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The highly-efficient, low-cost, large-scale production of green hydrogen by means of electrolysis is urgently needed for achieving a
decarbonized energy supply. Alkaline water electrolysis is a wellestablished technology with relatively low costs which does not
require scarce noble metal catalysts, but it suffers from low current densities. Increasing the operating temperature can allow this
limitation to be overcome. This article summarizes both long-standing and recent developments in alkaline water electrolysis at
increased temperature and sheds light on the challenges and unique opportunities of this approach. It is found that electrochemical
improvements induced by higher temperature enable competitive current densities and offer unique possibilities for thermal
management. The selection and development of stable materials, catalysts, and diaphragms is challenging, but some have proven
long-term stability up to at least 150 °C and promising candidates are available at up to 200 °C. Further research will allow the
present challenges to be overcome by understanding and improving the basic processes and components for alkaline electrolysis at

increased temperature and capitalizing on its unique advantages.
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Hydrogen is considered a key energy carrier in the future energy
infrastructure, as it allows sector coupling and enables energy
storage on a large scale. This requires highly-efficient, low-cost,
large-scale hydrogen production by means of water electrolysis.

Increasing the temperature generally speeds up activated che-
mical reactions and therefore also improves the current density and
efficiency of electrolyzers.'” Depending on the particular research
community, context, and time of a publication, the meanin% of
medium, intermediate, elevated, or high temperature varies.'**'" In
this work, we will focus on temperatures between 100 and 200 °C.
As this is high with respect to conventional alkaline electrolysis, we
will use the term high-temperature alkaline electrolysis (HT-AE),
even though it is rather intermediate compared to molten
hydroxide'" or solid oxide electrolysis.

Increasing the operating temperatures in electrolyzers is not a
trivial task. Elevated temperatures intensify the corrosion issues
already present at low temperature under the acidic conditions in
polymer electrolyte membrane (PEM) electrolyzers, and also cause
membrane stability problems.”'>™'® These challenges render PEM
electrolysis unsuitable for high operating temperatures. Anion
exchange membranes are a highly promising alkaline alternative to
PEMs. However, one of their most important challenges is achievin%
sufficient long-term stability, even at temperatures below 80 °C.'"~
Thus, to date, they cannot be considered suitable for high tempera-
tures. So-called solid acid electrolyzers employ proton-conducting,
acidic salts like CsH,PO, as solid electrolyte and operate at elevated
temperatures of between 200 °C and 300 °C. However, the
technology is still in a very early stage of development and the
inherent water solubility of the electrolytes only ;)ermits vapor
electrolysis and requires delicate water management.”>>~>*

Alkaline water electrolysis has already been demonstrated at high
temperatures and is considered to have high potential for reaching
current densities beyond 1 A cm™2 at 1.55 to 1.65 V.7 Already in the
1970s, a strong cell voltage decrease of 0.51 V at 200 mA cm >
from 80 °C to 208 °C was reported’ and several corresponding
research programs were initiated.” Motivated by the oil price shocks
of the time period, the target application was hydrogen production
using excess electricity from nuclear reactors. There were even

“E-mail: f.lohmann-richters @fz-juelich.de

several pilot plants that were operated at slightly elevated tempera-
tures up to 130 °C.>*® Over the years, with PEM and solid oxide
electrolysis emerging as new technologies, the interest in alkaline
electrolysis diminished. Nowadays, low-temperature alkaline water
electrolysis is again being intensively investigated, and recent
progress has been reviewed in several publications.”*® Recent
studies reaching impressive current densities up to 3.75 A cm™ > at
1.75 V and 200 °C have also renewed interest in HT-AE."**3' The
gain in comparison to low temperature alkaline electrolysis is
illustrated in Fig. 1. In conjunction with progress in other fields
like material science, ceramics, and low-temperature alkaline
electrolysis, these have opened up new possibilities and perspectives
to reach stable, high current density and simple thermal management
with HT-AE.

This review outlines the current status and future perspectives of
HT-AE, covering the selection and stability of materials, catalysts,
and diaphragms, as well as system design and heat and pressure
control. We elaborate on the unique advantages of the technology,
such as high current density and thermally-balanced operation, as
well as its challenges concerning material stability, and consider
promising pathways and key questions for future research in the
fields of materials science, electrochemistry, and process engi-
neering.

Electrochemical Improvements with Temperature

Thermodynamics.—The thermodynamics of water electrolysis
with respect to operating pressure and temperature have been
outlined in several publications and textbooks and will only be
briefly recapitulated at this point,' 0313337313337 1y ap alkaline
electrolyzer, water is split at the cathode into hydrogen and
hydroxide ions, which then pass through the separator to the anode,
where they form oxygen and water.

Total: H20 - H2 + 1/202

Cathode: 2H, 0 + 2¢~ - H, + 20H~

Anode: 20H™ = 1/20, + H,0 + 2e”

The reversible (minimum) voltage U,., for splitting water into
hydrogen and oxygen depends on the Gibbs energy AG:
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Figure 1. Illustration of the improvement of current density with high-
temperature alkaline electrolysis compared to conventional alkaline electro-
lysis. Low-temperature range taken from Ref.,32 high-temperature from Ref.
2.

AG
Urev = _27
where z is the number of transferred electrons and F is Faraday’s
constant. The enthalpic voltage U,y is calculated in the same way
from the reaction enthalpy AH and includes the entropic contribution
TAS. The latter can also be supplied in the form of heat:

U~ _AH _ AG - TAS
AH F F

The enthalpic voltage is sometimes also called thermoneutral voltage
in textbooks, which can be misleading as we will point out further
below. The standard values (AG® and AH®) can be taken from
thermochemical tables,®® as these are simply the negative of the
enthalpy of formation of water at the respective conditions. In Fig. 2,
it can be seen that the enthalpic voltage changes little with
temperature, except for the jump from liquid water to vapor, which
is due to the enthalpy of evaporation. Above 100 °C, the electrolysis
of liquid water requires pressurization, and is therefore limited by
the working pressures that can be reasonably attained. The reversible
voltage, on the other hand, decreases with the temperature, whereas
TAS increases. The increased temperature is therefore beneficial for
electrolysis, because it enables the use of thermal instead of
electrical energy.

According to the Nernst equation, the voltages also depend on the
pressure of the reactants. An increased pressure of the gaseous
products leads to an increase of the reversible voltage. Therefore, the
voltages depend on the operating pressure and the vapor pressure of
the electrolyte solution, usually KOH. Balej calculated the reversible
voltage for different temperatures, pressures, and concentrations, as
is shown in Fig. 3> As noted above, the reversible voltage
decreases with the temperature, but increases with pressure.
Higher electrolyte concentrations decrease the water vapor pressure
and so increase U, at a given total pressure. It should be noted that
although the pressure affects U,.,, it exerts only a minor influence on
the cell voltage at significant current densities due to kinetic
improvement.2 32,3941

LeRoy et al. analyzed the thermodynamic limitations of water
electrolysis in detail, taking additional heat-consuming processes
into account.>* Here, all energies are converted into voltages, as this
allows one to directly identify which regime an electrolyzer is
operating in at a given cell voltage. LeRoy et al. define the higher
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Figure 2. Standard voltages of the electrolysis of water, as calculated from
JANAF tables®®”). Liquid water above 100 °C (grey line) is pressurized.
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Figure 3. The reversible voltage of water electrolysis decreases with
temperature, but increases with pressure and the KOH electrolyte concentra-
tion (5 wt.% dashed, 10 wt.% solid, and 45 wt.% dotted), calculated
according to Balej.*?

heating value (HHV) voltage Uyyy as the sum of the enthalpic
voltage and Uy,q, the voltage to heat and compress the feed water to
the operating temperature and pressure. Uyy and Uygy depend very
little on the operating pressure and vary by only a few millivolts,
even for 100 bar.>* The addition of Uyqp, the heat consumed by the
saturation of the product gases with water vapor, yields the
thermoneutral voltage Uy,. This contribution is especially important
for high operating temperatures and depends strongly on the
operating pressure. It will be discussed in more detail in the section
on thermally balanced operation. It must not be confused with the
enthalpic voltage, which is sometimes also called thermoneutral.
Finally, we obtain the thermal-balance voltage Uy, by adding Uy,
the heat loss to the surrounding. The temperature dependence of
these voltages is illustrated in Fig. 4 for 25 atm and 30 wt.% KOH.

