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I. Introduction

“There is a single light of science, and to
brighten it anywhere is to brighten it
everywhere.”

Isaac Asimov
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Chapter I. Introduction

Energy production and greenhouse gas emissions, especially CO», are among the
main concerns of the present world. Annually 23,322 TWh of electricity are generated,
from which 41.3 % proceed from coal, 21.7 % from natural gas and 4.4 % from oil. The
rest is provided by nuclear plants,, hydraulic sources or other renewable sources. The
amount of annual greenhouse emissions that come from non-sustainable energy sources
is more than 4,678.53 MtCO2, which represents 14.5 % of the total CO, emitted by
energy-related combustion processes. Reducing these gas emissions without sacrificing
the energy generation capacity is one of the main interest of energy research around the

globe [1].

Each year we note an important progress in terms of renewable and clean energy
technologies; wind, solar, nuclear and hydraulic energy are the more used and
investigated. Nevertheless, other technologies are available to change the energy
generation balance towards a cleaner and more sustainable energy supply system,
among which are the fuel cells (FC). A fuel cell is an electrochemical device that can
transform the energy contained in gas fuels as hydrogen, natural gas or biogas directly
into electricity by means of an electrochemical reaction. The advantages of fuel cells
over the conventional generation systems are higher conversion efficiency and a very

low or in some cases even a cero CO2 emission.

A fuel cell, as any electrochemical device, is composed of three main components:
the anode, electrolyte and cathode; these components are assembled together in what is
called a single cell. To gather as much energy as possible, the single cells are piled up in a
“stack”, each single cell is separated from another by a current collector and a gas
compartment that feeds the anode or cathode gases to the corresponding electrode. A
fuel cell generation system can be composed of several stacks and the balance of plant
(BOP) that is the equipment necessary to control the temperature, as well as to clean,
supply and control the infeed and exhaust gases from the system and also collect and

transform the electricity generated to be sent to the grid.

There are several types of fuel cells, which are classified in low temperature (50-
220 °C) and high temperature (600-850 °C) as shown in Figure I.1. Each type of fuel cell
has different particularities and specific development problems to overcome for a full

commercialization. At low temperatures, the most developed are the phosphoric acid
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fuel cells (PAFC) and, in particular, the polymer electrolyte membrane fuel cell (PEMFC),
which has already proven its feasibility from small portable applications up to public
transport applications. Nevertheless, progress has to be made to reduce the cost and
increase the life time of PEMFC, since the use of precious metal catalysts and the
eventual electrode degradation and membrane poisoning are still problems that must be

strongly addressed [2].

50-120°C
Low
Temp.
Fuel
Cells 70-120°C
150-220°C
High
Temp.
Fuel
Cells 700-850°C

FHEI Electrolyte

Figure 1.1- Fuel cell classification by temperature, working principle and main components.

Oxygen

In the side of high temperature, solid oxide fuel cells (SOFC) are promising
technologies for stationary energy generation, but one of their main drawbacks is the
difficulty to build a high temperature gastight seal between the fragile ceramic materials
of the cells and the anode and cathode compartments. Contrarily, molten carbonate fuel
cells (MCFC) have been studied for long time and are now the most widely used fuel cell
technology for stationary energy generation around the world, representing 63 % of all

the stationary power generation as shown in Figure 1.2 [3].
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It is always a concern for any emerging technology to reduce material costs and
manufacturing complexity as to improve the performance and lifetime of their
components if one wishes to make it prevail. In the case of the MCFC, several years of
industrial testing and commercial installations have proven the feasibility of this
technology. Commercialization has already begun around the world with a maximum
stack lifetime of about 4 years, after which the stacks have to be replaced in a complex
and onerous manner, since the stack is the most expensive part of the fuel cell system
[4]. However, important breakthroughs are necessary to increase the lifetime and
performance of the fuel cell to achieve an even more profitable and reliable system. In
the next sections, we will overview the basics of the MCFC technology, state-of-the-art
materials and the most important problems that should be addressed to ensure a longer

stack lifetime.

