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Significance of Molten Hydroxides
With or Without Molten Carbonates
in High-Temperature Electrochemical
Devices

Ersan Giirbliz, Elisa Grépin, Armelle Ringuedé, Virginie Lair and Michel Cassir*

Chimie Paristech-CNRS, Institut de Recherche de Chimie de Paris, PSL Research University, Paris, France

Due to their low melting point and high conductivity molten hydroxides are interesting
electrolytes, or additive to other molten electrolytes for high-temperature electrochemical
devices. There is nowadays a revival of such reactive media, first of all for their significant
role in the electrode mechanisms in molten carbonate fuel cells (MCFCs) and the reverse
co-electrolysis of water and carbon dioxide process, but also in different applications,
among which direct carbon fuel cells (DCFCs), hybrid carbonate/oxide fuel cells. This
overview shows the properties and interest of molten hydroxides and their use in relevant
energy devices, pointing out their direct use as electrolytic media or as key species in
complex kinetic processes. A thorough understanding of their behavior should allow
improving and optimizing significantly fuel cells, electrolyzers, and probably also CO»
capture and valorization.
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INTRODUCTION

Molten salts are of great interest in electrochemistry, particularly in the field of fuel cells and
electrolyzers. Indeed, the reaction kinetics are favored by the high-temperature operation. Molten
carbonate fuel cells (MCFC) are now a mature technology with about 40 to 50,000 h of operation,
electric efficiencies of about 50% and powers up to 60 MW. Due to the properties of molten
carbonates and the high CO; solubility in this medium (Meléndez-Ceballos et al., 2020), MCFCs
can also be used for carbon capture and storage (CCS) applications, such as CO, concentration
and separation (Intergovernmental Panel on Climate Change, 2005; Wade et al., 2007; Cassir
et al., 2012; McPhail et al., 2015; Fuel Cell Energy, 2017, 2019). This device can also be operated
reversibly, as a molten carbonate electrolysis cell or MCEC (Hu et al., 2014; Perez-Trujillo et al.,
2018; Meskine et al., 2020).

Within molten salts, molten hydroxides are specifically intriguing, as they feature notable
advantages compared to other salts and namely molten carbonates: possibility of working at lower
temperatures, higher conductivity, and higher activity of carbon (Zecevic et al., 2004).

As with molten carbonates, the concept of oxoacidity applies for molten hydroxides. Indeed, they
are also subject to a similar auto-dissociation equilibrium, where H,O is the conjugated oxoacid:

20H™ < 0>~ + H,0 (1)
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Such equilibria have already been studied from a fundamental
point of view, notably by Goret (1966) and Eluard (1970) who
focused their interest on establishing the basic equilibria in
molten alkali hydroxides, as well as potential-oxoacidity diagrams
and analyzed the behavior of some metals in this medium.

This review will focus on the role of molten hydroxides in
several fuel cell systems and specifically the MCFC, stressing
out the promising applications related to such media, as pure
phases or additives.

OVERVIEW ON MOLTEN HYDROXIDES

Molten hydroxides are a specific type of molten salt that generally
melts at a lower temperature than most others (chlorides,
carbonates, and fluorides) (Janz et al., 1968). As an example,
single molten alkali hydroxides melt at around 350°C and the
melting temperature can be lowered even further by forming
eutectic mixtures (Janz et al., 1968). They have been used to
obtain sodium or potassium by electrolysis of molten NaOH
or KOH by Davy in 1807, which has paved the way for some
industrial processes such as the Castner process (production of
sodium metal by electrolysis of molten hydroxides). Besides,
alkali fusion methods, dissolving and extracting valuables
compounds from ceramics or glasses, and synthesis of various
oxides also feature molten hydroxides (Lee and Holland, 1991;
Mori, 2003; Minakawa et al., 2008; Gunnarson, 2009; Wang et al.,
2009, 2012; Xu et al., 2011; Lusiola et al., 2012). As will be detailed
in this paper, molten hydroxides have also been considered as
high-temperature electrolytes for energy and specifically fuel cell
applications. Due to their interesting applications, these salts have
been studied from a fundamental and experimental approach,
whether for their chemical, catalytic (Williams et al., 1956; Janz
etal., 1968; Dauby et al., 1979; Claes and Gilbert, 1985; Saib et al.,
1998; Lapshin et al., 2004; Moneuse et al., 2009; Sang et al., 2015)
or electrochemical (Goret, 1966; Eluard, 1970; Zecchin et al.,
1974; Saib et al., 1998; Claes et al., 1999; Miles, 2003; Sher et al.,
2020) properties. First, it should be noted that molten hydroxides,
although with low melting points, present a high conductivity
(Janz et al., 1968). NaOH at 427°C has twice the conductivity
of NaNOj3 at the same temperature, and has around the same
conductivity as Na,CO3 at a much higher temperature of 907°C
(Janz et al., 1968). Table 1 below features some general data on
common molten alkali hydroxides.

