y > U,,.
This is particularly relevant for ET operation where the higher-
grade waste heat (when compared to LT) would make heat re-
covery more advantageous. In this regard, Section 2.3 suggested
possible uses to integrate the waste heat to improve the overall
performance of the system.

As follows from Equation (11), the dependence of U, on tem-
perature can be traced to the variation of Ayh(T,p) in Figure 5.
The sudden drop observed in the figure occurs at the boiling tem-
perature of water (for 1 bar,,, in this case) and makes up for the
latent heat of vaporization required for the change of state from
liquid to steam. This change is shifted to higher temperatures
when operating at an increased pressure.

3.3. Performance Metrics for ET PEMWE

Multiple metrics have been utilized for assessing the perfor-
mance of PEMWEs,”°l making comparisons of different systems
a non-trivial task. A simple and practical measure to assess per-
formance would involve the specific energy demand (w,, ). In the
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case of exothermal operation when heat needs to be removed, the
specific energy demand of the electrolyzer can be defined as:

el
WHZ = E (17)
2

where 71, is the molar flow of hydrogen and P, is the supplied
electrical power, such that:

Wy = M (18)
2 ”Hz
It is convenient to express 7, as:

. I

P, = Nraday * ﬁ (19)

where ,.,4,, is the Faradaic efficiency, which takes into account
the possible loss of a fraction of reaction products/®! such as due
to gas cross-over.

Hence:

e = 2F - Ucell _ 2F - ( rev T Uloss) (20)
th 'Ifamday 'Ifamday

Equation (20) was used to develop Figure 2c and highlight the
effect of the respective parameters on system performance. The
effect of temperature to drive down the specific energy demand
of the system can be clearly observed.

In the case of endothermal operation, the additional effort for
heat supply has to be considered, such that:

_ Ucell ) I+Q
Wy = ———————

(21)
iy,

On a system level, which needs to also take into account
balance-of-plant (BOP) components, wy;, for exothermal opera-
tion would involve:

P:{ack + PBOP + QBOP
w =
H, .
y

(22)

2

where P is the electrical power input to the stack, PE°” is the
electrical power input to the BOP components (such as pumps)
and QPCP is the heating power input to the BOP components
(such as for heating the dosing water to make up for the water
consumed in the reaction).

In the case of endothermal operation on a system level, the
heat supplied to the stack (Q**) would also need to be taken
into account:

P:{ack + Qstack + PpBOP QBOP
WHZ =

4 (23)
iy,

Some authors prefer to refer wy; to a reference value and by
this means introduce an efficiency (¢). Typical reference values
are the reversible energy required for the water-splitting

wi, = Az g(Tp) (24)

H,
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or the higher or lower heating value of hydrogen, HHV, and LHYV,
leading to the following exemplary definitions:

rev

w

H,
£ = (25)
wy,
HHV
Eunv = W_HZ (26)
LHV
Elpv = " (27)
H,

In the latter efficiency definitions, the LHV and HHYV help in
setting the effort of the work input (i.e. electrical energy provided)
in relation to the energetic value of the product in its subsequent
utilization, by either considering (HHV) or neglecting (LHV) the
contribution of the condensing enthalpy of water (equal to 44
k] mol™! at 25 °C).

4. Evaluation of Materials and Components for ET
Operation

Operation at ET maintains the same cell structure as present
in classical LT PEMWE. The membrane separating the reaction
products is in contact with a catalyst layer on either side. Porous
transport layers are required to gradually change the pore size:
from the nanometer-sized catalyst particles in the catalyst layer to
the millimeter-sized flow field channels, through which reactants
are supplied and products removed. The schematic in Figure 6
shows the positioning of these functional layers, and summarizes
the main materials that have been employed in full-cell tests at
ET operation. A description of the considered materials is given
in the following sections.

4.1. Membrane

The membrane is sandwiched between the two gas diffusion elec-
trodes to support ionic current while preventing electronic con-
tact and cross-over of the evolved gases.®!] At IT, the commer-
cially available polymer electrolyte membrane Nafion® has been
the typical choice due to its excellent chemical and thermal sta-
bility, mechanical strength, and high proton conductivity.8?!
This section summarizes membrane materials that have been
subjected to polarization experiments at ET operation until now.
It should be however noted that other materials have been sug-
gested to be possibly suited for ET-the reader is referred to more
comprehensive membrane reviews for further details.[165051.83]
The effect of membrane material/type, thickness, doping, blend-
ing and additive manufacturing on the performance and stabil-
ity (chemically, mechanically, hydration) at different ET operating
conditions (steam or liquid) are summarized in the next sections.
Early investigations for suitable membranes at ET involved
sulfonated poly(arylene ether ketone) (SPEEK), sulfonated
poly(arylene ether sulfone) (SPES), sulfonated poly(phenyl
quinoxaline)s (SPPQ), and sulfonated polybenzimidazole
(SPBI).B1 SPPQ was the only one to compare favorably with
Nafion with regard to thermal stability. Electrolysis cell test-
ing was only performed on SPEEK but temperatures had to
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TiO,, TaC, SiC-Si, SnO,, Sb-Sn0O,, SnP-(Sb-SnO,)

Bipolar Plates / Flowfield Plates
Ti, Au-or Ta-coated stainless steel

PTL / Current Collector (at the anode side)
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of SiO,-, TiO,-, SZrO,-, sulfated-TiO,-Nafion®,
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solid polymer electrolyte
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ANODE
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Catalyst Layer (at the cathode side)

PTL / Current Collector (at the cathode side) ‘
C-based cloth/paper ‘
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1

Figure 6. Schematic cross-section showing the main components making up a PEMWE cell and compiling the materials that have been considered and
studied for ET operation. Complete details and respective references given in the main text.

be limited to 60 °C due to the material being prone to creep
with increasing temperature (and hence not suitable for ET
operation).

4.1.1. Perfluorosulfonic Acid (PFSA) Based Membranes

PFSA membranes constitute a hydrophobic, perfluorinated back-
bone structure for stability, equipped with sulfonic acid (SO; H*)
terminated side chains to provide proton conductivity follow-
ing hydration. In LT, such membranes promise a reliable and
stable operation and their use has been extended for ET oper-
ation, too. Long-side-chain (LSC) PFSA Nafion ionomers with
Equivalent Weights (EW) ranging between 900 and 1100 g of
polymer per mole of fixed charges (g mol™') were considered
in multiple studies-namely Nafion 115,*35%7] Nafion 1171558
and Nafion 212.1881 Tto et al.’! investigated the intrinsic prop-
erties of Nafion 117 membranes when operated under PEM wa-
ter electrolysis conditions (in liquid state). Both the water up-
take (WU) and proton conductivity were observed to increase with
temperature for the studied range up to ~120 °C. However, the
employed pre-treatment technique (such as drying temperature)
seems to exert an influence on these properties.**°! It follows
that a higher water uptake leads to increased membrane swelling,
as also measured by Mali§ et al.l®?l and Gebel et al.®3! Table 1
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summarizes some of these key properties as a function of tem-
perature.

Another PFSA polymer that has been considered is
Aquivion.®! Compared with Nafion, Aquivion has shorter
side chains and a higher degree of crystallinity, which allows
for lower equivalent weights without compromising mechanical
stability. Water sorption has been observed to increase with a
decrease in EW due to the increase in acid sites for sorption.!!
Besides improved mechanical properties and a higher glass
transition temperature,!®’! proton conductivity for the short-side-
chain (SSC) Aquivion E87-12S has been shown to improve over
LSC PFSA when tested up to 120 °C at 95% relative humidity.[*®!