Megaw atts by fuel cell type

225

200

175

WAFC

W DMFC
EPAFC
W PEMFC

150

125

100

W S0FC
EMOFC

75

an

25

o -
2008 2010 2011 2012 2013+

* Estimatedfor 2015 by FuelCellT aday anusl report {not updatec)

Figure 1.2- Total MW of power generated by fuel cell type.

I.1. The molten carbonate fuel cell.

The concept of a molten carbonate fuel cell was already known in the early XX
century, but it was not developed as a working system until the 1950s [5]. What makes
attractive the idea of using molten salts at a temperature ranging between 650 to
750 °C ? High temperature allows to get rid of expensive catalysts and permits fuel

flexibility, (hydrogen, methane, natural gas, biogas, syngas, CO, coal gas, gasoil, ethanol,

11
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propane or biomass). Moreover, impurity of feeding gases is less dramatic in MCFCs
than for low temperature technologies; nevertheless, sulfur contents in feed gases could
be lethal [6]. Even though the most usual fuel for MCFC devices is natural gas, the fact
that CO could be used as fuel offers the possibility of converting fuel from organic
origins, eg biomass, and organic wastes. Biogas proceeding from anaerobic digestion of
wastewater, organic waste, agricultural waste, industrial waste, animal by-products or
wood, are beginning to be in use. However, most of the time, depending on its origin, its
composition is varying and some species such as HCl or H2S must be removed to avoid
electrode poisoning and corrosion of peripheral components [7]. In Figure 1.3, a basic
schema of a MCFC installation is depicted and the main external components are
presented; as it is shown, there is an output stream between 340 to 400 °C available to
be used as heat source for a building or another process that requires heat. The use of
the residual heat in that manner is called cogeneration, also if the anode residual stream

is used in an expansion turbine to generate more electricity.

¥ 3

AC Power Inverter

TDC Power

| 340-400C
Alr ! High quality
' waste heat for
cogeneration
Residual fuel in anode Cathode exit gas is applications
exhaust is used in used for fuel preheat
catalytic oxidiser to and water vaporization

preheat cathode air

Figure 1.3- General scheme of a MCFC installation.

The electrical efficiency for this type of fuel cell varies from 47 to 48 % with the
potential to reach up to 57 % and an overall efficiency above 80 % when combining heat
and power [8]. Regarding the fuel reforming capabilities of the MCFC, by using the waste
heat, three main concepts can be used: external reforming, where the reforming unit is

an independent component of the system and is feed with heat from the MCFC by means

12
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of heat exchangers; internal reforming, that incorporates small reforming units within
the stacks of the MCFC; and direct reforming system that consist in the incorporation of
a catalyst in the gas path inside the stack. These three systems are depicted in Figure .4

shown herein.

External Reforming

Internal direct reforming | Internal indirect reforming

Air

Fuel

[=ny pelluo;ag

Figure 1.4- Scheme of three different concepts of fuel cell reforming of infeed stream.

Focusing on the MCFC stack itself, as any electrochemical system, it is composed
of at least three main components, the anode, electrolyte and cathode. The anode
consists of a porous nickel plate, containing aluminum or chromium small particles,
separated from the cathode by the electrolyte, which is constituted by a porous lithium
aluminate membrane holding carbonates, when molten, by means of capillary action.
The cathode is constituted by porous nickel oxidized and lithiated in-situ; The assembly
of these three components is known as a single cell, the coupling of several single cells

forms what is known as AS fuel cell stack. A scheme of a single cell is shown in

Figure 1.5, where the main components are shown: the frame, which ensures the
arrival of the anode and cathode gases, the corrugated plates and collector plates that

provide the electrical contact that will drain the available electrons at each electrode.

Molten carbonates are non-toxic and highly conductive salts (1 S cm-? @ 650 °C)

and they can be mixed in eutectics with low melting points (e.g 488 °C for (Lio.ez-

13
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Ko:38)2C03) [9]. Even though there are many different carbonate mixtures that could
serve as electrolyte, eg (Lios2-Ko3s)2C03, (Liosz2-Nao4s)2C03, (Lio.43-Kos7)2C03, and
(Lio.435-Nao.315-Ko.25)2C03, which have physical properties like density, surface tension,
electrical conductivity and oxoacidity that are suitable for MCFC application [10], the
two first mentioned are the most studied among and will be used as the standard

reference electrolytes along this thesis.