Redox reactivity in these molten salts go through the oxide
anion (instead of the proton for aqueous systems). In order
to analyze reactions, the oxoacidity concept introduced by Lux
and Flood is used: an acid (oxoacid) is a species that is an
oxide acceptor and a base (oxobase) an oxide donor. Thus
similarly to aqueous solutions potential-oxoacidity diagrams can
be considered and the oxoacidity domain is imposed by the
auto-dissociation reaction (1), related to the apparent constant
K; = a(0%7)-P(H,0), with a(0?~) the activity of oxide ions and
P(H,O) the partial pressure of water fixing the oxoacidity level.
Thus, pK; represents the accessible oxoacidity domain.

Electrochemically, the limiting reactions in reduction are
the water reduction in acidic conditions or the alkali metal

(M) deposition in basic conditions; whereas for oxidation
the reactions are hydroxide oxidation to superoxide in acidic
conditions and oxide oxidation to peroxide in basic conditions
(Eluard, 1970). It is important to note the presence and relative
stability of these oxygenated species.

In oxoacidic conditions:

40H™ — O; +2H;0 + 3e™ (2)
2H,O0 +2¢~ — H; +20H™ (3)
In oxobasic conditions:
20%" — 0} +2e” (4)
Mt +e” - M (5)

Figure 1 shows a potential-oxoacidity diagram from the literature
corresponding to varied oxygenated species in molten hydroxides
(Goret, 1966). The existence of reduced oxygen species such
as peroxide or superoxide ions at different oxoacidity levels
evidence that the oxidative power of molten hydroxides can be
modulated according to experimental conditions. The stability
of metals, such as Pt, Ni, Au, Hg, Cu, or Mn, has also been
investigated through this type of diagram (Goret, 1966; Eluard,
1970). This gives a general idea of the corrosion effects of
molten hydroxides on metals. In most conditions, such metals are
attacked through oxidation and oxoacidobasic reactions, either
ionized and solubilized or as solid oxide, depending on their
nature and solubility and on the potential imposed. In some
cases, such as Ni, the oxide layer (NiO or NiO,) can lead to
passivation as it is adherent and protects the underlying metal
well, which explains why this element is considered among the
best choices for use in molten hydroxides (Eluard, 1970). Other
parameters such as nature of the salt and temperature are also of
importance, e.g., in the case of sodium hydroxide, Na-Au and Na-
Ag alloys can be obtained, and Ag could be considered for use at
high-temperatures in oxidizing conditions because of the lack of
stability of its oxides (Williams et al., 1956; Goret, 1966).

APPLICATION OF HYDROXIDES IN
ENERGY DEVICES

Molten Hydroxide Systems

Firstly, molten hydroxides have been considered in a few studies
for water splitting, either fundamentally by investigation of
suitable electrodes (Sher et al., 2020), or directly by analyzing
hydrogen production process (Licht et al., 2016). The main
challenge faced is that for higher temperatures, the reaction
kinetics are better and the splitting potential lower, but the
hydrogen generation efficiency is also lower, as the hydroxides
dehydrate, and then superoxide reduction competes with
hydrogen formation. Thus the best water splitting electrolytes
should be either lithium or barium hydroxide, as they retain
hydration better. Indeed, a coulomb efficiency of 88% for
hydrogen generation was reported in molten LiOH at 500°C
(Licht et al., 2016). The use of molten NaOH-KOH in ammonia
fuel cell applications has also been investigated; a current density
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TABLE 1 | Data on some molten alkali hydroxides (Janz et al., 1968; Dauby et al., 1979; Claes and Gilbert, 1985).