Effect of ET on PFSA Membranes: Kim et al.*! investigated
the effect of temperature on PFSA membranes using Small An-
gle X-Ray Scattering (SAXS). The polymer crystal structure was
observed to change with steam above 120 °C and did not recover
its original structure when the temperature was decreased from
150 to 30 °C. Even though the membrane conductivity increased
monotonically with temperature, the authors suggested that the
structural change could possibly explain the drop in membrane
conductivity over time. This was also observed with an Aquivion
membrane, which already has a comparably high apparent glass
transition temperature within the PFSA group.

A similar loss in performance also occurred in a pressurized
system with the membrane operating in liquid water.*?l When
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Table 1. Properties of Nafion 117 membrane immersed in liquid water. Adapted with permission.[°%%4] Copyright 2011, Elsevier and 1985, The Electro-
chemical Society and IOP Publishing. All rights reserved.

Immersed water Water content?), Water content®), Wet thickness Swelling ratio in
temperature [°C] @ [Wt9%)] A [mol H,0/ mol SO;] [um] through-plane, [%)]
Dry 1.7 1.0 185

100 35 214 220 18.9

140 50 30.5 237 28.1

170 102 62.3 265 43.2

. . . b .
* Water uptake is expressed as @ = (W, — W) /W, Where w,,, and wy,, respectively refer to the weight of the wet and dry samples; )Alternanvely, water uptake can also
be represented by the number of water molecules per sulfonic acid site and is given by 1 = (@ - EW)/M,;,0 where EW is the equivalent weight for Nafion and M,,,; is the
molar weight of water.

measured at a fixed voltage, the current density noticeably de-  4.1.2. Phosphoric Acid (PA)-Doped Membranes
creased with time (when studied at 110, 130, and 150 °C over a
time-frame of ~600 h). The trend reflected the change in pro-  Aili et al.l'%! studied PA-doped membranes based on Nafion,
ton conductivity, characterized by an initial exponential drop  PBI, and their blends in a steam environment at 130 °C. While
followed by a slow linear decline for temperatures of 130 and  the cell based on PA-doped PBI suffered from severe membrane
150 °C. Malig et al.®?! identified two swelling phases explain-  degradation, the cells equipped with PA-doped Nafion showed
ing this behavior. The first leading to a restructuring of the hy-  better performance stability. The Nafion-based membrane dis-
drophilic domains causing increased ionic mobility, followed by =~ played a higher ohmic overpotential than with the membrane
a second phase responsible for irreversible changes in the inter-  made of PBI. The poorer performance was blamed on a larger
nal structure of the polymer material, that is, a loss of interac-  membrane electrode interfacial contact resistance and uneven
tion between the polymer backbone chains, with operation ex-  current distribution, possibly arising from limited dimensional
ceeding the apparent glass transition temperature (T,) expected  stability.""” (In this case, a Nafion dispersion and PBI were used
to trigger the latter phase. It should be noted that this distinc-  in the preparation of the anode and cathode electrodes, respec-
tion at T, also brings about a change in the activation energy tively). By further catalyst and electrode optimization, the perfor-
value in Arrhenius plots.””) Low T, (with respect to the opera- ~ mance was further improved.!'*!**] It was later shown that it is
tion window considered for ET) is characteristic for conventional  essential to keep the membrane fully humidified when polarized,
PFSAs.74 to avoid PA redistribution and leakage triggered by migration of
Non-Fluorinated Membranes: In view of the limited mechan-  protonated PA cations.[!®] The presence of PA may also be prob-
ical stability of fluorinated electrolyte membranes at ET, Kim  lematic with respect to corrosion of construction materials for the
and Ohiral'® studied cross-linked sulfonated polyphenylsulfone  cell hardware.[1%!
(CSPPSU) material as an alternative. In this case, the stabili- Blend membranes have in general been shown to improve
ties were assessed by placing the membranes in water at 85 °C mechanical strength and chemical stability in fuel cell (FC)
and in an autoclave at 150 °C for a prolonged period of time  performance.['®!! When applied to PEMWE using steam, such
and compared the ion-exchange capacity (IEC), WU, and con- membranes, however, offered considerably lower proton conduc-
ductivity before and after the test period. Comparable values  tivity than the pure PA-doped Nafion or PBI. For this reason, no
were interpreted as satisfactory stability. Moreover, the polymer  further electrolysis cell tests were performed on this binary alter-
structures did not indicate any structural change at the nm  native.

length scale when observed under SAXS. On the other hand, the PA-doped PBI has been shown to offer a better conduc-
electrochemical performance was lower than that achieved with  tivity than PA-doped Nafion. On the other hand, the for-
Nafion. mer suffers from durability problems.['!l In the case of a

Use of Thinner Membranes: As opposed to the thin mem-  liquid medium, Skulimowska et al.®®l assessed sulfonated
branes used in PEMFCs (x~12 pym), thicker membranes are em-  ether-linked polybenzimidazole poly-[(1-(4,40-diphenylether)-5-
ployed in PEMWE to reduce hydrogen cross-over.’®l On the other ~ oxybenzimidazole)-benzimidazole] (PBI-OO). While acknowl-
hand, the use of thinner membranes (such as 50 um) decreases  edging that the PBI-based alternative did not perform as
the ohmic overpotential and in turn, improves the electrical good as a sulfonated PFSA membrane, the authors of the
efficiency.'®! Interestingly, the decrease in interfacial resistance  respective study did not dismiss sulfonated polybenzimida-
is not as pronounced as for thicker membranes as the greater de-  zole as a lower-cost alternative to PFSA membranes for water
gree of swelling in the latter is expected to increase more the com-  electrolysis.
pression of the catalyst layer toward the PTL. On the downside,
the thinner membrane facilitates gas cross-over, and based on
the safety limit of 2% hydrogen in oxygen in the anode compart-  4.7.3. Composite Membranes
ment, the minimum current density at which the system can be
operated increases from 0.36 A cm™ (at 60 °C for a 180 ym mem-  Another approach to improve the properties of a membrane be-
brane thickness) to 0.76 A-cm™ (at 120 °C for a 50 yum membrane  sides adopting a different or modified polymer structure involves
thickness).[1#] the introduction of additives. Membrane hydration, mechanical
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reinforcement and gas cross-over are properties, which are influ-
enced by such filler materials.

Membrane Hydration: Membranes are expected to be more
prone to dehydration at elevated temperatures, and since con-
ductivity depends on water content this results in a higher ohmic
overpotential.[##8] In the case of fuel cells, this effect has been
mitigated with the use of composite membranes containing
hygroscopic ceramic oxide fillers to harness the water reten-
tion properties of these materials and also to provide additional
acidic sites, which in turn increase the concentration of mobile
protons.[1971%8] Tt should however be noted that the ion-exchange
capacity of doped membranes, representing the number of fixed
charges in an ion-exchange polymer relative to its weight, was in
some cases measured to be less than the undoped case.['?110]
This was attributed to the increased density of the composite
sample due to the ceramic powder. Nonetheless, actual water up-
take measurements in the latter studies always favored the doped
membranes.