Fuel inlet

ﬁ _ : Cell Frame

- Corrugated Plate
_-Collector Plate
Anode

Electrolyte Matrix

“Cathode

_

Oxidant inlet

Figure 1.5- Scheme of a MCFC single cell components.

As water, molten carbonates present an acidity domain. In the case of water, this
acidity domain is governed by the ionization of water. Similarly, molten carbonates

dissociate, according to the following equilibrium:

M,CO4(1) & M,0(s) + C0,(g) (1)

Where M is the alkaline ion (Li, Na, K, Cs, Rb or other) and (1), (s) and (g) are the
liquid, solid and gas phase, respectively. Since the molten carbonates are strong

electrolytes, the equilibrium can be also defined in its ionic form:

K
CO2~ & 02~ + CO, (1.2)

In the oxoacidity concept, 0%~ is an electron pair donor associated an oxo-acid
CO, forming an oxo-base CO5~ [11]. The self-dissociation equilibrium constant, X has

the following expression:

14
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__a(M30)Pco,
a(M2C0s3)

(1.3)

Where a(M,0) and a(M,C03) are the activities of the corresponding reactants
and Pg,, is the partial pressure of carbon dioxide. Thus, the oxoacidity level of the
electrolyte lays on the capability to gain or release an oxide ion. So, the oxoacidity can be
fixed by imposing a carbon dioxide partial pressure or by adding oxides in the melt. High

partial pressures of CO, represent, for instance, highly oxoacidic media.

Potential-oxoacidity diagrams also known as Pourbaix-type diagrams are useful
to determine the electrochemical stability domain of the species in the molten salts at a
given activity [12,13]. In the case of molten carbonates, the diagram vertical limits are
established by the dissociation constant while the positive limits are defined by the
oxidation of 02~ into peroxide, superoxide or oxygen ions. The main redox couples
considered in the oxidation side of the diagram are Li0,/0,, M,0/MO, and Li,0/Li,0,.
All the standard potentials of the different couples are referred to the Li0O,/0, system
being its standard potential equal to zero. Then it is possible to express the Nernst
potential of each couple as a function of P¢(, as has been stated by Cassir et al. [14]. In
molten carbonate mixtures, the limiting reduction reactions are the reduction of alkali
ions to metals, CO, to CO in oxoacidic media or CO, to Cyrqppite in 0Xobasic media and
H,0 to H,. However, only the reduction of gases leads to a variation of the potential with
P¢o,- An example of the potential-oxoacidity diagram for the Li-K (62-38 mol %) that has

been used in the majority of the experiments of this thesis is presented in Figure 1.6.

Oxoacidity is a key concept in the chemistry of molten carbonates with a direct
influence on the electrochemical reactions at the electrodes and the
degradation/dissolution of the cathode, as well as at the stainless steel separator plates.
Thus, by controlling the oxoacidity, it is possible to reduce the solubility of Ni in the

molten carbonates or favor the presence of a given redox specie.

The global cell reaction involves the consumption of CO, at cathode and its

recycling at anode:

H, +30; + CO,(cat) — H,0 + CO,(an) (1.4)
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Figure [.6- Potential-oxoacidity diagram for Li-K (62-38 mol%) at 650 °C that allows the study of each

redox sistem as function of P, .

At the cathode side, the oxidant is always air containing CO2, which has the

particularity of being part of the reduction reaction:

10, + CO, + 2¢™ — CO3~

(L5)

This reaction could follow different oxygen reduction mechanisms because

molecular oxygen is not stable in such media and produces reduced oxygen species, 03~

and 0, Appleby and Nicholson [15-18] described two possible paths for these species,

the superoxide path (SOP) and the peroxide path (POP), expressed as follows:

Superoxide Path (SOP):

30, + 2C02™ 2 405 + 2C0,

[07] = K P§,°Peg,?
0; +e~ 2 0%
03~ +2e”~ - 20%"