Species Melting point (°C) Density at 427°C (g-cm—3) Conductivity at 427°C (2 ~'.cm™)
NaOH 318 1.733 3.07
KOH 360 1.705 2.68
NaOH-KOH (51-49 mol%) 170 1.754 (415°C) 1.699 (428°C)
LiOH 462 1.398 (477°C) 2.42 (477°C)
of 16 mW-cm~2 at 220°C was obtained (Yang et al., 2014).
. <«—— Carbon anode
However, molten hydroxides have mostly been used as an
electrolyte in direct carbon fuel cells (DCFCs). Molten salt O ||+ Cathode/Container
electrolyte o
Direct Carbon Fuel Cell Air bubble o
Direct carbon fuel cell devices convert chemical energy into o
electrical energy by using solid carbon as a fuel, with a theoretical o
electrical yield close to 100%, contrarily to classical hydrogen fuel o
cells (80-90%) (Zecevic et al., 2004; Guo et al., 2013; Kacprzak, 0000 O
2019; Kacprzak and Wtodarczyk, 2020; Xing et al., 2021). They .
have very high efficiency, and can produce pure CO,, provided T_ t
the carbon reactant is pure too. Indeed, the production of Air Line Bubbler
CO is not favored at the working temperatures (Kacprzak and
Wtodarczyk, 2020). The overall equation is: FIGURE 2 | General direct carbon fuel cell (DCFC) scheme.

C+ 0, < CO, (6)

There are three major types of DCFCs depending on the
electrolyte used: molten carbonates, solid oxide ceramics, or
molten hydroxides. For the last case, usually a mixture of NaOH,
KOH, and LiOH are used. The electrolyte is enclosed in a metallic
container which is usually cast iron, and which serves as a
cathode. The anode is carbon, which can be contained in a Ni
mesh. A bubbler is added to produce small oxygen gas bubbles
to improve oxygen transport to the cathode surfaces that can be
seen in Figure 2.

Potentiol ( Volts)

2,2

2

175

1.5

13| 22N
N
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FIGURE 1 | Potential-oxoacidity diagram of oxygenated species in eutectic
NaOH-KOH at 227°C (Goret, 1966). Full line for O~ and 02~
concentrations equal to 10~2 M, upper dashed line for 10~ "M and lower
dashed line for 10~3M.

In molten hydroxide-based DCFCs, the electrochemical
equations are:

C+40H™ — 2H,0 + CO; + 4e™ at the anode (7)
O, +2H,0 + 4e~ — 40H™ at the cathode (8)

Direct carbon fuel cells with molten hydroxide electrolyte have
been reported in the literature (Zecevic et al., 2004; Guo et al.,
2013; Kacprzak, 2019; Kacprzak and Wlodarczyk, 2020; Xing
et al, 2021). A current density of 100 mA-cm~2 between 400
and 500°C has been first reported in NaOH or KOH by Jacques
in 1896. Guo et al. (2013) obtained up to 92 mA-cm~2 with
NaOH at 550°C and up to 170 mA-cm~? with NaOH-KOH
eutectic. Zecevic et al. (2004) managed to obtain a maximum
current density above 250 mA-cm~2 and a maximum power of
180 mW-cm™~2; however they worked at a higher temperature
of 630°C. The influence of parameters such as temperature,
electrolyte, fuel type, and materials were also investigated in the
literature (Kacprzak et al., 2013, 2014, 2016, 2017). It has been
shown that the best corrosion resistance out of a number of tested
materials in molten NaOH, at temperatures from 673 to 923 K,
was displayed by Ni and its alloys such as Monel or Inconel,
along with 301 stainless steel (Williams et al., 1956). However, the
drawback of these DCFCs is that molten hydroxides can react,
either chemically or electrochemically, as shown by Goret and
Trémillon (1966, 1967):
CO, +20H™ — CO¥™ +H,0 (9)
C+60H — CO;™ +3H,0 +4e” (10)