The addition of inorganic fillers was also applied to electroly-
sis, with the use of BPO,_,l''!1 Si0, ,[®1'TiO, ,[#%1 SZrO, 1871 and
sulfated-TiO, [1%! Nafion composites exhibiting an improved
performance to commercial additive-free Nafion. While acknowl-
edging these benefits, Ghassemzadeh et al.l'!?] exert caution with
the filler content, as any excess may have a negative effect on
the proton mobility and hence on conductivity. This could pos-
sibly explain the large discrepancy in conductivity values mea-
sured by Xu et al,[''®] between a commercial perfluorinated
polymer-silica composite membrane and Nafion. The optimum
content must be determined with consideration to membrane
preparation method, size and surface properties of the particles.
Moreover, imperfections in the surface morphology involving
agglomerates of filler (observed on the microscopic scale) have
resulted in sub-optimal performance./¥”] Skulimowska et al.l%!
also studied a SSC Aquivion membrane-based composite in-
volving ZrP as the inorganic filler. An increased ohmic re-
sistance contribution was observed from in situ water elec-
trolysis tests when compared to the additive-free membrane—
found consistent with the ex situ measurement of lower proton
conductivity.

Mechanical Strength: The membrane is subject to multiple
sources of mechanical stress, which may arise due to non-
uniform stress distribution at the channel/bipolar plate inter-
face, thermal cycling, or the growth of voids with changing wa-
ter vapor pressures.!'*] The mechanical properties of the mem-
brane hence become important to avoid the formation of pin-
holes, delamination of the membrane electrode interfaces, and
cracks which would drastically increase gas cross-over and pos-
sibly leading to unsafe hydrogen in oxygen mixture levels. The
requirement of durable membranes is further amplified in the
pursuit of thinner membranes to reduce ohmic resistance. Gi-
ancola et al.['®! have studied poly(arylene ether sulfone) (PSU)
fiber webs as reinforcement to SSC Aquivion membrane. Un-
less the reinforcement is not too high as to reduce the concen-
tration of charge carriers, the composite membrane was found
to be a good compromise between high mechanical strength
and a proton conductivity resulting in minimal changes in MEA
electrochemical performance. The reinforcement was also found
to result in lower swelling, and hence improved dimensional
stability.
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4.1.4. Proton Conductivity

Having a determining role in PEMWE performance, especially
in the case of ohmic overpotenials, this section collectively looks
at the conductivities obtained for some of the membranes high-
lighted above. A number of studies already looked at proton con-
ductivity of Nafion/'¢-118] and PBIL.I1%120] These were, however,
performed in a humidified atmosphere in a relevant range to sim-
ulate fuel cell operating conditions and may therefore not repre-
sent electrolysis conditions correctly.*?! Indeed, contrasting per-
formances were obtained when working in a 100% Relative Hu-
midity (RH) atmospherel!?!] or with lower intermediate values of
RH.[118’122]

Figure 7a summarizes proton conductivities of membranes in-
tended for a WE environment. The legend of the figure high-
lights measurement protocol details involving level of hydra-
tion and pressure. A distinction is made on whether the in-
plane or through-plane results were given, even though no sig-
nificant difference between the two measurements is to be ex-
pected unless the material morphology varies noticeably in differ-
ent directions,[!1>121123] guch as with the introduction of a rein-
forcement layer.'?*) In general, it is observed that for the studied
conditions, conductivity always increased with temperature. The
highest membrane conductivities were obtained when operating
in full hydration (i.e. fully immersed in liquid water).°%125:12]
With regards to composite membranes, Skulimowska et al.[%!
reported lower conductivity with a ZrP-based additive in a SSC
PFSA membrane. On the other hand, High- Frequency Resis-
tance (HFR) measurements with SiO,, TiO,, SZrO, and S-TiO,-
Nafion based membranes offered a lower ohmic resistance (com-
pared to the pure Nafion), which in turn resulted in lower operat-
ing voltages. In the case of PBI, the effect of lower performance
will be made more clear in the section related to the Performance
of ET PEMWE. The highest conductivity at ET was reported
by Malig et al.? for Nafion 117. Unfortunately, this improve-
ment is short-lived since conductivity drops substantially with
time at ET (Figure 7b), with pressure having a significant role
in this case. Further assessing the results by generating Arrhe-
nius’ plots showed two distinct conductivity domains (Figure 7c),
with the change occurring in the temperature ranges between 90
and 110 °C. Extending the discussion already presented in Sec-
tion 4.1.1, the onset of plasticity at the apparent glass transition
temperature induces a structural change that is considered as the
reason for the change in conductivity, and irreversible upon low-
ering the temperature.[*]

4.2. Catalysts and Catalyst Layers

As typically adopted for LT conditions, IrOx and Pt were the
most common catalysts employed at the anode and cathode, re-
spectively, at ET conditions.[225>899298.101.102.127] Iy general, these
materials have both high catalytic activity and electrical conduc-
tivity while being relatively stable against corrosion. However,
while temperature improves reaction kinetics, the OER rate may
be slowed down by the choice of electrolyte such as the case
of PBI membranes leading to phosphate adsorption on iridium
oxide.’2128] Moreover, crystallite size of the IrO, was found to
have an impact on stability.[!28]
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Figure 7. a) Collection of conductivity (¢) trends for ET with the legend highlighting the different measurement conditions. b) Variation of Nafion 117
conductivity with time at an operating temperature of 130 °C. Adapted with permission.[?2] Copyright 2016, Elsevier. c) Arrhenius’ plot for the conductivity

at increased pressure. Adapted with permission.[®2] Copyright 2016, Elsevier.

The overvoltage for the OER is lower with RuO, than for IrO,,
but corrosion phenomena limit its use only in stabilized forms
such as mixed oxides.!8298113127] Variants such as RulrOx were
also considered to improve catalyst utilization due to their 3D
microstructure.[®>19113] However, the stability of Ru is below Ir
stability, which limits its use in ET applications. Higher tem-
peratures in aqueous environments are more demanding for
metal oxide based catalysts due to deactivation by hydrothermal
degradation. Operation at higher temperature has the potential
to fasten the sluggish kinetics depending on the reaction mech-
anism. The OER can occur via the adsorbate evolution mecha-
nism or the lattice oxygen mediated mechanism. Especially on Ir
or Ru-oxide based catalysts, ET operation could shift the mech-
anism from the adsorbate evolution mechanism to the lattice
oxygen mediated and hence could further improve the perfor-
mance. Nevertheless, the optimum between hydrothermal degra-
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dation and improvement by lattice oxygen mediated has to be
found.

With regards to the cathode, tungsten carbide (WC) was as-
sessed for its suitability as a non-platinum hydrogen evolution
reaction.l’! The catalytic activity of WC was found to drastically
improve with increasing temperatures up to 150 °C. On the other
hand, the activity of platinum was even observed to slightly de-
crease. Moreover, the synthesis route of WC has been shown to
exert an effect on catalytic activity.l'?] Also intended for steam op-
eration and a PA environment, carbides of Group 5 (Niobium and
Tantalum) and 6 (Chromium, Molybdenum, and Tungsten) were
tested for hydrogen evolution activity and electrochemical stabil-
ity in the temperature range between 80 and 170 °C.[3% Activi-
ties were found to be significantly higher for the Group 6 metal,
with WC still exhibiting the best performance. With regards to
stability, a passive behavior was noted for chromium, tantalum
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Figure 8. Mass activity as function of anode catalyst loading for ET studies.

and tungsten carbide films, while niobium and molybdenum car-
bides seemed to suffer from significant corrosion.