05 + CO, 2 CO%~
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Peroxide Path (POP):

0, +2C03~ 2203 +2€0, (1.11)
[037] = K2PS; Peoy? (1.12)
03~ +2e~ - 20?" (1.9)

0; + C0, 2 CO3%™ (1.10)

The presence of both 05~ and 0, has been confirmed by electron spin resonance
(ESR) and i/n situ Raman spectroscopy in Naz2CO3, K2COs3, Li2CO3 and (Lio.s2-Ko.38)2C03
eutectic [19-21]. A third path for oxygen reduction was proposed by Dunks and Selman
[22] involving the species peroxycarbonate CO;~which appears as a possible pathway
deduced from electrochemical measurements, but it has never being detected by other

characterization techniques. This mechanism is described as follows:

Peroxycarbonate path (POCP):

0, +2C03 22C02~ (1.13)
[COZ7] = KsPy? (1.14)
COZ™ +2e~ - 0°~ + C0O%~ (1.15)
0; + CO, 2 C03~ (1.10)

Equilibria 1.6, 1.11 and [.13 represent the concentration of the species with
respect to gas partial pressures. Nevertheless, in reality, there is no one single species
present in the electrode vicinity when the oxygen reduction reaction is taking place, the
species proposed above could be all present at the same time at different
concentrations; depending on the oxoacidity of the carbonate melt (or CO; partial
pressure) and Oz partial pressure, the predominant species will change. Thus, the whole
electrochemical interaction of species at the electrode can become very complex to be
analyzed by simple methods. Nevertheless, Nishina et al have proposed a reaction order
analysis based on electrochemical impedance spectroscopy (EIS) to elucidate the
dominant species and even deduce interesting values such as the diffusion coefficients of
the involved species [23]. This approach will be explained in detail in section IV.1.2.

since it will be taken as a reference to evaluate the influence of additives in this thesis.
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At the anode, the overall hydrogen oxidation, that is more rapid than oxygen

reduction is given by:
H, + C05~ - H,0 + CO, + 2e~ (1.16)

Of course, this representation is subdivided into different steps involving
adsorbed hydrogen. Among the controversial mechanisms proposed in the literature, we
will only show that given by Sammels et al. [24] that is the most widely accepted and the

simplest, it is expressed as:

H, = 2H g4 (1.17)
Hy4s + CO5~ - OH™ +CO, + e~ (1.18)
Hyys +OH™ - +H,0 + e~ (L.19)

It should be pointed out that the anode of MCFC has reached a good state of
development, allowing it to work efficiently as electrocatalyst with a very good
endurance. The main concern around MCFC technology are the cathode properties, such
as corrosion resistance, electroactivity and catalytic properties, and the electrolyte
conductivity. Hence, we will detail in the next sections the issues, recent developments
and the proposal of this thesis to modify the cathode and electrolyte for improving the

MCFC performance and stack lifetime.

I.2. Molten Carbonate Fuel Cell Optimization

Since the first concepts of MCFC were tested, several important breakthroughs
along decades of research have allowed the MCFC to become a feasible technology of
clean energy generation. In the very first MCFC tests, developed by Broers et al. [25] in
the middle 1950’s, the matrix was composed of porous MgO impregnated with a mixture
of carbonates forming a paste, the electrodes were thin layers of metal powders painted
on the electrolyte, the collectors were made of silver wire mesh pressed by stainless
steel perforated plates, the whole stack was compressed between two thick stainless
steel plates by mechanical force. This first fuel cell had a current output around 50 mA
cml and a lifetime of 6 months before electrolyte loss decreased its performance

significantly. After decades of research, the stack materials were improved and fine
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tuned to the point of reaching a maximum current density of 150 mA cm-1, with a power
output of 120 mW cm! and a lifetime of 5 years in continuous operation. LiAlO2
reinforced by aluminum or alumina micro-rods substituted Mg0O. The cathode and anode
evolved into a nickel plate of micro and macro porosity homogenously distributed and,
in the case of the anode, nickel is mixed with 5 % Al or Cr to increase its corrosion
resistance. The bipolar plates are made of stainless steel covered by a nickel layer or in
some cases made of special austenitic alloys [4]. Nevertheless, there are still important
breakthroughs to be achieved; as shown in Table 1.1, research is focused on two main
objectives: increasing power output and increasing the stack lifetime. The

corresponding strategies for reaching such goals are also shown in Table I.1.