Unnv = Usg + Upeea
Un = Ugny + Uvup

Up = Up + Uwx
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Figure 4. The voltage parameters of a water electrolyzer depend on the
operating temperature. Reproduced fom Ref. 34.

The terms thermoneutral and thermal-balance voltage have not been
used consistently in the literature. Upyy or Uyyy are sometimes
referred to as thermoneutral and Uy, as thermo-balanced. We will
utilize the terminology of LeRoy,** as this best reflects the practical
meaning of these voltages: a perfectly isolated electrolyzer will
operate at a constant temperature at the thermoneutral voltage. It will
heat up or require cooling above Uy, and cool down or require
heating below U,,. An actual electrolyzer that loses heat to the
environment operates in the same way with respect to the thermal-
balance voltage. Note that the thermal-balance voltage depends on
the actual design of the electrolyzer, whereas the thermoneutral
voltage depends only on the electrolyte and the operating tempera-
ture and pressure. Both voltages can be shifted by the principal
layout of the system which can enable recycling of the heat stored in
the outflowing gases, e. g. by using the gases to heat the feed water.
In summary, increased temperature thermodynamically facilitates
water-splitting, as electrical energy can be partially substituted by
thermal energy. The heat balance is strongly pressure-dependent at
increased temperatures and must be above the thermal-balance
voltage if no external heat source is available. However, it will be
shown in the next section that kinetic improvements with higher
temperatures are more important than thermodynamic ones.

Kinetics.—The acceleration of the reaction rates with increasing
temperature is common for essentially all activated chemical
reactions. Increased temperatures can therefore significantly reduce
the overvoltage in alkaline electrolysis. A current density of
1 Acm™ at less than 1.75V and 160 °C was considered possible
in early studies.*? In 2014, Allebrod et al. achieved 0.69 A cm ™ at
150 °C and 1 A cm™? at 200 °C, both at 1.75 V.>' Only two years

later, this mark was improved to 3.75 A cm 2 at 200 °C and the
same voltage.”

Several researchers report on the reduction of the cell voltage or
overvoltage with temperature. Despite different setups and current
densities, reduction rates in the cell voltage of between 3.4 and 4 mV
K™' between 100 °C and 200 °C were reported in several
investigationsfl‘s’43 Considering only the overvoltages at the elec-
trodes, values of between 2.3 and 3.6 mV K ! at 1 A cm™? have
been reported.’”*** Interestingly, anode and cathode performance
improved almost equally in these studies, although Miles observed a
stronger effect in the case of the anode.’ All of the reported
improvements clearly exceed the thermodynamic decrease in the
reversible voltage for liquid water (0.8 mV K™') or water vapor (0.3
mV K™') in the same temperature range. Higher temperature also
requires higher pressure, to keep the electrolyte in the liquid phase.
The thermodynamically expected voltage increase with increased
pressure has been found to be compensated for by improved kinetics
and mass transport.’**>*°~*! However, this has apparently not been
investigated for high temperature, yet.

The estimated linear voltage changes are not a very precise way
of quantifying the overvoltage reduction with the temperature. A
more suitable approach is to assume Arrhenius behavior and
determine the activation energy of the reaction. Activation energies
of between 33 and 55 kJ mol ™" for the cathode*>*® and 70 to 100 kJ
mol ™! for the anode**” have been reported. For both electrodes
together, an effective activation energy of 33 kJ mol ' was
observed.*® It should be noted that the mechanism or at least the
rate-determining step with its activation energy could depend on the
investigated temperature range and the catalyst. Different catalysts
will therefore improve at different rates with the temperature,
potentially yielding different activity rankings as a function
thereof.” Some researchers have suggested a change in the reaction
mechanisms above 200 °C,>*’ but this could also be due to side
reactions.**” The anode reaction does not exhibit typical Butler-
Volmer kinetics with temperature*® and a large surface area is not as
beneficial as for the cathode.*** It was suggested, that the
electrocatalytic kinetics are masked by the poor conductivity of
the anode’s surface oxide layer.*>#>

The temperature and concentration-dependence of the conduc-
tivity of KOH solutions have been investigated or tabulated in
various studies,”®>> some of which also cover temperatures beyond
100 °C.>*3273% The conductivity exhibits a maximum with respect to
the KOH concentration, with the concentration with the highest
conductivity increasing with the temperature.’’ At 30 °C, the
maximum is at 30 wt.% KOH (0.69 Scm™"),”" but it is around 45
wt.% at 200 °C (2.9 S cmfl).50 The pressure-dependence of the
conductivity is comparably small: From 1-500 atm, it increases by
less than 2%.7

To summarize, high temperatures drastically improve the elec-
trode kinetics of alkaline water-splitting as well as the conductivity
of the electrolyte. With respect to the electrode kinetics, well-
controlled and comparable further investigations are needed in order
to better understand and quantify these gains. However, the
challenge of exploiting the benefits of high temperatures lies
primarily in the design and material selection for constructing an
efficient and durable electrolyzer for these harsh operating condi-
tions.

Materials for High Temperature

Corrosion stability.—The conditions in an alkaline electrolyzer
at high temperature are extremely corrosive due to the temperature,
the high concentration of KOH, and the presence of oxygen on the
anode side and hydrogen on the cathode side. The stability of
materials under alkaline conditions at high temperatures has mostly
been investigated in the context of boilers, heat exchangers, and
evaporators in the caustics manufacturing and paper industries.>®-%>
The focus has primarily been on stainless steels and a variety of
nickel alloys, which generally exhibit good corrosion resistance
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under alkaline conditions. However, these conditions differ signifi-
cantly from those in HT-AE, mostly concerning the presence of
oxygen and hydrogen but also with respect to the temperature range,
caustic type and concentration, and the voltage for current-carrying
parts. Investigations under conditions relevant for HT-AE are few
and far between, but yield interesting results. Two types of corrosion
have been investigated thus far: Uniform or general corrosion and
stress corrosion cracking (SCC). 63-65 It has been found that both are
much more severe in the presence of oxygen compared to argon or
hydrogen environments. The corrosion rates given in the following
will therefore be those for oxygen, if not stated otherwise.

For some materials, a break-away uniform corrosion was
observed, for example for alloy 600 in Fig. 5.%° Break-away uniform
corrosion means that the uniform corrosion rate is constant and
relatively low for a certain time, but then dramatically increases. The
time until the break-away point was mostly in the range of 2000-
—3000 h. Thus, corrosion tests should be performed for at least
4000 h in order to uncover potential break-away corrosion. This time
scale is fairly long for laboratory tests, but well below the expected
lifetime of an industrial electrolyzer. Many studies of corrosion do
not cover such long time-frames, which further limits the applic-
ability of their results to HT-AE.