4.2.1. Optimizing Catalyst Loading

Higher catalystloadings may not necessarily imply improved per-
formance. An anode electrode with a loading of 2 mg cm=2 of
IrO, prepared by spray coating was found to provide no substan-
tial difference in performance to one with a loading of 0.1 mg
cm~? prepared by electro deposition.[??! The latter was equally ca-
pable of providing a comparable number of active sites available
for the OER, albeit with a low noble metal loading. The study
by Choe et al.l®] further assesses the impact of different cata-
lyst loadings involving electrodeposited IrO,. In this case, a cer-
tain loading threshold existed, above which the cell started to per-
form poorly. The authors attributed the change in performance
(i.e. higher overpotentials) to possible cracking exposing the Ti
surface and allowing it to oxidize. Moreover, surface roughening
with prolonged catalyst deposition may promote mass transfer
limitations.

Bearing in mind the limited availability of iridium and the en-
ergy capacities, which would need to be met,['>] its quantity
in WE setups at some point needs to be considered in the cost
equation. Utilizing mass activities (calculated by dividing the cur-
rent density by the catalyst loading as done in the study by Choe
et al.l®) and Lee at al.)l??) would allow a normalized benchmark
with respect to a unit mass of loading, hence allowing better com-
parison of systems. Figure 8 summarizes the mass activities for
studies carried out at ET (when complete data was available).

4.2.2. Use of Support Structures

Catalyst utilization may be improved by dispersing the precious
metal compound onto a catalyst support. The benefits of using

Adv. Mater. Technol. 2024, 9, 2300281 2300281 (14 of 25)

support structures include i) an increase in specific surface area
of the catalyst, hence providing an increased number of sites
where the electrochemical reaction can occur, ii) improved ho-
mogeneity of electrocatalyst particles’ dispersion, and iii) reduced
probability of agglomeration.[127:132]

Support Structures Tested under Liquid Operation:  TiO,!'?”] and
TaCl'*2] have been studied as potential anode catalyst supports
for the more expensive IrO,. It is interesting to note that the
IrO, crystallite size remained relatively unchanged (i.e. within
the experimental error) both when changing the support crystal-
lite size and also when varying the support-catalyst weight pro-
portion. Both studies reported improved performance over the
unsupported catalyst and also acknowledged the usefulness of
the support structure to limit the penetration of IrO, into the PTL
rendering the catalyst inactive as it loses contact with the polymer
electrolyte. On the other hand, both studies suggest a different
view on the significance of electron conductivity in the resulting
structure. Polonksy et al.['*?] dismiss its importance since the per-
formance is in any case better than the unsupported alternative.
However, Maztr et al.l'?’] highlighted the need of maintaining
an electronically conductive surface phase as support crystallite
sizes below a certain threshold were found to be dispersed in iso-
lated positions and hence not contributing to the overall conduc-
tivity, to the detriment of overall performance.

Support Structures Tested under Steam Operation: In the case
of steam operation, a SiC-Si composite was studied as a sup-
port material for the IrO, catalyst.['**] Brunauer—-Emmett-Teller
(BET) measurements and cyclic voltammograms clearly indi-
cated a greater specific surface area (and hence electrochemical
activity) for the samples consisting of 80-90 wt% IrO, than for
pure IrO,. It should be noted however that the activity tended to
decrease at higher temperatures (up to 150 °C), with the authors
attributing such behavior to a loss of catalyst over time due to
poor interaction with the support. Moreover, similar to the sup-
port structures discussed above, the conductivity was measured
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Figure 9. Current density ranges for safe operation and maximum efficiency as a function of temperature and membrane thickness (using data from

Garbe et al.['8]).

to drop significantly with the introduction of the support compos-
ite. TaC has also been suggested as a potential support material
for steam operation,['**] with this study focusing on the change
of conductivity with time due to the formation of a surface oxide
layer.

Another alternative studied in a steam environment involved
tin oxides.l'®] In particular, SnO, was doped with antimony (Sb)
to also cater for improved electronic conductivity in the support.
Indeed, the electronic conductivity of Sb-SnO, (5% Sb) was mea-
sured to increase by 400 times compared to that of pure SnO,.
On the downside, the stability of such structures has been ques-
tioned due to high anodic potentials resulting in the leaching of
Sb.[133136] Further to support structure adopted by Xu et al.,[1%]
addition of tin pyrophosphates (SnP) was expected to improve
proton conductivity. While the addition of an ionomer may be
expected to fulfil this function, it can also fill the void volume
in such a way as to reduce the number of reachable catalyst ac-
tive sites due to the pores becoming blocked, hence impairing
performance.['*”] In this regard, SnP,0, as porous clusters al-
lowed proton conductivity without impairing catalyst layer poros-
ity. Cyclic voltammograms showed that, when compared to the
unsupported IrO, catalyst, these different support configurations
led to increasing the number of active sites in the following or-
der: IrO,, IrO,/Sn0,, IrO,/Sb-SnO, and IrO,/SnP-(Sb-Sn0,),
a result also evident in the lower voltages obtained in polariza-
tion experiments (when comparing all configurations operating
in steam).

Also in view of coupling electric and proton conductivity in
support structures, Xu et al.l'% proposed supports from tin
doped indium oxides and proton conducting phosphates, struc-
tured with three-dimensionally ordered hexagonal arrays. Com-
pared to the pure IrO, catalyst, the catalytic activity towards the
OER improved by five times. When tested in a steam-based elec-
trolyzer cell, the improved performance peaked at a temperature
of 130 °C, after which an increase in ohmic resistance was ob-
served, an effect attributed to the doping acid in the catalyst layer
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and membrane phase. It should be highlighted that indium tin
oxides were also found to be susceptible to dissolution at high
anodic potential.[3]

It follows from these studies that an optimal support struc-
ture must feature i) long-term stability, ii) provision of a high
electrocatalytic surface area, and iii) good proton and electron
conductivity.

4.2.3. Addition of a Recombination Catalyst

In PEMWE, hydrogen permeability and cross-over rates
have been shown to increase with thinner membranes!'®]
and higher current densities,'*®! temperatures,['*”) ionomer
cathode content, ') and differential pressures between the
membrane.['*] In Figure 9, the lower ends of each bar signify
the current density threshold below which the H, in O, concen-
tration increases by more than 2%, set as a safety limit to prevent
an explosive mixture. The lower limit of current density at which
the system can be safely operated, is hence driven to a higher
value with ET.

Use of a recombination catalyst has been suggested to mit-
igate such hydrogen cross-over.'*>] In this regard, Briguglio
et al.l”®! studied two different methods of including PtCo (as the
recombination catalyst) in the MEA. One configuration involved
the PtCo alloy catalyst integrated as a separate layer between the
membrane and the IrRuOx anode catalyst (unmixed) while in the
second configuration, the recombination catalyst was mixed in
the same layer of the IrRuOx. When operated at 140 °C and pres-
sures of 5.5 bar (at the anode) and 20 bar (at the cathode), the H,
concentration in the oxygen stream was limited to ~2% across
the overall current density range (with data points starting from
~0.2 A cm~2). Only the mixed configuration was studied at the el-
evated temperature since this had shown reduced gas cross-over
over the unmixed alternative at 55 and 90°C, albeit with a poorer
electrochemical performance.
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Figure 10. The study by Hansen et al.l'%] showed how a catalyst-coated felt with thinner fibers close to the membrane (right image) improved catalyst

utilisation.