These issues can be resolved by providing water to the DCFC,
which will prevent the dissociation of hydroxides and, thus,
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FIGURE 3 | Arrhenius plots of the conductivity of a GDC/ 30% Li-K sample
under different atmospheres (Benamira et al., 2012).

the reactions given above. Besides, water has a few other
advantages, such as increasing ionic conductivity, reducing
corrosion by decreasing the concentration of oxygen species
(oxides, peroxides, and superoxides) in the melt (Zecevic et al.,
2004; Kacprzak, 2019). However, it has been found that this
water effect requires temperatures of 650°C or more (Zecevic
et al., 2004). Besides, a low carbon dioxide pressure is preferable
to further inhibit the reactivity (Hemmes and Cassir, 2011).
Finally, there still are some remaining problems that should
be addressed such as the best carbon structure for optimal
reactivity, the possible effects of fuel impurities, corrosion issues
due to molten hydroxides, and scale-up of the technology
(Kacprzak and Wtodarczyk, 2020).

Hybrid Fuel Cell

Hybrid fuel cells are a type of fuel cell combining molten
carbonate and solid oxide technologies, through a composite
electrolyte usually composed by a zirconia or ceria-based phase
and a molten carbonate phase. Xiong et al. (2015) have shown
in the case of a BaZry.gY.203_3 /Li-Na composite electrolyte
that the conductivity in the carbonate phase is enhanced under
H; or HyO compared to air and that it increased with H,O
pressure. Thus the appearance of a new proton conducting
species in the carbonate phase was suggested, the species could
be OH™ and HCO3 ™. Benamira et al. (2012) have found similar
results for GDC (Gadolinia Doped Ceria)/Li-K and GDC/Li-Na
composites, with very high conductivities being obtained under
anode gas conditions (so under H, and COy;), as evidenced in
Figure 3.

It can be seen that the transition occurs at around 415°C for
this electrolyte under anode gas conditions even though the Li-K
carbonate eutectic melts at around 485°C, so this could evidence
the formation of hydroxides that melt at lower temperature. Both
the melting point and the higher conductivity are arguments for
hydroxide formation. The trends are more pronounced for Li-K
than Li-Na, but present in both cases nonetheless.

This behavior has once again been highlighted by Grishin
(2019) in his Ph.D. work for an SDC (Samaria Doped Ceria)/Li-
Na-K electrolyte. The hydroxide formation was evidenced
not just by conductivity, but also by TGA/DSC and XRD
analyses, under hydrogen and even more under wet hydrogen.
Samples analyzed with 2 TGA/DSC cycles reveal the formation
of hydroxides through the lower overall fusion temperature
obtained for the second cycle, and through lower temperature
endothermic peaks in the second cycle at around 315°C, which
were attributed to NaOH fusion. A new hydrated phase was
also observed by XRD analyses of samples that were cycled
under dry and wet hydrogen: NaK,[H(CO3),]-2H,O, which
could support hydroxide presence as they can create other phases
with carbonates.