Titanium and zirconium were found to completely dissolve in
KOH at 220 °C.%%%7 Pure nickel, on the other hand, generally
exhibits very good stability under alkaline conditions, and has been
in the focus of several investigations in the context of HT-AE. No
SCC was observed for pure nickel in these studies, even under
oxygenated conditions.®*%>*® Uniform corrosion rates below 10 zm
a~ " at 200 °C and 20 bar,** and below 45 ym a~' at 180 °C and 30
bar®® were observed in early studies with 40 wt.% KOH. However,
with a periodic renewal of the lye, a significantly increased corrosion
rate of up to 800 m a~' has been reported, see Table 1.5° Gras and
Spiteri argued that this could be due to fewer impurities in the
solution. They observed that the presence of iron or silicate ions
reduced the corrosion rate to < 5 um a~ ' and led to the formation of
a passivation layer containing the respective ions. The incorporation
of iron into the oxide layer had also been observed in one of the
aforementioned previous investigations, which found 10-20 ppm Fe
in the lye and low corrosion rates.%* It could also contribute to the
diverging corrosion rates in these earlier investigations, together
with the differences in pressure. The conditions necessary to form
the passivation layer containing iron or silicate and its long-term
stability in the absence of impurities have not been clarified.
Interestingly, small amounts of iron have also been found to
influence the stability of anode catalysts.*”’" Further research is
needed, but if the passivation layer can be reliably created and the
long-term stability confirmed, nickel could be a good choice for
alkaline electrolyzers operating at high temperatures. Using a nickel
coating on steel appears to be difficult at such temperatures, because
any porosity must be avoided.”

Apart from pure nickel, several nickel-containing alloys have
been tested.”” Stainless steel AISI 310(L) has shown low uniform
corrosion rates, but failed due to SCC. Alloys 400, 600, and 690
were found to be resistant to SCC, even at 180 °C. Alloy 800, which
has a much lower Ni content, was susceptible to SCC at 180 °C and
at 150 °C in the presence of silicates.

The uniform corrosion rates of these alloys are shown in Table 1.
In order to reflect the break-away phenomenon, the corrosion rates
are given for the first 2000 h of the test and between 5000 and
6000 h, when they appear to have stabilized. At 150 °C, the
corrosion rates of alloy 400, 690, and 800 in the first 2000 h were
around 5 pm a~'. Alloy 600 showed a significantly higher corrosion
rate of 19 um a~!. After 5000 h, the rate decreased even further for
alloy 800 but increased to 43 and 24 ym a~! for alloys 400 and 690,
respectively. Again, the rate of alloy 600 was significantly higher
(186 pm afl). The corrosion rates of alloys 400, 690, and 800 were
below 50 ym a~' and they can therefore be considered resistant (<
100 um a~ %) or category A (< 50 um a~'"*), depending on the
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Figure 5. The general corrosion of different alloys in 38 wt.% KOH at 150 °
C under oxygen shows break-away corrosion for some alloys. Reprinted
from Ref. 65 with permission from Elsevier.

rating system used. Only alloy 600 was fairly resistant (< 1 mm
a ) or category B (< 500 ym a 1™,

At 180 °C, the corrosion rates are higher than at 150 °C and alloy
600 still exhibited the highest rate of those shown here. Alloy 690
had almost four times the corrosion rate of 150 °C, but was still
within the acceptable range. Meanwhile, alloy 800 exhibited
increased initial corrosion but was again very stable in the long run.

Unfortunately, alloy 400 was not tested at 180 °C. The final
corrosion rates of the other alloys increased by factors of between
3.1 and 3.6, from 150 °C-180 °C. Assuming an average factor of 3.4
for alloy 400, its corrosion rate at 180 °C should be around 145 ym
a~'. Combrade has tested alloys 400 and 690 at 200 °C, but under
slightly different conditions (20bar, 40 wt.% KOH, 2750h).®*
Nevertheless, the observed corrosion rate of alloy 690 was similar
to that reported by Gras et al. (50-140 vs 88 um a~').% If the rates
were indeed similar despite the shorter timescale covered by
Combrade, alloy 400 could exhibit a corrosion rate of around
50-80 yum a~'. Therefore, despite a lack of data on alloy 400 °C
at 180 °C, the corrosion rate is probably in the range of 50-145 yum
a~" and can thus be considered at least fairly resistant, or category B.
Additional passivation of the nickel-based alloys in the presence of
iron or silicate ions has to the best of our knowledge not been
investigated. However, as the alloys contain a significant amount of
iron, a less pronounced effect than for pure nickel is to be expected.

Among the investigated materials, the very low uniform corro-
sion rate of alloy 800 stands out, but its susceptibility to SCC at 150
°C and above limits its use. Any stress in the material would have to
be avoided, e.g., by stress-relief annealing. Alloy 8001 (EN 1.4558)
is a low-carbon version of alloy 800 that is especially well-suited for
wet chemical applications, and apparently less susceptible to SCC. It
has been shown that the SCC resistance of alloy 800 under steam
generator conditions depends on the quantities of C, Al, and Ti
therein, as well as on the thermal treatment.’®”> The low nickel
content and high mechanical strength of alloy 800 or 800 1 compared
to pure or alloyed nickel would make its use economically attractive.
Thus, alloy 8001 could indeed be a good choice for HT-AE
conditions, even though further investigations are needed to confirm
this. Other common nickel alloys such as Hastalloy C-276, and
alloys K-500, 625, and 825 generally exhibit good stability under
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Table I. Uniform corrosion rates®® and composition” of selected alloys in 38 wt.% KOH under 40 bar O,.

Alloy Corrosion rate (pm/a)
T (°C)
Name Approx. composition 0-2000 h 5000-6000 h
150 400 67Ni-31.5Cu-1.2Fe 4 43
600 76Ni-15.5Cr-8Fe 19 186"
690 58Ni-29Cr-9Fe 6 24
800 33Ni-21Cr-40Fe-0.8(Al + Ti) 4 2»
Nickel 4 50
180 600 76Ni-15.5Cr-8Fe 44 588
690 58Ni-29Cr-9Fe 17 88
800 33Ni-21Cr-40Fe-0.8(Al + Ti) 96 7
Nickel 500-800 500-800
Nickel In presence of Fe or Si® <5 <5

a) 4000-5000 h. b) susceptible to stress corrosion cracking. ¢) Fe in the range of a few mg 17", Si 0.1-3.2 g17".

alkaline conditions, even at elevated temperatures,””®* and other

highly stable alloys like alloy 59 have been developed in the
meantime. However, their stability under HT-AE conditions must
still be investigated.

Based on the limited available literature, we can conclude that
passivated pure nickel (or a coating thereof) and SCC-resistant alloy
800 I appear to be the most promising materials for HT-AE up to 200
°C, but that the passivation and SCC resistances are fully tested and
understood. For temperatures up to 150 °C, several materials, such
as alloys 400, 690, and 800, appear to be suitable. Alloys 400 and
690 exhibit corrosion rates that can be acceptable for use in
experimental setups at up to 180 °C, especially if these are not
continually operated at the maximum temperature and frequently
inspected. Considering its fairly widespread use, components made
from alloy 400 are more easily available than those from alloy 690.
Thus, alloy 400 could be the best choice for laboratory setups to
investigate HT-AE if appropriate corrosion monitoring is assured.

It should not be overlooked that early projects aimed at operation
at 200 °C were abandoned due to material problems.*** Identifying
or developing stable materials for use in such harsh conditions is a

challenge. However, at somewhat lower temperatures, e.g., below
150 °C, the range of promising materials substantially increases, as
is outlined above. Moreover, the uniform corrosion rates of the
materials further increase at the water line, in crevices and at welded
joints. This has been observed for nickel,**®® but detailed testing for
the other alloys is still necessary. These areas with enhanced
corrosion can be minimized in the design of HT alkaline electro-
lyzers, but not completely avoided. A protective coating, for
example with 9perﬂuoroalkoxy alkanes (PFA) or polytetrafluoroethy-
lene (PTFE),”® might reduce the risk. Protective oxide coatings have
also been suggested’ and aluminized steel has been used for
electrolysis using molten hydroxides.!' For stack materials that are
subject to electric potentials, the corrosion at the relevant potentials
must be investigated, in addition to free corrosion. In any case, in
light of the limited data, close monitoring is necessary to maintain
safe conditions.