4.3. Porous Transport Layer (PTL)

The porous transport layer is responsible for the mass transport
of products and reactants of the electrolysis reaction while acting
as an electrical conductor between the electrode and the bipo-
lar plate. Its pores must hence be properly sized so as to allow
fluid flow with minimal obstruction. Moreover, the PTL must also
serve as mechanical support to the delicate membrane.['*]

At the cathode side, carbon-based materials (cloth/paper) are
typically utilized, even at ET.3¢8%1011 On the other hand, unlike
in the case for PEM fuel cells which typically also use carbon ma-
terials on the anode side, titanium is generally adopted since the
anodic potential is high enough to oxidize carbon material. 1) Ti-
tanium was used in differing forms involving meshes, 4955981131
nets,!30%7] felts2%°] and sintered powder structures.!'8]

Li et al.® compare the effect of how the porous transport layer
properties involving thickness, average pore diameter, and wa-
ter contact angle affect the electrolysis cell performance at tem-
peratures of 80 and 100 °C. As can be expected, smaller PTL
thickness translates in better performance. However, in contrast
to thickness, which plays a noticeable effect at both LT and ET,
mean pore diameter played a much more pronounced effect at
100 °C. The average pore diameter was found to mainly influ-
ence the concentration overvoltage and an optimal pore diame-
ter value exists, which provides a compromise between stronger
capillary forces (improved with smaller pores) without obstruct-
ing gas removal (improved with larger pores). It should be high-
lighted that the study focused on a very particular operating con-
dition coinciding with the boiling point of water (and no ad-
ditional pressurization). The same study also showed the ben-
efit of opting for hydrophilic surfaces with low contact angles.
Moreover, the cathode side may also have a noticeable impact on
performance.

An alternative to catalyst-coated membranes to produce the
Membrane Electrode Assembly (MEA) involves spraying on the
porous media. This method was adopted by Hansen et al.l'?! to
study two different felt arrangements on the anode side — one
involving a single layer composed of fibers with a diameter of
12 um and another involving a double-layer felt (introducing a
type Microporous Layer, MPL) made up of 8 um fibers and 12 ym
fibers. The latter configuration was shown to display lower acti-
vation and ohmic overpotentials due to i) improved catalyst uti-
lization arising from a more closed structure (i.e. denser) in the
double-layer prohibiting deeper catalyst penetration and leaving
it unutilized (Figure 10) and ii) the rougher topology promoting
more contact points between the membrane and gas diffusion
layer leading to a lower total resistance.
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Accelerated degradation has been observed with the use of tita-
nium bipolar plates and PTLs even for LT PEMWE[!“®] and addi-
tional protection layers to mitigate the harsh environment of the
electrochemical reaction at the interface between PTL and the an-
ode hence have been suggested.!'*’] It appears logical to use this
kind of a protection for the ET case, where degradation is even
more pronounced. In liquid water, Choe et al.l®! proposed elec-
trodepositing IrO, (e-IrO,) on the porous titanium mesh struc-
ture to serve as protection layer preventing oxidation of the in-
ner titanium, besides providing for a catalyst layer for the oxygen
evolution reaction. The improved degradation rate confirmed its
suitability as a corrosion-protective film. Xu et al.'"3] also opted
for a gold-coated PTL.

In the case of steam operation, tantalum-coated stainless
steel felt has been utilized as a replacement to titanium
as a more corrosion resistant material in a phosphoric acid
environment.[1901921%4] Tantalum has been shown to display and
maintain low interfacial contact resistances at the PTL/ bipolar
plate interface.}*]

In summary, very little work has been done to investigate op-
timum PTL structures for different operation scenarios. Particu-
larly finding optimum PTL structures at different temperatures
and operation conditions (e.g. liquid vs. steam) remains an open
field.

4.4. Test Stand and Cell Setup

Higher temperatures present an even more challenging
environment-this section therefore highlights a number of
points related to the test station and cell setups, which have been
considered to cater for the operating conditions in question.

4.4.1. Operating Conditions

Provision of a stable and sufficient water flowrate is indispens-
able to mitigate mass transfer limitations giving rise to concentra-
tion overpotentials, with water utilization, defined as the propor-
tion of electrolyzed water to fed water, typically taken as 0.5%.[%8]
Setups for ET PEMWE have either input water to the cell from
both anode and cathode sides!®®!3] or solely from the anode
compartment,[22:5585-89.95.127,132149]

While the absence of recirculation on the cathode side was not
observed to have an effect on the i-V curve at LT in the case of
Ito et al.,!>% other studies reported water accumulations in the
cathode compartment giving rise to higher voltages.['*52] Im-
proved performances were in fact noted with nitrogen purging,
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which prevented water slug entrapments in the flow channell'>3]
or blockages closer to the membrane region.[#8152] Moreover, an
optimal flowrate exists, which removes water to prevent blockage
while not being itself a source for membrane dehydration.!'>3]
It would indeed be interesting to observe the effect of these
different configurations at ET, especially when such condi-
tions are more likely to induce membrane dry-out with lack of
Water.[85'86'154]

The improved performance of ET comes at the expense of
higher heating requirements. This has been provided for with dif-
ferent methods such as with the use of an in-line heating!*®! or by
placing the cell in an oven.[*} Another method simply involved
allowing the water to enter the cell at room temperature and
only acclimatize to the operating temperature within the heated
cell.l’®] This was only possible due to the low flowrates involved.
In the case of steam, an even higher heating input is required to
provide for the latent heat of vaporization for the change of state.
This was achieved by a custom-built evaporator device consisting
of many small-sized spheres so that heating is performed on a
large surface area.[!!!]

In the case of liquid water operation, the system is pressur-
ized to increase the saturation temperature of water, typically per-
formed with back pressure valves.['®]

Ion exchangers may be implemented in a re-circulating system
so as to remove any impurities, which may have leached into the
water and to potentially affect both membrane conductivity and
the durability of the electrode.['>°] Alternatively, PTFE tubing may
be used which would mitigate any ion leaching from the test sta-
tion hardware. Nonetheless, temperature limits of PTFE tubing
tend to substantially decrease with increasing pressure require-
ments (from as low as 5 bar).

4.4.2. Bipolar Plate Materials

In general, titanium was the material of choice for the bipolar
plates on the anode sidel>>#892115127] while graphite or carbon
was employed on the cathode side.[?255838] The interfacial con-
tact resistance has been however shown to increase with time.[*¢]
In this regard, coatings of gold!®>115127] or tantalum!'%2132] have
been applied on titanium or stainless steel for improved corro-
sion resistance.

Nikiforov et al.l'%l studied different types of commercially
available stainless steels, Ni-based alloys, titanium, and tanta-
lum as a possible material for bipolar plates in a phosphoric-
acid based environment up to a temperature of 120 °C. Tantalum
showed the best corrosion resistance while the typically-adopted
titanium exhibited the poorest resistance.

4.4.3. Flow Field Patterns

Li et al."*! studied the effect of flow patterns on electrolysis
performance—namely, serpentine, cascade, and parallel patterns.
On the cathode side, the serpentine and cascade patterns dis-
played a similar performance, and better than the parallel alter-
native. The authors attribute this result to a pressure difference,
which is created between the channels causing an under-rib con-
vective flow through the PTL and hence more water being made
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available to the membrane. The differential pressure between
neighboring channels in the parallel pattern is too low to create
such an effect. Interestingly, a different flow pattern displayed
the best performance on the anode side, with the cascade pattern
providing the lowest voltages and the serpentine pattern exhibit-
ing the highest. In this case, analysis of HFR characteristics and
Tafel plots indicated that the difference stemmed from liquid wa-
ter shortage, with lower flow velocities promoting more favorable
water saturation properties in the PTL. In the anode case, the ef-
fect of pressure difference (described above for the cathode side)
was considered to only exert a minor effect due to differences
in PTL materials—in contrast to the hydrophobic carbon cathode
surface, the capillary forces in the hydrophilic titanium surface
(on the anode side) exert a much greater role in fluid transport.