Hydroxide Interference in MCFC

Hydroxides are also present in standard MCFCs. Indeed, as
water is an inlet gas, there is, similarly to carbonate/carbon
dioxide, the previously introduced oxoacid/oxobase equilibrium
(1). Then hydroxides can also react in an oxoacidobasic reaction
with CO3, through reaction (9). This shows that a sufficient
water pressure allows for hydroxides to exist and be stable in
MCEFC conditions. Although the presence of molten hydroxides
is likely in molten carbonates due to the presence of water,
it is only until recently that their significant role has been
demonstrated in the literature. Indeed, new studies show that
these ions also contribute to overall MCFC performance in
some conditions (Audasso et al., 2020; Rosen et al., 2020). For
CO;-lean wet atmospheres, very high current densities, and/or
high CO, usage, the MCFC can also operate using hydroxide
as charge carrier, along with carbonates. Rosen et al. (2020)
have noticed that compared to their simulations, the effective
CO;, utilization rate in carbon capture conditions was lower. In
Figure 4, they plotted real MCFC utilization rate vs. simulated,
and observed that their real CO, utilization was lowest for low
anode inlet CO, (2%) when comparing different atmospheres.
The difference was also larger for high current densities at a
given CO, percentage, and for high water content. However,
it was negligible for a higher inlet CO, of 17%. By observing
OCP variation, they found at low inlet CO, that the dependence
on CO; is not the same, indicating a different phenomenon is
occurring as the OCP deviates from expected Nernst potential.
Mass balance experiments on water proved that for dilute CO,
conditions, water amount collected is somehow lower at the
cathode and higher at the anode. All these results indicate that
water is responsible for another charge carrier in these dilute CO,
concentrations. This charge carrier is the hydroxide anion, which
has been shown to be the main hydrated ion in the considered
conditions, namely a temperature of 650°C (Frangini et al., 2014),
as will be detailed in the following part about water reduction and
hydrogen oxidation reactions in molten carbonates. In addition,
Evans et al. (2015) also observed hydroxide transport in molten
carbonates in wet conditions.

Figure 5 recapitulates the reactions taking place at both anode
and cathode side for both possible charge carriers.

Audasso et al. (2020) then proposed a dual-anion
model to more accurately describe MCFC performance. In
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FIGURE 4 | Plots of measured CO» utilization rate versus expected, for various current densities, water contents, and CO» contents (Rosen et al., 2020).

such case, the net current is distributed in two different
circuits, for the carbonate and hydroxide paths, as shown in
Figure 6.

Role in Hy Oxidation and H,O Reduction Mechanism
Some widely accepted H, oxidation mechanisms in molten
carbonates include intermediate hydroxide species. Three main
mechanisms have been suggested by Ang and Sammels, Jewulski
and Suski, and White and Twardoch. The first one, using
hydroxides, and suggested by Ang and Sammells (1980), is:

H,+ 2M < 2M-H (11)
M-H+ CO;” < OH + CO,+ M+e™  (12)
M—-H+ OH™ < H,O+M+e™ (13)

Another hydroxide mechanism suggested by Jewulski and Suski
(1984) is:

H, + 2M < 2M—H (14)
2{M-H+ CO; < OH™ + CO,+ M+e} (15)
20H™ + CO; < Hy0 + COZ~ (16)

Finally, White and Twardoch (1984, 1987) suggested

bicarbonates instead of carbonates as an intermediate species, in
the following mechanism:

H,+ 2M < 2M—-H (17)
2{(M—-H+ CO;” < HCO3;™ + M +e} (18)
2HCO3™ < H,0+ CO3™ + CO;, (19)
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FIGURE 5 | Molten carbonate fuel cell (MCFC) operation with both charge
carriers, redrawn from (Rosen et al., 2020).
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FIGURE 6 | Equivalent circuit describing MCFC operation, redrawn from
Audasso et al. (2020).

Applying the principle of microscopic reversibility, the water
reduction mechanism in molten carbonates would be the exact
opposite of the hydrogen oxidation one (Frangini et al., 2014).

Nishina et al. (1990) studied the H, oxidation in the
Li-K eutectic at 650°C, at various metal electrodes, using
cyclic voltammetry, electrochemical impedance spectroscopy and
chronocoulometry. They compared their findings to the three
pathways proposed in the literature, only to conclude that the
H, oxidation mechanism in their case was better described by
mechanism 2, suggested by Jewulski and Suski.