Catalysts.—Catalysts are needed in water electrolysis to reduce
electrode overvoltages and have a direct impact on the electrical
efficiency. Therefore, even for a mature technology such as low-

Table II. Overview on stability of catalysts tested in high-temperature alkaline electrolysis. T: temperature, t: test duration.

Material T KOH conditions t degradation
Anode Ru0,* >100 °C 50 wt.% 0.1-1 A cm™? few h dissolves
Raney Ni * 100 °C 40 wt.% 0-0.4 A cm™? 7200 h slow
85 160 °C —_ —_ —_ unstable
86 200 °C 35 wt.% 1Acm™? 100 h unstable
porous Co®’ 90 °C-130 °C 30-40 wt.% — — fast
porous NiCo,*’ 90 °C-130 °C 3040 wt.% 1Acm™?, 3000 h stable
n < 270 mV
Co304/Ni®® 120 °C 40 wt.% NaOH 1 Acm? 10,000 h slow
Co-oxide®! 200 °C 45 wt.% 15V 24h stable
31 250 °C 45 wt.% 15V 100 h unstable
La-Ni(—Fe)-perovskites’ 100 °C 31, 45 wt.% ex situ 168 h stable
89 220 °C 31, 45 wt.% ex situ 168 h unstable
Co—(Ni-Fe) ox. synth. in situ®"* 90 °C-130 °C 3040 wt.% 1Acm? > 400 h unstable
Lag sSrg sCoOs/porous Ni** 160 °C 40 wt.% 1Acm™? 2800 h stable
Ag-nanowires/NiFeCrAl foam? 200 °C 45 wt.% 0.5A cm ™2 400 h stable
Ni—Fe-Hydroxides not tested at HT
Cathode Raney Ni% 190 °C 40 wt.% ex situ unstable
46 200 °C NaOH intermittent pol. unstable
86 200 °C 35 wt.% 1Acm™2 100 h stable
Ni-sulfide®*¢°! <110 °C — — — unstable
Ti-/Mo-doped porous Ni**%3 160 °C 40 wt.% 1 Acm™? 8000 h stable
Raney NiCo® — — — — stable
inconel foam? 200 °C 45 wt.% 0.5A cm 2 400 h stable
Ru-film/Ni”° 120 °C 40 wt.% 1 Acm™? 600 h stable
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Figure 6. Illustration of degradation mechanisms of water electrolysis
catalysts. Reproduced with permission from Ref. 77, © 2020 Wiley-VCH
GmbH.

Figure 7. Catalysts directly grown or deposited on metal foam offer
improved stability due to a good connection to the substrate. Reproduced
from Ref. 80 with permission from the Royal Society of Chemistry.

temperature alkaline electrolysis, the catalysts remain an intensely-
investigated comgonent, and have been duly revisited in several
recent reviews.'®’*”® Much of the progress on catalysts for low-
temperature alkaline electrolysis is probably transferable to HT-AE
technology. The benefit of elevated temperature depends on the
activation energy of the reaction and therefore on the catalyst. This
could even lead to a change in the ranking of catalysts depending on
the operating temperature.” Therefore, comparable temperature-
dependent measurements of the catalyst performance are needed to
identify the best candidates. Such data is not available to date.
Most catalysts fail due to insufficient stability in the harsh
conditions of HT-AE which is probably one of the reasons for a
lack of catalyst data under these conditions. We will therefore focus
on the stability. The catalysts investigated under HT-AE-conditions
are summarized in Table II. Even at low temperatures, catalyst
stability is often neglected or insufficiently investigated, with much
smaller time scales and current densities than would be needed for
industrial use.”®”” According to Jin, degradation is mostly due to
catalyst agglomeration, dissolution and detachment, illustrated in
Fig. 6.” Dissolution depends on the catalyst material itself, its
solubility, and the formation of protective passivation layers, often
involving dopants. In order to avoid agglomeration and detachment,
a stable connection between the support and catalyst is essential. In
particular, stable electrodes can be achieved with catalysts directly
grown or deposited on a conductive substrate such as metal foam,
illustrated in Fig. 7.%77%" Such a stable connection between the
catalyst and conductive support is especially important for HT-AE.
Growing oxide layers, especially at the anode, can cause insufficient
electrical contact or even isolate the catalyst particles, rendering
them inactive.*>’”8'=® Growing a thin, electrically (semi)con-
ducting, stable, and active protective layer would be ideal.
However, such an ideal layer has not yet been achieved to the best

of our knowledge, especially at elevated temperatures. Clearly, the
support itself must be chemically stable as well. Nickel foam, which
is often used as support in low-temperature alkaline electrolysis, has
only been observed to be a stable anode support when coated with a
NiFeCrAl alloy.”

Anode.—Despite the limited number of publications on HT-AE,
several studies cover the anode stability. RuO, has been found to
dissolve rapidly,* which is in accordance with the dissolution
observed at low temperatures.”’

Highly porous nickel anodes exhibited fairly slow degradation
over 7200 h at 100 °C,>®* but were reported to be unstable due to
excessive oxidation at >160 °C.*>* The same porous nickel with a
coating of Lag 5Sry sCoO; perovskite was found to be stable at 160 °
C and 1 A cm 2 over several thousand hours.** However, additives
and sufficient sintering is needed to ensure the formation of a single
phase instead of separate oxides, and continuous anodic polarization
is also required for stable operation.®®” Similar perovskites are also
investigated for use at low temperatures,””’>°*% but data on
stability and high temperatures is scarce. Adolphsen et al. exposed
various La-Ni(-Fe)-perovskites to 31 and 45 wt.% KOH at 100 and
220 °C, respectively, but none was stable at 220 °C.%° It has been
suggested, that several mixed oxides of cobalt or nickel are not
actually stable but form a similar surface layer after initial leaching,
resulting in similar activity which is almost independent of the initial
composition.*’

Porous cobalt was found to dissolve quickly,®” and in situ formed
cobalt oxides containing nickel and/or iron were also not stable at
130 °C.87%° NiCo, and Co;04/Ni were found to be stable under
certain conditions at 130 and 120 °C, respectively.®”*® Allebrod
et al. successfully employed cobalt oxide as a catalyst at 200 °C over
24 h, but observed degradation at 250 °C.>' With Ag-nanowires as a
catalyst, at 200 °C they reported stability over several hundred hours
if a chemically-stable NiFeCrAl-coated foam was used as a
support.'? This underlines that not only the catalyst itself needs to
be stable. Ganley performed HT-AE tests using lithiated or cobalt-
plated nickel, * which are also used in molten carbonate fuel cells
operating under very harsh conditions.” Despite testing up to 400 °
C, the stability was not investigated due to technical limitations.