5. Performance of ET PEMWE

Section 4 has summarized the key conclusions of recent develop-
ments in the MEA and cell setups carried out at ET. This section
is intended to look at the system performance from a broader per-
spective with respect to input power, operating phase and results
from mathematical modeling.

5.1. Input Power Requirements

In general, studies confirm the progressively reduced voltage re-
quirements with ET,[8598113149] 35 predicted by the Nernst equa-
tion. Together with presenting the key characteristics of studies
involving full-cell tests performed at ET, Table 2 summarizes the
current density obtained at the thermoneutral voltage (i 1.48 V)
and 1.7 V (as a more relevant cell voltage at the industrial level).
However, it should be highlighted that any comparison should
be done with care since the electrical resistance varies with dif-
ferent cell setups. Moreover, a higher catalyst loading may also
affect performance, albeit at increased costs. In this regard, as
performed in the study by Choe et al.,[*%) the mass activities were
calculated for each study and have been plotted in Figure 8.

A direct comparison in performance solely based on operating
phase (steam or liquid water) is hindered by the fact that different
membranes have been employed.!®! It is hence worth looking at
the different classes of membranes utilized when comparing the
two operating phases. This builds on what has been discussed in
Section 4.1 and confirms the need of further research on mem-
brane material suitability at ET.

Employing a PFSA-based membrane has consistently shown
mass transport limitations with increasing current density un-
der steam conditions.!®3688] Lee et al.l??} distinguish the differ-
ent overpotentials at 120 °C under different pressures. Only in
the case of atmospheric pressure (and steam) there is evidence
of a concentration overvoltage at a current density as low as 0.5
A-cm™2. An adequate concentration gradient is then restored with
pressurization, whereby the saturation temperature of water is
increased, allowing the cell to be flooded with liquid water (Figure
11a). This indeed is to be expected given that PFSAs generally
work through conducting mechanisms heavily dependent on the
water content.[3] This property is lost with steam as the mem-
brane equilibrates to a lower A and loses conductivity.
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Table 2. Key characteristics and cell performance of PEMWE at ET.

Study ~ Temperature [°C]  Pressure [bar]  Studied Phase(s) Membrane Catalyst (Loading) ity [MAcm™2]) iy, [mA cm™2))
Anode Cathode
[mg cm™?] [mgcm™?]
[85] 80-120 1,3 Both liquid and Composite SiO,-Nafion IrO, (5) Pt (0.8) 250 1240
steam
[86] 80-120 1, 3 (anode Both liquid and Composite TiO,-Nafion IrO, (5) Pt (0.8) 364 856
only) steam
[115] 80, 120 1,3 Liquid PSU-reinforced and Irg7Rug 30, (1.5) Pt (0.5) 717 Not Availableb
non-reinforced Aquivion
[87] 80, 100 1 Liquid Composite Nafion/sulfated IrO, (2.5) Pt (0.5) 416 1768
zZirconia
[88] 80-130 1-5 Both liquid and Nafion 117 Ir0, (1.5) Pt (0.5) Cell voltage given
steam as a function of

temperature but
only at a fixed
current density of

1Acm™?
[113] 80-130 1.5-5 Liquid Composite PFSA-silica Rug;1rg 30, (2.5) Pt (0.6) 837 Not Available?
(commercial)
89] 120 2.5 Liquid Nafion 212 IrO, (0.01-2.69) Pt (0.4) 445 1421
[22] 120 1-2.5 Both liquid and Nafion 212 Ir0, (0.1;2) Pt (0.4) 661 3307
steam
[55] 80, 100 1 Liquid (at Boiling Nafion 117 IrO, (1.5) Pt (0.5) 587 Not Available®
Point)
[101] 130 1 Steam PA-doped Nafion or IrO, (4) Pt (0.7) 116 439
PA-doped PBI or
PA-doped Nafion/PBI
blends
[102] 130 1 Steam PA-doped Aquivion IrO, (1) Pt (0.8) 130 597
[127] 90-130 3 Liquid Nafion 117 Ir0, (0.9) Pt (0.5) 176 1134
[132] 90-130 3 Liquid Nafion 117 Ir0, (1.3) Pt (0.5) 217 1275
[98] 100-120 3 Liquid Aquivion E87-123; Ir0, (2) Pt (2) 331 Not Available®
Composite Aquivion
E87-123-ZrP; sPBI-OO
[49] 80-150 1 Liquid/Steam Nafion 115 Ir0, (7.5) Pt (0.3) 77 868
(1009 80-150 1 Liquid/Steam CSPPSU Ir0, (not Pt (0.3) 12 238
available)
[109] 80, 100 1 Liquid (at Boiling Undoped Nafion and Irg7Rug 30, (1.5) Pt (0.5) 572 1742
Point) composite
Nafion/sulfated titania
(18] 60, 80, 100, 120 3 Liquid Nafion 117 and Nafion 212 Ir ) Pt (0.4) 338 1745
[104] 80, 110, 130, 1 Steam PA-doped Aquivion IrO, (0.7) Pt (0.7) 273 Not Availableb
150, 170
[103] 80, 130 1 Steam PA-doped Aquivion IrO, (0.7) Pt (0.7) 1359) 6749
[149] 80, 100, 120 1,3 Liquid Nafion 117 Ir0, (1.5) Pt (0.5) 498 Not Available®
(1] 120 3 Liquid Recast Nafion 5 wt% BPO, IrO, (3.31) Pt (0.8) 116 631
[95] 140 5.5 (anode) Liquid Aquivion IrRUOX (1.5) Pt (0.1) 311 3492
1;5;10;20
(cathode)

? WebPlotDigitizer was used for data extraction;!'>’] ) Data points stop before a voltage of 1.7 V is reached — even though in some studies, the last data point is just shy of 1.7
V, no extrapolation was performed in these cases; 9 Experimental details given in previous publication by the same authors;[*°] ) Results originally given in mA-[mg(IrO,)]~",
but respective catalyst loading was used for conversion to mA-cm~2; General note: data extracted only for best performing polarization curves
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Figure 11. Superimposing polarization curves at different operating conditions and utilizing different membrane types as indicated in the respective

legends: a) PFSA based and b) PBI based.

PA-doped PBI membranes were hence utilized as an alter-
native for steam conditions. As observed from the lower end
of the current density range in Figure 11b, ET under steam
conditions displayed lower voltages (cf. Section 2.1) despite the
slowed catalyst activity in a phosphate environment.['?¢! How-
ever, sub-optimal humidification resulted in increasing ohmic
overpotentials with steam, evidenced by the steeper gradients
(compared to liquid water operation at 80 °C). Indeed, the lower
water content causes a drop in the conductivity of phospho-
ric acid, causing the latter to start polymerizing and the charge
carrier H;O% becoming scarce.>3] PA was also doped to PFSA
membranes as shown by the additional curve in Figure 11b.
Successful operation of PA-doped PFSAs is attributed to the
higher water activity in WE mode—contrary to operation in FC
systems.[138]

In general, more studies are dedicated to liquid operation
rather than steam at ET conditions. Figure 12 collectively com-
pares the performance of all ET studies based on whether these
were carried out in steam or in liquid. As concluded by Jensen
etal.,l>* lower voltages and higher current densities seem to cur-

T T T T T T T T T
2| 4
181 B
)
o161 1
o
S
o
>
1.4 ’— 4
12F b
Steam Operation
Liquid Operation

1 L L L L L L L L L

0 1 2 3 4 5 6 7 8 9 10
Current Density (A cm'2)

Figure 12. Shaded regions capture the best performances obtained
for steam operation (up to a temperature of 170 °C)[42100-104]
and liquid operation (studied in the temperature range of 100-

140 °C and under a pressure up to 5.5 bar,,, on the anode
side).118.22,55,85-87,89,95,98,113,115,127,132,149]

Adv. Mater. Technol. 2024, 9, 2300281 2300281 (19 of 25)

rently favor operation with liquid water (signified by the yellow
shaded area).