Later, Frangini et al. (2014) studied the water reduction
mechanism for temperatures ranging from 500°C to 600°C, in
the Li-Na-K ternary eutectic over gold. They found by cyclic
voltammetry that for temperatures below 550°C, the reaction
was bicarbonate-assisted, whereas for temperatures above 550°C
the mechanism involved hydroxides. This was consistent
with predicted equilibrium concentrations involving both
intermediate species in Li-Na-K, as bicarbonate concentration
indeed becomes negligible above 550°C (Frangini et al., 2014).

Role in Cathode Mechanism
In the MCEC, the cathodic oxygen reduction reaction is:
1
50 +COz+2¢7 — CO3~ (20)
2
The mechanism of this reaction has been extensively investigated
in the literature (Appleby and Nicholson, 1974, 1977, 1980; Lu
and Selman, 1990, 1992; Moutiers et al., 1991, 1992; Nishina
et al., 1994, 1996; Cassir et al., 1997), with 3 main paths being
proposed, the Superoxide Path (SOP), the Peroxide Path (POP),

and possibly the Peroximonocarbonate Path (POCP).
SOP:

30, +2C0% < 40; +2CO;, (21)
0y + e — 03 (22)
02" + 2¢” — 20* (23)
0%” +CO; < CO3~ (24)
POP:

0, +2C0O; < 203 +2CO;, (25)
0} +2e — 20* (26)
0% +CO; < CO3~ (27)

POCP (hypothetical):
0, +2CO;™ <« 2C0;~ (28)
CO¥™ +2e” — 0% +CO¥ (29)
0% +CO; < CO3~ (30)

As molecular oxygen is not stable in these molten salts,
these mechanisms involve reduced oxygenated species such as
superoxides or peroxides. In most cases, CO; diffusion dominates
the reaction process (Arato et al., 2016).

Some research groups observed, either experimentally
(Nishina et al., 1996; Audasso et al., 2017) or by modeling (Arato
et al., 2016), a water effect on the cathode reaction: presence
of water vapor decreased the apparent diffusion resistance of
CO; and increased apparent mass transfer. This behavior was
to be expected, as it has previously been explained that water
reacts as an oxide ion acceptor, linked to its conjugated oxobase
OH™ by reaction 1, and can be later reobtained through reaction
9 reversed. There is then coexistence of reactions 1 and 21 to
neutralize the oxide ion.

In a real MCFC, the presence of H,O at the cathode side is
beneficial for fuel cell performance, through higher voltage, and
lower overall impedance (Audasso et al., 2017). This is especially
true for low inlet CO,.

Co-electrolysis

Recently, some research groups have proposed the direct co-
electrolysis of CO; and H,O through reduction of carbonates
and hydroxides. In this case, alkali metal hydroxides such as
LiOH, NaOH, and KOH have been used as additives in molten
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FIGURE 7 | Scheme of the electrolysis system, redrawn from Liu et al. (2017).

carbonates as a monovalent hydrogen source in CO; capture and
conversion to generate syngas, methane or other hydrocarbons
(Wu et al,, 2016; Liu et al.,, 2017; Li et al., 2018; Ji et al.,
2019). Addition of certain amount of alkali hydroxides may also
decrease the melting point of the resulting molten salt mixture
with respect to pristine carbonate eutectic, which is an important
parameter as lower operating temperatures can be used. In
a mixed alkali carbonate/hydroxide melt, the electrochemical
reactions for co-electrolysis are proposed as follows:

40H™ + CO3;™ +8e — CHy+ 702"
for methane production (31)
20H™ + COY™ 44e” — CO+H, + 40>~

for CO production  (32)

The electrolyte could be renewed by the reaction of oxide ions
with CO; and water:

0*” +H,0 — 20H" (33)
0% 4+ CO, — CO3™ (34)

The oxide ion can also be oxidized:
207 = 0 +4e” (35)

Thus the full reactions are, including regeneration, the simple
electrolysis equations of CO, and H,O to CHy or syngas:

COy 4+ 2H,0 — CH4 + 20,
CO; + H,O — CO+ H, + 0O,

(36)
(37)

Such reactions have been reported in a two-electrode setup, using
Ni anode and Fe cathode. A scheme is given in Figure 7.