Cathode.—The hydrogen evolution reaction in alkaline condi-
tions is much slower than in acids.”” and causes an overpotential of
similar magnitude as the oxygen evolution reaction.’® High-perfor-
mance cathode catalysts are therefore a key element in alkaline
electrolysis, as opposed to acidic electrolysis. Nickel with a very
high surface area is frequently used to reduce the overvoltage of the
cathode. It is usually obtained by means of galvanic deposition,
plasma-spraying, or galvanization, yielding a nickel alloy such as
Ni—Al or Ni-Zn, from which Al or Zn is subsequently leached,
resulting in a highly porous structure, usually referred to as Raney
nickel. 7% Hi%h—surface—area nickel cathodes degrade at high
temperatures®****%¢ but are stable if continually polarized.®®
Maintaining a minimum cell potential to avoid degradation of the
electrodes is also known from low-temperature alkaline electrolysis.
The addition of other elements to Raney Ni, especially Ti and Mo,
yielded a catalyst that was stable over 8000 h at 160 °C.** Co and Fe
have also been found to improve cathode performance at high
temperatures.®*> However, catalysts with a much lower surface area
were also employed at high temperatures: a dense ruthenium film on
nicl;el was used as a cathode at 120 °C* and inconel foam at 200
°C.

Future catalysts.—From the above, it is apparent that promising
catalysts for HT-AE are available, despite the harsh conditions they
must endure: For the anode, several cobalt oxides, with
Lag5SrpsCoO5; having been tested most intensively, and silver
nanowires on a stable alloy foam showed good performance and
stability. For the cathode, Mo-doped Raney nickel has shown
stability over several thousand hours. However, the number of
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studies on catalysts for HT-AE is still very limited, and further
research is needed especially on the anode, as this is probably the
most challenging component in terms of stability.

Nevertheless, it is worth considering catalysts that have proven
stable and effective under different conditions, like molten carbonate
fuel cells or solid oxide electrolyzers. Testing established and
extremely stable catalysts used in low-temperature alkaline electro-
lysis is an obvious step, but the lack of data on long-term
stability’®”” renders the selection difficult. Mixed oxides or hydro-
xides of nickel and iron have groven to be both stable and highly
active at low temperature,®®~’ 76778190102 by¢ have apparently not
been tested for HT-AE. The role of the different elements in the
oxygen evolution reaction remains under debate,”®'?"'93~10% Ag is
discussed in the section on corrosion stability, nickel is stabilized
under HT-AE anode conditions by traces of iron, which are
incorporated into the surface oxide layer. Ni-Fe oxides and hydro-
xides are therefore promising candidates as anode catalysts for HT-
AE. They can also be directly grown on high-surface-area metal
supports. '°%1%%197 Corrosion engineering is another promising
approach for the synthesis of stable supported catalyst.'%

The stability of the cathode at high temperature is less of an issue
than of the anode. Therefore, it is promising to employ new or
established cathode catalysts from low-temperature alkaline electro-
lysis, such as structured transition metal alloys, oxides, chalcogen-
ides, phosphides, carbides and nitrides.”®’® Metal carbides could be
a promising candidate, as these appear to be stable even under acidic
conditions at high temperatures™ and have also received increasing
attention for alkaline electrolysis applications.”® A project on
electrolysis using molten hydroxides at 550 °C did, unfortunately,
not state any details on the catalysts employed.'"

For the catalysts which are found to be stable and suitable for
HT-AE, more detailed investigation on the temperature-dependent
performance, electrode fabrication and structure, stability criteria,
and structure-property relationships are needed to provide basic
understanding for future design and optimization. For in-depth
understanding of the activity and stability of the catalysts, operando
studies would be very valuable,'® but difficult to perform given the
harsh conditions.

Polymers.—High temperature and strongly alkaline conditions
are also highly challenging for parts made from or coated with
polymers. Polymers are usually needed as seals or gaskets for
connections and valves, and as protective coatings for other
components. They are also considered a structural material for
alkaline electrolysis at lower temperatures.''® The stability of
various polymers under HT-AE conditions has been investigated
and is summarized in Table III. Polybenzimidazole, which is well-
known from high-temperature fuel cells, is not stable under strongly
alkaline conditions, even at 80 °C.''''? Polyethersulfone and
polyarylsulfone were found to only be stable up to 100 °C in
KOH solution, whereas polyar?/lethersulfone has been found to be
stable at up to ca. 120 °C.*''? Fluorinated ethylene propylene,
perfluoroalkoxy alkane (PFA), polytetrafluoroethylene (PTFE), and
Polyphenylene sulfide, however, have been found to be stable in
concentrated KOH at up to 120 °C, 200 °C, 220 °C, and 230 °C,

respectively.® The tested polyphenylene sulfide (Ryton R6) seems to
no longer be available and the varieties available today have not yet
been tested. Thus, only PTFE and PFA are easily available and
suitable for high temperatures in contact with KOH. Where pure
materials cannot be used, PFA or PTFE with fillers could be
applicable. These fillers must also be stable, which excludes some
common types, such as glass fibers. Most of the common elastomers
used for O-rings have never been tested under HT-AE conditions,
and already fail at lower temperatures or KOH concentrations.” The
materials that resist the temperature but not the alkaline conditions
could be used with a PFA or PTFE coating. Therefore, despite the
extremely demanding conditions, several polymers are available for
use in HT-AE.

Diaphragms and membranes.—The membrane or electrolyte-
filled diaphragm is at the core of any electrolyzer or fuel cell, and
decisive for several of its properties, such as the operating
temperature. This is also reflected in the usual categorization of
these devices on the basis of their electrolyte, e.g., alkaline, polymer
electrolyte membrane, or solid oxide electrolyzer.

In alkaline electrolyzers, porous diaphragms are usually em-
ployed. HT-AE exceeds the maximum operating temperature of
common low-temperature diaphragms such as Zirfon (up to 110 °
C-120 °C), which is based on polysulfone and ZrO,, as the
employed polymers are not sufficiently stable.' 13115 A diaphragm
must generally be mechanically and chemically stable, separate the
product gases, and provide high ionic conductivity. The latter
depends on thickness, good wetting of the diaphragm by the liquid
electrolyte, and high porosity, but the pores should be small enough
to avoid the formation of bubbles in them.®!'®!!”

H, and O, crossover must be avoided in order to ensure the safe
operation and high purity of the product gases. The maximum cross-
flow of gases dissolved in the electrolyte can be estimated based on
the hydrodynamic permeability of the diaphragm and the diffusion
of the dissolved gases.B®%6"17118 pores below 100nm were
suggested to achieve a high gas purity.''® Although the gas solubility
decreases with temperature for low concentrations and temperatures,
it increases with temgerature at high KOH concentrations and
temperatures.*>> 181" Ape et al. observed increasing hydrogen
crossover with 30 wt.% KOH between 70 °C and 120 °C, although
the insufficient stability of the diaphragm could also have influenced
the measurement.”® Therefore, a detailed analysis of hydrogen
crossover is needed for any promising diaphragm or membrane for
the respective operating conditions. However, crossover by mixing
the electrolyte streams from the anode and cathode is usually more
important than crossover through the diaphragm, and can be
mitigated by intermittent or partial mixing.**"''*'%

Although the basic challenges of conductivity and crossover are
essentially the same in HT-AE as in low-temperature alkaline
electrolysis, the crucial difference is the choice of a material that
can withstand the aggressive conditions. Promising materials are
summarized in Table IV. Asbestos has long been used as a
diaphragm in alkaline electrolysis. This material has been abolished
due to its cancerogenicity, but it was also shown to be unstable at
temperatures above 100 °C, and is therefore not suitable for

Table III. Polymers for use in alkaline electrolysis at high temperature.

Polymer

Max. temperature for use in contact with conc. KOH

Processable from solution

Polybenzimidazole''"''

Polyethersulfone®' >
Polyarylsulfone®''?
Polyarylethersulfone
Fluorinated ethylene propylene®
Perfluoroalkoxy alkane®
Polytetrafluoroethylene®
Polyphenylene sulfide®

8,112

<80 °C yes
100 °C yes
100 °C yes
120 °C yes
120 °C no
200 °C no
220 °C no
230 °C no



Journal of The Electrochemical Society, 2021 168 114501

Table IV. Diaphragm materials for high-temperature alkaline electrolysis. T: tested temperature, R: ionic resistance, t: test duration.

