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Abstract

Co-electrolysis of water and carbon dioxide in molten carbonates is nowadays a key issue in
MCEC (molten carbonate electrolysis cell) and, reversely, for a better understanding of
MCEC (molten carbonate fuel cell). The products of water and carbon dioxide reduction are
the fuels that might be used in MCFC or other energy devices. The present study is dedicated
to a thorough electrochemical investigation by voltammetric techniques (Cyclic
Voltammetry CV or Linear Sweep Voltammetry LSV) at a Pt electrode of such fuels in
Li2CO3-K>COs eutectic, under varied atmosphere conditions, including partial pressures of
H>0, CO,, H> and Ar at 650 °C. The conditions of formation of soluble and/or adsorbed H»
and CO are established together with qualitative thermodynamics information on the redox
systems involved. C is only detected in very specific conditions. Knowing that hydroxides,
produced in the conditions of MCEC and MCFC, have a significant role on the operation of
such devices, an electrochemical analysis (CV and impedance measurements) of the effect of
added amounts of hydroxides is developed for the first time, showing the enhancement of

oxidation currents and the progressive increase in electrolyte conductivity.

Keywords: Molten Carbonate, Hydroxide additives, Electrochemistry, Conductivity,

H>0O/CO; reduction.
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I- Introduction

Water electrolysis and, more recently, H2O and CO: co-electrolysis in molten carbonate
electrolytes, MCEC (molten carbonate electrolysis cell), have attracted the interest of many
research teams all over the world [1-19]. The complex reduction of CO; and H>O has been
addressed here and there, but there are still many major aspects to investigate thoroughly; in
particular, when combining water and carbon dioxide in different ratios, including hydrogen
and inert gas atmospheres. Moreover, the problem of CO> capture and
purification/valorization by electrolysis in molten carbonates is becoming a major issue [20-
24].

In parallel, the role of hydroxides, formed in situ or added, has been pointed out in different
electrochemical devices involving molten carbonates: MCEC/MCFC (molten carbonate fuel
cell), DCFC (direct carbon fuel cell) and MCFC/SOFC (solid oxide fuel cell) hybrid systems
[25-31]. Thus, elucidation of the mechanisms involving the participation of hydroxides in
molten carbonates is compulsory for optimizing the operation of the mentioned fuel
cell/electrolyzer systems. Although some advances can be outlined on how molten
hydroxides may act, in particular for MCFC application, no fundamental electrochemical
study has ever been developed in the literature.

The direct analysis by voltammetric techniques of H>O reduction in molten carbonates is
difficult to identify thoroughly because of its proximity to the reduction limit (due to
carbonates reduction), so we focussed specifically on the re-oxidation of the hydrogen
produced. CO; reduction has been investigated in various papers. At a gold electrode, a
mechanistic approach has been established, but gold can be partially passivated in carbonate
media, which conduced us to use a Pt electrode where both H>O and CO; reduction are close
to the reduction limit [11,32]. Due to such considerations, we analysed specifically the re-

oxidation process which corresponds to fuel oxidation in fuel cells.

Thus, the present study is dedicated in a first part to the systematic analysis by cyclic
voltammetry or linear sweep voltammetry (LSV) of the oxidation behaviour of the products
of CO2 and H»>O reduction in varied gaseous atmospheres (CO2, H>O, H») in Li»CO3-K>COs
eutectic using a Pt working electrode as in a recent publication [32]. The second part is a
new approach dedicated to the influence of the addition of hydroxides in the molten

carbonate eutectic through conductivity and cyclic voltammetry measurements.



II- Experimental

The electrochemical cell, an alumina cylindrical crucible placed in an alumina reactor, was
described elsewhere [10, 37]. The electrolyte consists of Li2CO3 and KoCO3 (Sigma-Aldrich,
purity > 98%) at the eutectic composition (62:38 mol%). Carbonate powders are dried at 120
°C for 24 h before heating at 650 °C under CO: (purity 99.99%). The system operates at
atmospheric pressure. After any change in the atmosphere, a period of at least 4 h is left
before analysis to ensure equilibrium. The 3-electrode setup was depicted previously [38]. A
Pt plate was used as the working electrode (1*1 cm?, AMTS, 99.95% purity). Prior to each
measurement, the platinum plates were polished on SiC grinding paper P1200, P2400 and
P4000 at 300 rpm and rinsed with Milli-Q purified water. An Autolab PGSTAT30
potentiostat controlled by either the GPES or NOVA software was used. Water pressure was

obtained by bubbling the other gases in a temperature-controlled flask containing water.