5.2. Mathematical Modeling and Efficiency

The results presented so far have been mainly based on experi-
ments, an approach that is very time-consuming, expensive, and
may not necessarily resolve in detail what is happening within the
cell.l’>%1 In this regard, mathematical modeling can also provide
insight of performance, assessing varying aspects such as the mi-
crofluidics within the cell, control strategies in operating a plant
and the expected energy and exergy efficiencies. The following
further details modeling efforts specifically for ET PEMWE.

Zhao et al.l'®] presented a 2D multiphysics model of a steam-
based system at 130 °C to assess the influence of applied voltage,
anode water mass fraction, and inlet steam velocities on energy
efficiency. The applied voltage gives rise to a varying temperature
and current density along the main flow stream, while increasing
the mass fraction of anode water would improve reactant concen-
tration and hence allow higher current densities to be achieved.
Increased gas velocities not only improve provision of the react-
ing species but also take away heat from the electrolyzer and sta-
bilize cell temperatures. All studied parameters were found to
affect the overall energy efficiency and by specifying the possible
operating range for each of the studied parameters, the model
also provided the optimal parameter values, which promise the
highest efficiency.

The model by Kai et al.1"!] takes into account the gas/liquid be-
havior near the catalyst layer and the variation of gas saturation
with ET by including the effect of bubble formation on the ex-
change current density of the activation overpotential. Validated
against experimental data, the model shows how a decreasing ac-
tivation overpotential is largely responsible for the reduction in
voltage requirements with higher temperatures. This improve-
ment however is hampered as the gas saturation increases when
the saturation temperature is approached. The model clearly
shows the benefit of increasing the pressure to delay the acti-
vation overpotential increase. The study also suggests pressure
limits as a function of temperature and current density to main-
tain the gas saturation below a threshold, which would impair
performance.
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Simulation also involved the use of a Computational Fluid
Dynamics (CFD) based numerical model capable of solving for
mass, species, energy, and momentum conservation.'®?] The
model managed to simulate the general trend of lower voltages
observed in polarization curves with ET. Moreover, specific to
CFD analyses, it also provided color plots of the variation of tem-
perature and species’ concentrations at the membrane catalyst
interface. CFD was also used as the basis to calculate energy and
exergy efficiencies as a function of current density.!'®314] Consid-
ering a current density of 1 A cm™2, an efficiency improvement
of ~2.5% points was obtained when increasing the temperature
from 80 to 120 °C. (The energy and exergy efficiency were found
to be very close in all cases, indicating a low exergy degradation
in the system). This analysis was extended to perform an exergo-
economic analysis, whereby the monetary saving could be com-
puted as a result of the efficiency improvement. Another appli-
cation for CFD involved analyzing different flow channel geome-
tries for steam conditions based on thermal distribution, hydro-
gen production and pressure drop.!*°]

On the premise that higher temperature differences allow im-
proved heat management, a system was proposed, which uti-
lizes the heat losses from the stack irreversibility to heat the
dosing water, make up for the losses in the pipework and stack
and if surplus is available, utilize it for a secondary applica-
tion such as district heating.[?’”] Energy and exergy efficiency
were in this case also utilized as the performance metrics. The
model showed that the stack operates in autothermic mode over
a considerable range of current density and the heating inputs
to the stack and feed water become progressively unnecessary.
The exergy efficiency for the ET operation was calculated to sur-
pass that for LT operation, with the maximum improvement
reaching 3.8%.

While acknowledging that the use of hydrogen can be a means
to deal with the intermittency of renewables, hydrogen pro-
duction systems must be capable of handling possible fluctu-
ations and high overshoots, which could result in poor dura-
bility and performance.l'*! For instance, Zhao et al.l*®] stud-
ied the dynamic response of ET PEMWE in the start-stop and
adjustment phase by assessing the effect of different voltage
regulation schemes (step, multistep or diagonal) on different
aspects of WE operation such as electrochemical response (in
terms of reactants’ starvation) and temperature response (in
terms of excessive gradients). The results were then used to
come up with the safest and fastest dynamic process adjustment
scheme.

A follow-up study also looked at the effect of using differ-
ent data-driven methods to handle the fluctuations in input
power.[15%] For instance, a neural network predictive control strat-
egy was found to reduce the power overshoot by x#92% when
compared to a fuzzy control strategy. The study also includes the
effect on the dynamic response on produced hydrogen, tempera-
ture, and efficiency changes.

Zhao et al.l'” also studied the effect of optimizing the anode
gas inlet flow rate during intermittent operation. In this case, the
implemented model involved steam operation and hydrogen re-
circulation on the cathode side to reduce thermal energy demand.
Using what was termed as the cooperative model predictive strat-
egy, the model determines the anode gas inlet flow rate required
for the particular power consumption such that the maximum ef-

Adv. Mater. Technol. 2024, 9, 2300281 2300281 (20 of 25)

www.advmattechnol.de

ficiency point is continually tracked. The model also plays a role
in limiting change rate of current density. Besides mitigating re-
actant starvation, this approach was found to improve efficiency
during the dynamic process by ~1.2% (compared to a strategy
involving a fixed supply of steam).

5.3. Stability and Degradation

The performances in Figure 12 would also need to be maintained
throughout the electrolyzer’s system lifetime. However, the
strongly acidic and oxidative environment in PEMWE presents
a very challenging framework, which may give rise to multiple
degradation mechanisms for the various components making up
the cell.l'”] Nonetheless, LT operation has been shown to run very
reliably with no detectable voltage loss over a life span running
in the range of thousands of hours.!1%!

A number of studies looked at the behavior of ET cells in terms
of the current drop (at a fixed voltage) or voltage rise (at a fixed
current density) with time. Table 3 summarizes the details of the
studies, which have considered degradation at ET. The loss of per-
formance is observed by a drop in current density (from the neg-
ative values of the first three entries) or higher voltages (deduced
from the positive values in the last three entries).

Membrane dehydration at ET has been considered to play a
significant role in the poor stability performance observed with
Nafion.[*>%5] In an effort to opt for non-fluorinated electrolyte
membranes, Kim and Ohiral'%! suggest the use of cross-linked
sulfonated polyphenylsulfone (CSPPSU). The stability of this
material under wet conditions was investigated in water at 85 °C
for 3600 h (150 days) and in an autoclave at 150 °C for 2184 h (91
days). No significant differences were observed when testing for
the IEC and conductivity before and after membrane treatment.
Moreover, no observable changes were observed from SAXS mea-
surements when measuring the change with an increase in the
temperature from room temperature to 180 °C and back. How-
ever, when carrying out full-cell tests over an extended period of
time (using CSPPSU), EIS results and the subsequent cell dis-
assembly led to the conclusion of the need to improve the inter-
face between the membrane and the electrode. For tests carried
out with PA-doped membranes, the lack of stability was mainly
observed in the first 100 h, possibly due to loss of doping acid
in the catalyst layers and membrane upon starting to feed with
steam.!1%31%] From another perspective, Choe et al.l¥] showed
that electrodeposition (of IrO, on a Ti substrate) resulted in a sig-
nificantly enhanced durability compared to electrodes manufac-
tured using the spray-coating method.