Material T R (mQ cm?) Thickness t Stability
Njo-8e:112 electrically conductive instable
Porous oxides NiQ*81:84.121 120 °C ca.70 @25 °C 400 pm 6000 h stable
BaTiO;>00:67117 160 °C 150 @25 °C 400 pm 2500 h stable
stab. ZrO,” 200 °C 58 @200 °C 180 pm 400 h stable
SrTiO;' ! 250 °C 230 @150 °C 1300 pim 100 h stable
SrZr0;"! 550 °C molten hydroxide electrolysis
LiAIO,** 650 °C molten carbonate fuel cells
Polymers radiation grafted PTFE*!!%122:123 120 °C instable
Composites Polyantimonic acid-PSU>>-#8:124 120 °C 120 @120 °C 350 pim 4000 h stable
Polyantimonic acid-PTFE!!>124 >120 °C scalability problems
PTFE + various oxides>®!!>1? >120 °C instable
PTFE-Z10,™'** 160 °C 240 @160 °C — 3600 h stable
Layered double hydroxides'?*'%’ 146 °C electrolysis in neutral conditions

HT-AE.>''? Sintered porous nickel has been tested as an alternative
diaphragm but also found to be unstable in the long run.”*%''? In
addition, the electric conductivity of metallic nickel makes a 0-gap
configuration impossible, which impedes low cell resistances being
reached.

Porous oxides.—Porous oxide diaphragms avoid the problem of
electric conductivity. Divisek et al. prepared NiO diaphragms via the
thermal oxidation of porous nickel.®' These have an operating
temperature range of 100 °C-120 °C and were shown to be stable for
6000 h.3*'2!" At higher temperatures and h?/drogen pressures, NiO
was found to be reduced to metallic nickel.'*' Thermodynamically-
speaking, any oxide containing a metal that is more noble than
hydrogen is prone to reduction during electrolysis.®®®” NiO dia-
phragms are therefore limited to relatively low temperatures in order
to avoid reduction, which would render them electrically-conduc-
tive. In addition, the adsorption of oxygen turns NiO into a
semiconductor.®

Titanates are also a potential material for use in oxidic
diaphragms.%®"'%"17  Again, Ni-titanates can be reduced by
hydrogen,” but the titanates of metals less noble than hydrogen are
stable, such as CaTiO3.”%*¢"""7 The CaTiO; diaphragms were
sintered onto a nickel net as support for mechanical stability and
flexibility.**°*'"” With a thickness of 400 ym, these exhibited
specific resistances down to 150 mQ cm? (25 °C, 30 wt.% KOH)
and were tested up to 160 °C for 2500 h without any deterioration.
The pores of the diaphragm are fairly large (several pm) and
therefore not optimal for avoiding hydrogen crossover.

More importantly, the thickness of the supporting nickel net
limits how thin a diaphragm can be made. Although oxides require a
stable support,’'? they can also be supported b2y the electrodes,
which enables a lower thickness; see Fig. 8. "*!''7 The support
material also limits the sintering temperature, as it must not melt.
With nickel as a support (the melting point of which is 1455 °C) and
a sintering temperature of at least two thirds of the oxide melting
temperature, this excludes various promising zirconium-based
oxides."'” However, lower sintering temperatures can be employed
if a high density is not required, such as for porous structures.'?®
Therefore, previously discarded materials, such as zirconates, are
still promising candidates. In addition, techniques that keep the
substrate at low temperatures and do not reguire additional sintering,
such as plasma-spraying, can be used.''>'*

Allebrodt et al. developed metal-foam-supported SrTiO; dia-
phragms with sintering at a temperature of only 1000 °C (about half
of the melting temperature).'' Despite a relatively high thickness of
1300 im, a remarkable resistance of around 230 mQ cm® was
observed at 150 °C with a 45 wt.% KOH. Using tape-casted yttria-
stabilized zirconia and sintering at the same temperature, the
thickness was reduced to 180 ym, which yielded down to 58 mQ
cm? at 200 °C.? Although the performance of the cells significantly

Inconel foam

YSZ electrolyte matrix

Inconelfoam

500 um

Figure 8. A metal support allows to employ very thin ceramic diaphragms
of only 180 pm thickness. Reproduced from Ref. 2 licensed under CC BY
4.0.

differed, stable operation was observed beyond 400 h. In contrast to
earlier work by Wendt et al., these diaphragms have pore sizes in the
sub-micrometer range, which is beneficial for gas purity. StZrO; was
found to be highly stable in electrolysis with molten hydroxides of
up to 550 °C'" and could therefore also be a promising material for
HT-AE diaphragms. Similarly, materials established from molten
carbonate fuel cells, such as LiAlO, could be worth testing.”*

Further improvements can be expected by applying new ap-
proaches for the preparation of thin, porous ceramic layers from
different fields, which have recently been reviewed.'”*™'*° These
advances primarily originate in the fields of solid oxide fuel cells,
filtration, and thermal barrier coatings, and enable, for instance, free
standing films with thicknesses of only 3 um,"*' and supported
layers with 260 nm thicknesses and pore sizes of around 3 nm.'*
Transfer of the employed technologies to diaphragms for HT-AE
should enable significant further reductions in thickness, as well as
the optimization of the pore structure, improving the ionic con-
ductivity and gas cross-over.

Polymers and composites.—All of the polymers that are stable
under HT-AE conditions (see above) are hydrophobic, and thus not
suitable as diaphragm materials in their pure form. They must be
hydrophilized in order to achieve high conductivity and stable
operation. PTFE has been hydrophilized by means of grafting, e.
g., with acrylic acid groups.”''*'*>!2* Unfortunately, this modifica-
tion is not stable under HT-AE conditions and the diaphragms
become hydrophobic over time. Organic—inorganic composites can
overcome this limitation. The polymer provides mechanical stability
and flexibility, whereas the stable inorganic oxide provides a
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hydrophilic surface. Despite a range of possible polymers and oxides
being used, the preparation of such composite diaphragms is not a
trivial task.''?

Polysulfone (PSU) has been used as a polymeric binder in several
studies. Its solubility in various organic solvents enables the solution
casting of diaphragms. Composite diaphragms of PSU with MgO
have been prepared that exhibit an ionic resistance of 180 mQ
em®.'® Diaphragms of polyantimonic acid with PSU have been
quite extensively explored. These require NaOH as an electrolyte for
reasons of stability, but still showed resistances down to 120 mQ
em?® at 120 °C with a thickness down to 350 pm.>>%%'?* The
conductivity depended strongly on the hydrophilicity of the dia-
phragm and decreased sharply with low contents of polyantimonic
acid. The operating temperature of these diaphragms was limited to
around 120 °C due to the instability of PSU in alkaline solutions at
higher temperatures.''*'?* This also limits the temperature range of
the presently used Zirfon diaphragms. PSU-based diaphragms are
therefore only suitable for electrolysis at slightly elevated tempera-
tures.

PTFE enables significantly higher temperatures. Composites of
polyantimonic acid with PTFE were discontinued due to scalability
problems with the employed cold rolling technique.''*'** The direct
formation of potassium titanate on a porous PTFE sheet yielded
better ionic resistance (280 mQ cm? at 25 °C in 30 wt.% KOH) than
the impregnation of PTFE with potassium titanate.''> However,
electrolysis tests of up to 120 °C revealed that the diaphragm was not
stable, but lost its hydrophilicity.*® Diaphragms made of PTFE and
Mg(OH), or Zr(OH), were tested at up to 160 °C, but showed fairly
unstable resistances above 600 mQ cm? in 40 wt.% KOH.'? Early
composites of PTFE with several oxides were found to be inferior to
asbestos separators,''> whereas a composite of PTFE with ZrO, was
found to be chemically-stable in KOH at 160 °C."** Its specific
resistance improved with decreasing particle size'** and reached
about 200 mQ cm? at the same temperature.’