Conductivity measurements were carried out by impedance spectroscopy with two gold
planar electrodes set in parallel. The electrodes were similarly previously polished. Their
dimensions are 1*1 cm?, 0,5 mm thickness, and the distance between them is 2 cm.
Measurements were carried out using the same potentiostat. The parameters used were the
following: scanning frequencies between 0.1 and 10° Hz and 19 points per decade. Three
different signal amplitudes were used: 5 mV, 50 mV and 100 mV. For each of them, the

measurement was repeated at least 3 times to ensure repeatability.

III- Results and discussion

Effect of gas environment

In order to clearly identify the re-oxidation species of either HoO or CO» reduction, the
electrochemical experiments were carried out in gas atmospheres containing varied
proportions of COz, H20O and inert gas (Ar). The reactions of interest for co-electrolysis are

given below:
H,0+2e” - H, + 0%~ (1)

CO,+2e” - CO + 0% 2)



As a first step, we established a water environment (slightly diluted with Argon) and
investigated the oxidation of hydrogen formed by H>O reduction in the absence of CO,. As
observed in Fig. 1, the cyclic voltammogram reveals that water reduction at Pt electrode is
difficult to analyze due to the lack of a well-defined wave, which is roughly the same at Au
electrode. Nevertheless, two oxidation peaks appear during the reverse scan, one around -1.1
V vs Ag*/Ag and the other close to -0.5 V vs Ag*/Ag. These two peaks can be attributed to
the oxidation of hydrogen proceeding from H>O reduction, consistently with studies on H>
oxidation in the literature, either at Au or Pt electrodes [31,39,40]. Indeed, no other reactant
is present, and the cathodic reverse potential (-1.8 V vs Ag*/Ag) is too low to consider a
significant reduction of carbonates at a Pt electrode [32]. Besides, no C re-oxidation peak is

observed, as well as no solid deposit can be identified at the electrode surface.
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Fig. 1- Cyclic voltammogram at a Pt electrode in Li;CO3-K>CO3 under 70 mol% H>0/30 mol% Ar at
650 °C. Scan rate 100 mV s™.
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Fig. 2- Cyclic voltammogram at a Pt electrode in Li>CO3-K>COj3 under 100 mol% CO- at 650 °C.
Scan rate 100 mV s, Reverse potential at -1.8 V and -2 V vs Ag*/Ag.

An example of carbon deposition, that tends to occur in oxobasic conditions but can happen
in any case provided the reverse reduction potentials are negative enough, is given in Figure
2. At a reverse potential of -2 V vs Ag*/Ag, one can observe the intersection of the forward
and reverse scan indicating a solid deposit, with an intense peak visible at around -1.1 V vs
Ag*/Ag and a smaller one at -1.0 V vs Ag*/Ag, which does not appear when the cathodic
reverse potential is lower (red curve). This peak is attributed to the oxidation of C, in
agreement with a previous study [41]. The doublet could be due to two different carbon
oxidation phenomena at the Pt polycrystalline surface. At a reverse potential of -1.8 V vs
Ag*/Ag, the two peaks corresponding to C oxidation disappeared and only those relative to
CO oxidation are visible (roughly here at -0.9 and -0.4 V and vs Ag*/Ag). In previous studies
in similar conditions at both Au or Pt electrodes, we have attributed such oxidation reactions
to COso/CO2s01 (both species dissolved) and COa.dgs/COn2ads (both adsorbed), respectively

[11,32]. These systems are also visible when the reverse potential is -2 V vs Ag*/Ag.

Besides, CO> reduction mechanism was also discussed in a previous article [32]. It was

found that the mechanism in Li-K at 650 °C over Pt is as follows:



CO,+ e™ & €O, 3)
2C0; & CO+C0o5™ 4)

As dissolved species are considered for COz reduction/ CO oxidation, it is also important to
discuss speciation. It has been shown that both CO> and CO can form intermediates in

molten carbonates [33, 34].
CO, + CO5™ & (C,05™ (5)
CO+ CO5~ & (05~ (6)
The existence of the carbonite ion has also been suggested [35].
CO + CO3 & CO2 +CO, (7)

Even though COz can be in a pyrocarbonate form around 20 % of the time, the ion only has a
lifetime of some ps according to a recent molecular dynamics study [33]. Oxalates were
found to be stable though reaction 6 did not spontaneously happen. Finally, a recent Raman
investigation in Li-Na eutectic also showed CO4* and HCO4™ as active species under wet gas

inlet [36]. As for the speciation of water itself, it will be discussed later in the hydroxide part.