The effect of different parameters such as temperature,
nature of the electrolyte (including alkali hydroxide) and
electrolysis potential have been investigated focussing on the
efficiency and nature of the gaseous product. It is worth
mentioning that without added water, solid carbon is the
preferred thermodynamic product of carbon dioxide splitting,
having a lower electrolysis potential at temperatures below 800°C,
and carbon monoxide being favoured at higher temperatures.
Experimentally, carbon deposition was observed at the cathode
even at temperatures above 800°C (Wu et al., 2016). However,
with the addition of hydroxides in molten carbonates, carbon
deposition was only observed in lean mixtures of hydroxides
(with a molar ratio of hydroxides to carbonates in the eutectic
electrolyte < 0.05). Among Li, Na, and K hydroxides, lithium
hydroxide seems to be a better choice of additive. Indeed, both
KOH and NaOH present a lower cation to metal reduction
potential, which is a serious issue as they can be parasitic
side reactions (Liu et al., 2017). Li deposition is relatively low
compared to the other alkali metals. LiOH also remains hydrated
more easily than NaOH or KOH, as it has been reported to sustain
LiOH-9H, 0O above 350°C (Wu et al., 2016). It also has a greater
charge density because it has the same univalent charge as the
others but dispersed over a smaller volume, so the choice of LiOH
might improve the conductivity. Finally, usual anode material,
nickel, is also more stable in electrolytes containing high content
of Lit compared to Na™ or KT. In terms of temperature, the
studies have been focused in the 500°C-600°C range. A general
trend is that CO production is optimal at 550°C and that higher
temperatures tended to favor H, or methane more. Regarding
the potential, explored between 1.6 and 2.6 V, CO generation
is favored at 1.8 V, as higher potentials resulted in more
hydrogen. Finally, in terms of electrolyte, the ones containing
a high fraction of Li;COj3 favoured CO generation. Regarding
syngas production, Lig g5Nag 61 Ko.54—0.1LiOH was the best tested

TABLE 2 | Some syngas and methane generation results (Wu et al., 2016; Liu et al

,2017; Lietal., 2018; Jiet al., 2019).

Electrolyte Temperature (°C) Potential or current Efficiency (%) Product
Li1.07-Nag.g3CO3-0.1LIOH 550 1.8V ~45 55% CO
35% Hy
10% CxHy
Li1 51Kp.49C0O3-0.1LIOH 550 1.6V ~45 ~60% CO
~40% Hz
Li1.43Nag 36Kp 21 CO3-0.1LIOH 550 1.8V ~65 62% CO
33% Hy
5% CyHy
Lio_85Nao_51 K0_54—0.1 5Ca(OH)2 575 15 mA CI”I’I_2 92.88 63.34% CH4
35.81% Ho
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mixture, with an efficiency close to 93%. However, it produced a
relatively low fraction of CO (25%). CO was generated in higher
proportions in electrolytes where the carbonates are just a binary
mixture, but with efficiencies lower than 60%. At temperatures
of 550°C and higher, by applying current densities between 2.5
and 30 mA cm ™2, methane is generated. For this gas specifically,
the best hydroxide ratio is 0.15 and the best electrolyte featuring
a ternary carbonates mixture. Higher hydroxide content mean
more hydrogen and less methane, but a ratio of at least 0.15
enables efficiencies higher than 90%. A gas outlet of 63.34% CHj,
and 35.81% H, was obtained in Lij g5Nag ¢1Kg.54—0.15Ca(OH),
at 575°C under 15 mA-cm~2 with 92.88% Faraday efficiency.
Overall, the main results are summarized in Table 2.

CONCLUSION

Hydroxides are a key component in high-temperature fuel
cell systems, and specifically MCFC/MCECs, due to their
contributions as intermediates for water reduction in electrolysis
mode, as charge carrier species and as direct hydrogen source in
electrolysis. These ions have to be accounted for in order to gain
full understanding of most high-temperature fuel cell systems
operating under hydrogen or water. Besides, their properties,
especially their low melting point and high conductivity, are
also a great asset in order to enhance performances of fuel
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