PFA and polyphenylene sulfide could be used instead of PTFE,
as they are also stable at high temperatures (see section on
polymers), but there seem to be no reports on such composites.
However, these polymers cannot be casted from solutions, which
impedes the application of the processing technology obtained from
well-developed low-temperature diaphragm preparation. However,
new processing approaches could enable high performance dia-
phragms for high temperatures to be achieved. PFA or polypheny-
lene sulfide would, for instance, allow the melt mixing of
composites.'*

Future diaphragms.—Presently, porous oxides are the most
promising material for stable diaphragms for HT-AE. Their stability
is well understood and has been demonstrated. With recent devel-
opments in ceramic technology, it should be possible to prepare
supported, thin, and highly porous oxide membranes with small pore
sizes. In the medium term, the conductivity must become compar-
able to the current state-of-the-art in low-temperature diaphragms, e.
g., of Zirfon (100-70 mQ cm? at 80 °C, 30 wt.% KOH),'">"** or
even acidic zpolymer electrolyte membranes (e.g., Nafion 212 with
34 mQ cm?® at 80 °C).'* Pore sizes below 100nm would be
beneficial for high gas purity.''®'*® Both high conductivity and
small pore sizes have already been achieved recently,™' which
should serve as a starting point for further investigations of
materials, long-term stability, preparation techniques, and electro-
chemical properties.

Although no stable hydrophilic polymer seems to be available,
polymer inorganic composites could be suitable as diaphragms at
high temperatures. For temperatures above 120 °C, new preparation
routes are needed to prepare high-performing diaphragms with stable
polymers. PTFE with ZrO, has shown promising performance but it
will be crucial to ensure permanent hydrophilicity of the composite
diaphragms.

In terms of cross-over, a non-porous membrane could be superior
to a porous diaphragm and also enable differential pressure

operation, as is common in PEM electrolysis. It could also enable
operation at lower KOH concentrations, easing the corrosive
conditions. High temperatures appear to be inaccessible using
current anion exchange membrane materials due to the stability
issues, even at lower temperatures.'’>° However, composite mem-
branes with inorganic hydroxide-conducting materials with stable
polymers could offer an alternative approach. Layered double
hydroxides are conductive and applicable in water electrolysis,
even at high temperatures.'>*'?” The key challenge is to prepare
such a composite membrane that features both sufficient conduc-
tivity and mechanical stability.

System-Level Improvements with Temperature

Apart from the increased electrical efficiency, an HT-AE system
could offer new opportunities in terms of system design. Most
straightforward is the exploitation of waste heat. As the operating
temperature is significantly higher than in low-temperature electro-
lyzers, the surplus heat is more valuable for waste heat utilization
because of its higher exergy content.'®’” In cases where no benefit
can be derived from the waste heat, the cooling of the system against
its surroundings is significantly simplified due to the higher
temperature difference. In addition, the increased temperature
enables vapor or liquid feed and thermally balanced operation.

Feed composition.—An HT-AE can be fed with steam or with
liquid lye. An indirect vapor feed and a lye feed only to the cathode
have also been suggested but were apparently not widely
adopted.**13 Allebrod et al. employed a steam feed for the
investigation of an HT-AE between 150 and 250 °C."*3' The
system allowed detailed control of the operating conditions and
avoided the corrosion issues associated with the circulation of lye at
these temperatures. In addition, the required voltage is lower and a
reversible electrolyzer fuel cell can be more easily realized if steam
is employed.” Steam electrolysis is especially attractive if heat for
steam production is readily available. If this is not the case,
balancing the heat flux becomes especially challenging. However,
a steam feed for HT-AE with an immobilized liquid electrolyte has
the fundamental disadvantage that the partial pressure of water must
be exactly at the vapor pressure of the immobilized electrolyte
throughout the entire stack. If the partial pressure is too high, the
electrolyte is diluted or even becomes washed out; if it is too low,
the electrolyte dries out. In both cases the active area in the
electrodes will change. This requires precise control of the water
partial pressure,'*’ especially during startup and shutdown. Even
more importantly, this limits the conversion of the water, as the
partial pressure at the inlet and outlet must not significantly deviate.
These limitations can be mitigated by an appropriate stack and
system design, but this might be challenging. In addition, it has been
observed that supplying vapor instead of liquid water can lead to
transport limitation at increased current densities."*"'*> Given these
limitations, a feed of liquid lye to the HT-AE appears to be much
more practical from a system design point of view, and will be
discussed in more detail in the following. However, it should be
noted that these limitations do not apply when a dense, solid
electrolyte is used. In this case, a steam feed might be a viable
option and could reduce corrosion issues.

Thermally balanced operation.—The heat balance of electro-
lyzers has been addressed in several studies.>*?7#!*3143 In any
electrolyzer, the overvoltages at significant current densities result in
the generation of heat. On the other hand, heat is consumed, for
instance by the evaporation of water into the product gases, by
means of heating the feed water, and also by dissipation into the
surroundings of the electrolyzer. The evaporation of water from the
electrolyte into the product gases is one of the most important heat
sinks in an electrolyzer. The equilibrium partial pressure of water in
the product gases is equal to the vapor pressure of the electrolyte at
the respective temperature and concentration. The heat of
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Figure 9. Dependence of the thermoneutral voltage V., on the operating
pressure for 30 wt.% KOH and different temperatures (a) and different KOH
concentrations at 160 °C (b), calculated according to Ref. 34 with the vapor
pressure according to Ref. 144. The dashed line indicates the minimum and
maximum voltage and pressure examples stated in the text.

evaporation per H, (Q,,p) therefore depends on the water vapor
pressure of the electrolyte (py,p) and the operating pressure (p) and
can be calculated from the amount of evaporated water per hydrogen
gas ( Pvap/(P-Pvap) ), multiplied with the evaporation enthalpy of
water (AH,,,) and a factor of 1.5 as evaporation takes place on the
oxygen side as well, but only 0.5 O, are produced per H,.>**"*!
Quap can be expressed as a voltage (Uy,p) in the same way as the
reaction enthalpy (see section on thermodynamics)**>"!:

Qvap _ AI-Ivap ]'Spvap

Uyep =
v oF 2F P =Py

where F is Faraday’s constant. The thermoneutral voltage Uy, is the
sum of Ugpy and U,,;,. Setting the pressure therefore allows the heat
balance of an electrolyzer to be adjusted. Accordingly, for a given
overvoltage, electrolyte concentration, and temperature the pressure
can be chosen so that no external cooling or heating is necessary,
which could offer great simplifications of electrolyzer systems.

Figure 9a shows the pressure-dependence of the thermoneutral
voltage for various temperatures with 30 wt.% KOH as the
electrolyte. The influence of the temperature is primarily via the
change in the vapor pressure of the electrolyte, calculated according
to Balej.'** Uy, increases with temperature and decreases with
pressure. At high voltages, which occur at relevant high current
densities, a high temperature or very low pressure is needed for
thermoneutral operation. At low voltages, high pressure or low
temperature is necessary. Evidently, the thermoneutral voltage varies
with the concentration of KOH, as is depicted in Fig. 9b. Higher
concentrations decrease the water vapor pressure and so the
thermoneutral voltage.