Coming back to the oxidation peaks of Fig. 1, ascribed to hydrogen, a complementary study
by Linear Sweep Voltammetry under hydrogen, as shown in Fig. 3 was conducted to
thoroughly confirm this hypothesis. As can be seen, two peaks appear at around -1 and -0.5
V vs Ag*/Ag (the second complex one being composed of three overlapped peaks), when
only the oxidation sweep is investigated. When this same LSV experiment is conducted in
the absence of hydrogen, no peaks are visible, and the same LSV can also be obtained over
gold (not shown here), proving the oxidation phenomena to be unrelated to Pt. To better
understand such phenomena, the scan rate was varied between 100 mV/s and 700 mV/s (in
the case of the complex second peak, only the most intense component was analyzed).
Figure 4 below reveals the evolution of both peak intensities and potentials with respect to

scan rate.



— 100 mV/s
0,0124— 200 mV/s
—— 300 mV/s
{{——400 mV/s
—— 500 mV/s
0,008 |—— 600 mV/s
—— 700 mV/s

scan rate /

J (A.cm?)

0,004

0,000

Fig. 3- LSV on a Pt electrode at various scan rates under 64 mol% H>/20 mol % H>O/16 mol % Ar.

The baseline curve is drawn in the absence of H>: 20 mol% H>0/80 mol% Ar.
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Fig. 4- Evolution of both oxidation peak potentials and currents with scan rate, with a the first

(around -1V vs Ag*/Ag) and b the second peak (around -0.5 V vs Ag*/Ag).

Both peak potentials present a slight variation with scan rate, indicating quasi-rapid
phenomena. The first peak intensity presents a linear dependence on the square root of the
scan rate (R? = 0.994), whereas the second peak intensity varies linearly with scan rate (R =
0.995). Thus the first peak corresponds to a diffusion-limited process while the second is
adsorption-controlled. Previous studies only assigned a peak around -1.1 V (over Au or Pt)
to the oxidation of hydrogen, which would represent the first peak observed here [31, 40].
We observe two peaks related to this phenomenon, and the variation with scan rate seems to
indicate that the first peak is oxidation of soluble H», and the second adsorbed H». The first
oxidation peak, representing dissolved hydrogen, involves (as any electrochemical

phenomenon) a very weak hydrogen intermediate adsorption, while the second one a strong

8



adsorption of hydrogen requiring a higher oxidation potential (additional energy). In fact, we
can generalize to the three components around -0.5 V vs Ag*/Ag: they are due to hydrogen

adsorbed at three different hydrogen adsorption sites at the Pt polycrystalline surface.

From the obtained intensities, it appears that soluble H> is hard to visualize without reducing
water first, in other words having H» directly formed in the vicinity of the electrode. Figure

5, where this peak is more intense, also highlights this point.
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Fig. 5- Cyclic voltammogram reverse scans on a Pt electrode at 100 mV/s under 70 mol% H>O and

various amounts of CO:.

Finally, a study under water and different amounts of CO, was conducted to visualize and
separate CO and H; peaks. As soon as little amount of CO»> is added, 2 peaks around -1 V vs
Ag*/Ag instead of one can be distinguished, a peak at a potential a little lower than -1 V vs
Ag*/Ag appearing. This peak has been reported in previous literature as oxidation of soluble

CO [32].



Regarding the second oxidation peak (-0.5 V vs Ag*/Ag), when 0 mol% CO: is present, it is

undoubtedly the oxidation of H, that was previously seen. As soon as 5 mol% CO; is added,

the peak seemingly shifts toward anodic potentials. This could either be simply due to the
CO, pressure effect on potential, or the adsorbed CO oxidation also taking place. It is

possible that both species compete for adsorption on the electrode surface.

As oxidation peaks found around -1 V vs Ag*/Ag attributed to C, H» and CO are very close,
studies become more complex and it is of high importance to carefully analyze the gas
compositions, oxoacidity, potential domain in order to identify the suitable reactions. That is
why studies in the literature focused either on CO; reduction (and subsequent C or CO
oxidation) [32, 41] or H oxidation [31], and it has been mentioned that cyclic
voltammograms featuring oxidation of CO and oxidation of H» are qualitatively identical
[40]. To gain better understanding of the reactions and their potentials, a potential-oxoacidity
diagram can be considered. This type of diagram has been previously reported in the
literature [10]. In our case, the calculations were done at 650 °C for the Li-K (62 :38 mol%)
eutectic, which were the conditions used for electrochemical study, based on data from

NIST-JANAF [42]. The resulting diagram is given in Figure 6.
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Fig. 6- Potential-oxoacidity diagram calculated for Li-K (62 :38 mol%) at 650 °C.