It is, however, the work by Garbe et al.l' which by far gives
a very comprehensive study on degradation effects at ET opera-
tion. The performance of two cells was compared-one operating
at 60 °C (Cell 1) and another at 100 °C (Cell 2), both at an abso-
lute pressure of 3 bar. Nafion 117 was used as the membrane and
the iridium and platinum catalyst loadings respectively consisted
of 2.1 and 0.4 mg cm~2. Multiple in situ and ex situ techniques
were employed so as to obtain a holistic picture of the predomi-
nant degradation mechanisms. Loss in performance over time is
accentuated with higher operation temperatures.['7*17! In fact,
at a constant current density of 2 A cm™2, voltage loss rates of 29
and 126 pV h! were respectively reported for 60 and 100 °C over

169
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Table 3. Degradation experiments from literature data involving ET operation.
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Study Temp. [°C] Pressure Operating Operating Membrane Catalyst (Loading) PTL GDL Degradation Rate
[bar,y] Condition  Time [hours]
Anode Cathode
[mgem™]  [mgem™]
[85]%) 120 3 15V 300 Composite 1r0, (5) Pt (0.8) Ti backing carbon cloth  —0.39 mAcm=2 h™!
SiO,-
Nafion

[4912)-9) 120 1 1.7V 8 Nafion 115 IrO, (7.5) Pt (0.3) Ti powder carbon fiber  —18.9 mAcm™2 h™!

porous paper

sheets (500 (235 um)
um)

[100] 120 1 1.7V 8 CSPPSU Ir0, (n.a)? Pt (0.3) Ti powder carbon fiber Current density

sheet?) paper drops® close to 0

(235 um) mA cm~?
[89] 120 2.5 172V 300 (e-dep) Nafion 212 IrO, (0.4) Pt (0.4) Ti-based carbon fiber -1.5mAcm2
or 150 paper h=1-3.93 mA
(spray) (325 um) cm=2 h~!
[104]2 130 1 0.35Acm™2 ~ 1200 PA-doped IrO, (0.7) Pt (0.7) Ta-coated Non-woven +0.09 mV h~!
Aquivion stainless carbon

steel felt cloth

[103}2) 130 1 0.4Acm™2 760 PA-doped Ir0, (0.7) Pt (0.7) Ta-coated Non-woven +0.114 mV h~!
Agquivion stainless carbon

steel felt cloth

[169] 100 3 2Acm™? 300 Nafion 117 Ir(2.1+ Pt (0.4+  Sintered Ti (1  Carbon sheet +0.126 mV h~!
0.7) 0.05) mm) (1.5 mm)

. . b . . . . d .
3 WebPlotDigitizer! '] was used for data extraction; ) Degradation rate calculated as the average over three runs; 9 Information not available in study; )Sample 1used in

previous publication by Kim and Ohiral*! was chosen to be used in follow-up study;

? Issues in the assembly of the CSPPSU membrane and the electrode observed to

possibly be the reason for the poor performance, rather than the membrane stability itself.

a testing duration of 300 h.1"%! Such rates would mean that the
initial performance gains for Cell 2 obtained by the higher oper-
ation temperature would be consumed after a projected opera-
tion time of 3 500 h. From a breakdown of overpotentials before
and after the experiment, kinetic and ohmic losses were mainly
blamed for the higher voltages. Based on data from cyclic voltam-
mograms, the number of active sites on the anode catalyst layer
reduced by as much as 49% at ET. Moreover, a significant de-
crease was observed in the layer thickness.['®] Catalyst detach-
ment due to a higher volumetric gas production and dissolution
arising from the loss of the titanium-based support may possibly
explain the loss of catalyst. With regards to the membrane, mea-
surements of the Fluoride Release Rate (FRR) on PFSA-based
materials have shown chemical ionomer decomposition even by
just increasing temperatures up to 80-90 °C.1'7%1727175] The FRR
is also documented to approximately increase by two orders of
magnitude as the temperature rises from 55 to 150 °C.['71) Op-
erating at 100 °C and based on a 10% threshold loss of the ini-
tial fluoride inventory, the cell was forecasted to operate for not
more than 3 700 h. In the case of the PTL and flow fields, the
passivation of titanium,[7®! which is further accelerated at ET,°!
results in higher ohmic overpotentials.'* This calls for the need
of more resistant materials such as W or Nb or the application of
protective coatings.[3%177]

Figure 13, reproduced from Garbe et al.,l'®! summarizes the
multiple degradation causes and effects due to ET for the various
cell components—each cause ultimately negatively impacting the
system with regard to performance, cost and safety.

Adv. Mater. Technol. 2024, 9, 2300281 2300281 (21 of 25)

Itis interesting to note that except in the case of Garbe et al.,[1%]

all stability-related studies resort to a low voltage or current den-
sity as the test condition. Acknowledging that the search of suit-
able membranes for ET PEMWE is still at its infancy, a wider test
range would also provide valuable information on the stability
behavior with respect to different loads.

6. Conclusion and Final Remarks

This review has summarized the discussions and results ob-
tained to date for PEMWE at ET by looking in detail at studies
involving full-cell testing. This background facilitated the identi-
fication of the key issues at a cell and system level. ET PEMWE
are indeed expected to offer a number of key advantages, namely—
a reduction of the specific energy demand, a reduction of cat-
alyst loading or the employment of less noble electro catalysts
and better waste utilization when the electrolyzer is operated in
exothermal mode. Nonetheless, more research efforts are indeed
required to have a clearer picture of the feasibility of PEMWE at
elevated temperature.

The use Nafion at ET is hampered by the accelerated drop in
conductivity with time and accelerated rates of chemical decom-
position. On the other hand, PA-doped PBI membranes or other
alternative membranes have not yet matched the electrochemi-
cal performance obtained with PFSAs. There is hence still a need
for the development of membrane materials with improved ther-
mal, mechanical, and chemical stabilities at ET. This need also
extends to the choice of ionomer in the catalyst layer. Changes to

© 2023 The Authors. Advanced Materials Technologies published by Wiley-VCH GmbH
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Figure 13. The causes and effects of ET for the different components used in PEMWE eventually affect performance, cost, and safety as given by the
three shutdown criteria at the right end. Reproduced with permission.['®] Copyright 2021, The Electrochemical Society and IOP Publishing. All rights

reserved.

the volumetric gas production rates at ET, or simply the use of
steam, may require the re-evaluation of the optimization of PTL
properties (such as porosity, thickness, texture, and pore diam-
eter). Moreover, the harsher operating conditions also call for a
re-assessment of optimal materials, an issue that strongly also
applies to the bipolar plates. On the other hand, operating at ET
conditions may bring about the possibility for finding improved
catalysts whose activity, electrolyte compatibility, and stability is
enhanced. Another benefit involves the higher-grade waste en-
ergy due to increased temperature differences. Its optimal use
by integration to techniques such as combined cooling, heating,
and power or ORCs for instance, would definitely need to be stud-
ied. Given the novelty of the technique, studies involving ET have
so far focused on the cell, but due consideration would also be
expected to be needed at a system level for the respective ancil-
laries. Further experimental results and mathematical modeling
would in turn allow techno-economic analyses to ultimately as-
sess whether efficiency gains would translate to monetary sav-
ings, and to what extent.

PEMWE at ET does promise a number of advantages, and the
numerous challenges and unanswered questions should hence
not be a reason to dismiss this technology, but rather serve as a
beacon to the efforts in assessing its feasibility.
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