Figure 9a also illustrates the operating window of an HT-AE
electrolyzer: we can assume a voltage limit of 1.8 V to obtain a
voltage efficiency of 82%yyy and a reasonable pressure range of
9-50 bar. This yields a minimum temperature of ca 160 °C for
thermally-balanced operation at the high voltage/low pressure limit
(point I). At a low voltage of 1.51 V, 50 bar is not sufficient for
thermoneutral operation at 160 °C and the temperature will drop to
ca. 100 °C (point II) if no external heat supply or heat recovery
system is employed.**'** In order to maintain 160 °C, 1.54 V are
necessary at 50 bar (point III). From the figure it can also be seen
that thermoneutral operation is a unique possibility for alkaline
electrolysis at high temperatures: At 80 °C and 1.8 V, the necessary
absolute pressure is below one bar and therefore not practical. At
atmospheric pressure, at least 91.5 °C are necessary. Pressure-
controlled elecrolyzers usually require a certain minimum pressure,
and even a low minimum pressure of two bar results in a minimum
temperature of 110 °C. This temperature can thus be considered the
minimum for pressure-controlled thermally-balanced operation at
this KOH concentration. Above 220 °C, excessively high pressures
are required. High pressure increases hydrogen crossover,''® which
presents a safety issue, especially at low current densities. In
addition, pressures that are too high can reduce the overall efficiency
of hydrogen generation and compression*''*®'*7 and increase
investment costs.

In practical terms, other heat losses, such as heat dissipation to
the surrounding environment and the reheating of condensed water
from gas drying, must also be taken into account, yielding the
thermal-balance voltage. These depend on the current density,
design, isolation, and surface emissivity of the specific
electrolyzer’*'*® and can therefore not be estimated based only on
thermodynamics. However, the thermal-balance voltage will always
be higher than the thermoneutral voltage, and therefore an actual
electrolyzer will need to have a slightly increased pressure or
reduced temperature compared to an ideal electrolyzer operating at
the same voltage.***"** Heat losses that are independent of the
current density, such as the dissipation of heat to the environment,
will be especially important at low current densities, i.e., low
voltages. Therefore, the difference between the thermoneutral and
thermal-balance voltages increases with decreasing current density.
These heat losses can be reduced, e.g., by using waste heat from gas
cooling and drying to preheat feed water. Kunstreich and Sterlini
suggested an energy recovery process to improve the efficiency of
electrolysis at high temperatures.'** Their calculations revealed a
significant reduction in the thermal-balance voltage and reduced
optimal operating pressures. However, process optimization and
scale-up have not received much attention thus far.'*>'*® To the best
of our knowledge, thermally-balanced operation by pressure control
has not yet been experimentally-investigated, even though the idea
has been put forward in a patent application,'*’ as well as through a
publication.>’” The prerequisite of a suitable vapor pressure, which is
only present at high temperatures, might be one reason for this.

Thermally-balanced operation by pressure control could enable
the simplification of an HT-AE by eliminating heating or cooling
devices in the lye circuits. Evidently, the heat stored in the
evaporated water must be removed at a later stage, when the product
gases are cooled and the water vapor condenses. The gas coolers
would therefore need to be larger, but this should be much less
demanding than heat exchangers in a viscous and corrosive lye
circuit. In addition, the heat transfer in a condenser is generally
higher with a low fraction of non-condensing gas.'>® Given the harsh
corrosion conditions and the need for special materials, this could
represent a significant improvement in terms of investment costs and
safety. In addition, simplifying the lye circuits could facilitate the
use of natural circulation instead of pumps. First, the pressure drop
in the lye circuits should be reduced, accelerating natural circulation.
Second, the need for fast circulation to maintain the temperature in
the stack is relaxed. One of the main reasons for the typically high
flow rates is heat removal, which is eased during thermally-balanced
operation when the heat of evaporation is consumed directly in the
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Table V. Potential properties and materials for future high-tem-
perature alkaline electrolyzers. PFA: Perfluoroalkoxy alkane, PPS:
Polyphenylene sulfide.

150 °C-200 °C

10-50 bar

375Acm > @ <18V
thermally balanced operation

Temperature

Pressure

Current density
Thermal management

Anode mixed oxide Ni,Fe or Co
Cathode Raney-Ni-Mo

Diaphragm porous zirconia < 100 pum thick
Metal parts Alloy 400, 800 or passivated Ni

Polymer parts PTFE, PFA or PPS

stack, where the product gases evolve. Such an HT-AE with
thermally-balanced operation and natural convection would have
significantly fewer moving parts and costly components, which will
reduce both investment costs and maintenance. A detailed evaluation
of these advantages requires further research and data on cell
performance, material stability, and the feasibility of the outlined
simplifications.

Thermally-balanced operation is thus a unique opportunity of
electrolysis at high temperature and allows significant simplification
of the electrolysis system.

Conclusions

Alkaline electrolysis at high temperature shows great promise to
become an efficient, scalable and low-cost method for green
hydrogen production. The increased temperature leads to signifi-
cantly reduced cell voltages, which leads to increased current density
and efficiency. Up until now, there has been a lack of comparable
data to quantify the improvements, but current densities of 3.75
Acm 2 at 1.75V and 200 °C have already been demonstrated and
even better performance should be attainable. Table V summarizes
the potential performance and components of an HT alkaline
electrolyzer.

Unfortunately, only a few studies in the literature have addressed
material stability in the peculiar conditions of HT-AE. Further
research is therefore needed to understand the break-away corrosion
phenomenon, passivation, and stress corrosion cracking of the
different (Ni-) alloys. However, the present data suggests that alloy
400 (67Ni-31.5Cu-1.2Fe) could be suitable for laboratory setups and
alloy 800 (33Ni-21Cr-40Fe) or iron-passivated nickel are both
promising candidates for long-term stability up to 200 °C. Several
other promising alloys still need to be tested. The choice of polymers
that can withstand the harsh operating conditions is limited, but at
least PTFE and PFA are stable and easily available. If the
temperature range is limited, e.g., to 150 °C, the material selection
constraints are significantly relaxed.

Stable catalysts for at least up to 160 °C are known; cobalt oxides
for the anode, and Mo-or Ti-stabilized Raney nickel for the cathode.
Further investigation of their stability and other potentially high-
performing stable catalysts such as Ni-Fe—hydroxides under HT-AE
conditions is needed, and materials from low-temperature alkaline
electrolysis or harsh electrochemical processes such as molten
carbonate fuel cells or molten hydroxide electrolysis hold promise.
Still, anode stability is probably the biggest challenge for HT-AE.

Stable and thin porous oxide diaphragms made of titanates or
zirconia with a thickness down to 180 um have been demonstrated
and further improvements can be expected. Composite diaphragms
are also promising, but stable hydrophilicity above 120 °C remains a
challenge. Dense anion-conducting composite membranes for high
temperature have not yet been explored, but would enable differ-
ential pressure operation and lower KOH concentrations.

At the system level, a temperature of at least 110 °C enables
efficient thermally-balanced operation at reasonable pressure, which

can significantly simplify the electrolyzer. This temperature is well
within reach in terms of materials stability. More research is needed
to evaluate the feasibility, advantages, disadvantages and optimal
temperature of this approach.

Alkaline electrolysis at high temperatures offers unique perfor-
mance gains and opportunities for all scales from the catalyst to
process engineering. The design and operation of an alkaline
electrolyzer for high temperatures is certainly challenging, but
achievable. Suitable materials are readily available for up to 150 °
C, and promising candidates for up to 200 °C are known. More
research to improve the components and understanding of this
emerging technology is therefore needed, and will also provide the
basis for future optimization and techno-economic analysis. If
operation at high temperatures is successfully implemented for
alkaline water electrolysis, this could also pave the way to advance
other important electrochemical processes which suffer from high
overpotentials. This includes key processes like CO, reduction,
ammonia synthesis, and direct fuel cells.
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