In oxoacidic conditions, it is possible to reduce CO; into CO and H>O into H> at relatively
low potentials. It is not possible to predict which species reduces first, as the potentials
depend on the pressure of CO and H», that are most of the time unknown. However, both
reactions should occur at potentials close to each other, barring kinetic issues. This indeed
highlights the intriguing possibility of CO2 and H2O co-electrolysis into syngas. Oxoacidic
conditions are more favorable thermodynamically, but in oxobasic conditions, both reactions
are still possible, even though depending on the pressure of CO, reduction into carbon,

which is undesirable in our case, could be more dominant.

At standard MCFC anode (MCEC cathode) conditions, 64 mol% H»/16 mol% CO,/20

mol% H,0, water should thermodynamically reduce at -0.69 V vs Li»O/O; and at this

condition CO, will reduce beforehand unless the CO pressure is higher than 2.5 x 10! bar,

which is unlikely considering no CO is fed.
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Effect of the addition of hydroxides

Previous studies on the Hz oxidation have led to three main mechanisms suggested by Ang
and Sammels [43], Jewulski and Suski [44], and White and Twardoch [45, 46]. The first two
mechanisms consider hydroxides as an intermediate species, while the last one suggests
bicarbonates. Nishina et al. studied the H; oxidation in the Li-K eutectic at 650° C, at
various metal electrodes, using cyclic voltammetry, electrochemical impedance spectroscopy
and chronocoulometry [31]. 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 the hydroxide mechanism suggested by Jewulski and Suski, which is:

HZ © 2 Hads (8)
2{Hyus + CO¥ & OH 4 CO,+ e} 9)
20H 4+ C0, & H,0+ C0% (10

Applying the principle of microscopic reversibility, the water reduction mechanism in

molten carbonates would be the exact opposite of the hydrogen oxidation one [3].

Another reason why hydroxides are an important species is that they are the associated
oxobase of water, just as carbonates are the oxobase of CO». The autodissociation

equilibrium is given in Reaction 11.
20H & 0* +H,0 (1)

In such case, they are likely to be present in the melt under water-containing atmospheres, as
shown in the literature [3, 26, 27]. Indeed, even though it is generally accepted that water can
form various dissolved species in molten carbonates, such as hydroxides and bicarbonates, it
appears that the dominant species at 650 °C are hydroxides. Thermodynamical calculations
relative to sodium hydroxide reaction into sodium bicarbonate have been carried out in the

literature [3].
NaOH + CO, & NaHCO, (12)

They revealed through equilibrium concentration calculations that hydroxides are the
dominant species above 550 °C, consistently with the proposed hydrogen oxidation
mechanism above. Specifically, at 650 °C, the ratio [NaHCO3]/[NaOH] was found to be 0.02

at a pressure of CO; equal to 0.5 atm.
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Finally, it is known that molten hydroxides present high conductivity [47], so the effect of
hydroxides was investigated both in terms of electrochemical reactivity and conductivity by

adding different mol% of LiOH.
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Fig. 7- Cyclic voltammograms on a Pt electrode at 100 mV/s under 70 mol% H>O/15 mol% COs-.

As seen in Figure 7, cyclic voltammetries carried out in the same conditions for various
hydroxide contents under water reveal that currents are enhanced overall. Water reduction
should indeed be favored with hydroxides present in the melt. In order to make sure the
hydroxide ion is electroactive in our working conditions, an experiment was carried out
under CO; and without water, shown in Figure 8. It is expected that hydroxides react

according to the the following acid-base reaction:

20H™ +C0, & CO% + H,0 (13)

13
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Fig. 8- Cyclic voltammogram on a Pt electrode at 100 mV/s under 100 mol% CO; right after 40
mol% LiOH addition.

Both oxidation peaks split into two: the peaks of hydrogen oxidation appear. The first
appearing peak, around -1.1 V vs Ag*/Ag, indeed depends on the square root of scan rate,
and in these conditions carbon is not observed. This H> can only be obtained by reduction of
hydroxides, proving they are electroactive in these conditions. Of course, water is to be
provided for the hydroxides to remain stable, or Reaction 13 will occur in the presence of

COa.

Finally, a possible influence of hydroxide addition on the conductivity was studied by EIS. It
was found that the gas atmosphere had no significant influence on the conductivity. Its

evolution with added hydroxide is reported in Figure 9.
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Fig. 9- Evolution of conductivity with added LiOH molar percentage at 650 °C.

The conductivity indeed increases with added LiOH content, thanks to the high mobility and
low size of the lithium as well as hydroxide ions. The variation is even sharper for higher
percentages. The Li-K eutectic without hydroxide features a conductivity of 1.3 S.cm™,
while the highest value is obtained for Li-K + 70 mol% LiOH, around 3.5 S.cm™!, which is
close to conductivity values in pure LiOH at this temperature, extrapolated from the
literature [48]. Already at a lower value of 10 mol% of LiOH, the conductivity reaches 1.45
S.cm!. Arrhenius law was also verified for each melt composition to check variation of the

conductivity with the temperature. An example is given in Figure 10.
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Fig. 10- Example of an Arrhenius plot for 50 mol% of added LiOH.

From the Arrhenius law, activation energies were calculated, and are reported in Figure 11.
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Fig. 11- Evolution of activation energies with added LiOH molar percentage.

Activation energies can be considered stable between 0 mol% and 30 mol% added LiOH,

which is the zone of interest, at values of around 0.25 to 0.30 eV, which are consistent with

previous literature on molten carbonates [49]. At higher percentages, an increase can be
seen, with a value of 0.52 eV reached for 70 mol% LiOH. The melt is then composed

mainly of hydroxides instead of carbonates. Two zones could be distinguished: at lower
LiOH amounts, there is a conductivity increase with constant activation energy, while at
higher percentages of added LiOH, both conductivity and activation energy steeply increase.
The first zone could be due to the effect of the lithium ion addition, not changing the overall
conduction mechanism, and an effect of the bigger hydroxide ion could be seen in the second

zone, where activation energy is much greater.

It is indeed best to limit addition of hydroxides to a reasonable amount, less than 30 mol%,
to not deeply alter the base melt of eutectic Li-K (62:38 mol%) while enhancing conductivity

(up to 1.72 S.cm™ for 30 mol% added LiOH) and water reduction. This paves the way for a
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direct application of a mixed carbonate/hydroxide electrolyte in the MCFC/MCEC system:
not only would it be helpful both in fuel cell and electrolysis mode due to increased

conductivity, but specifically in MCEC mode water reduction would be favored.

IV- Conclusion

According to our electrochemical investigation at a Pt working electrode, including CV and
LSV, H; and/or CO are produced through H>O and/or CO> reduction in molten Li>CO3-
K>COs3 at 650 °C in atmospheres containing different proportions of CO», H,O, H> and Ar.
Both fuels are detected in a soluble or adsorbed form: this is confirmed by the linear

evolution of the oxidation peaks with respect to v'/2

or v, respectively for diffusion- or
adsorption-controlled processes. C is only detected species when the cathodic potential is
very negative provoking the reduction of carbonate ions into C. We also confirmed that the
oxidation of CO occurs in two steps under CO»-rich atmospheres. In water-rich atmospheres,
both oxidation of soluble H, and CO are overlapped for low ratios of CO»; at 30% of COa,
only CO oxidation can be observed. Under hydrogen-rich atmospheres without CO.,
scanning directly towards anodic potentials allows to detect a low-intensity oxidation peak
due to soluble H> and a high-intensity oxidation peak due to adsorbed H; the latest is
decomposed into several peaks with close-by potentials, indicating that hydrogen is adsorbed
on different adsorption sites on the polycrystalline working Pt electrode. In water-rich
atmospheres, addition of hydroxides enhances the oxidation peaks due to Hz, showing that
the presence of hydroxides favors H>O reduction. Even under CO> atmosphere, hydroxides
react with CO; to produce water: H, and CO peaks are overlapped. The increase in the
conductivity of Li»CO3-K>COs3 with progressive addition of hydroxides is clearly evidenced
by EIS: the activation energy deduced from Arrhenius plots is constant up to 30% of added
LiOH. Thus there is a significant effect of hydroxides both on the electrochemical oxidation
reaction and on the conductivity of the electrolyte. This confirms the role of hydroxides
produced in situ in MCFC operation conditions and opens the possibility of using a molten
carbonate eutectic containing hydroxides in the MCFC/MCEC system, which presents the
advantage of relying on a mature MCFC technology and the combination of CO, capture
with energy generation. The direct use of molten hydroxide melts in fuel cell/electrolyzer
applications, scarcely mentioned in the literature, would require further studies and scale-up

experiments.
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