Table [.1- MCFC improvement objectives and proposed stretegies

Power Density Increase Stack Lifetime Increase
Actual Target Actual Target
120 mW cm™ 200 mW cm™ 5 years 10 years

T Working temperature Electrolyte losses

T Electrolyte conductivity Cathode dissolution

4 Polarization losses at electrodes Working temperature

-« « «

d Interfacial contact resistance between Lifetime of electrolyte matrix

bipolar plates and electrodes

We will focus on the MCFCs’ cathode and electrolyte, since their improvement
will affect positively both goals by reducing the cathode dissolution and/or increasing
its electroactivity and by rendering the electrolyte whether more conductive and/or

more active.

I.2.1. Cathode optimization

At present, lithiated NiO is the material of choice for MCFC cathode application.
Pure NiO is an n-type semiconductor and the doping with Li* ion enhances the
conductivity by creating extra electron holes for conduction by replacing NiZ+ with Ni3+,

thus enhancing the electrical conductivity of the cathode. Lithiated NiO also offers better
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catalytic properties for oxygen reduction reaction as compared to bare NiO. The
lithiation process takes place in situ at the start-up of the cell, the formed phase being
LixNi1-xO, the equilibrium Li content was determined to be less than 0.2 by means of
nuclear microprobe [26]. Although NiO fulfils the performance requirements such as
catalytic activity and electrical conductivity, its dissolution in carbonate electrolyte is
one of the issues that limits MCFC lifetime [27]. NiO dissolution occurs according to the

following scheme:

NiO(s) - Ni?* 4+ 0%~ (1.20)
30% + €0, —» COZ~ (1.21)

Since NiO dissolution occurs by the formation of Ni?* and 02, its solubility and
dissolution rate in molten carbonates depends directly on the oxobasic character of the
melt, on the temperature and on CO; partial pressure at the cathode gas feed. In general,
an increment in temperature or CO; partial pressure will lead to a faster NiO dissolution.
Such dissolution provokes an increase in the cathode polarization due to structural
changes and Ni shortening, occurring when the Ni?* ions migrates to the anode where
they are then reduced by the fuel, forming solid nickel particles that precipitates later
along the electrolyte matrix providing pathways for electron conduction. For reducing
the solubility of the state-of-the-art nickel cathode, two research approaches are
commonly followed: the first consist in finding a different cathode material that could or
not contain Ni in its composition, the second approach consist in protecting the cathode

material with a coating of one or more oxides.

Several studies have been dedicated to both approaches. In the case of alternative
cathode materials, LiFeO;, Li;MnO3 and LiCoO2 have been investigated; LiFeO, and
LizMnO3 showed a low electrical conductivity (0.0014 Scm! @ 650 °C) that can be
increased by doping with Co and Nb (increase up to 60 times of the conductivity);
nevertheless, their conductivity is well below that of NiO [28-32]. Contrarily, LiCoO;
showed a promising performance due to its low resistivity (1 1 cm! @ 650 °C) and the
solubility of nickel (0.5 pg cm2 h'1), 10 times less than NiO [33-40]. However, the
drawback of LiCoO; cathodes lays down in the voltage drop between cathode and
current collector due to the higher resistance at this interphase that is 2.5 times bigger

than with NiO and also on the lower mechanical strength compared to NiO. Thus, this
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provokes a major difficulty for commercial fabrication of large area cathodes. The
ternary system LiFeO2-LiCo0O2-NiO has also been tested by Bloom et al. [29,41] with very
interesting results approaching the behavior of NiO. Similar results were also obtained
by Wijaysinghe et al [42,43]. Even though these kinds of materials perform well in

comparison with NiO, their long term performance has not been yet studied.

The second approach for protecting nickel cathode from dissolution is by coating
it with selected oxides or mixture of oxides. This has the advantage of maintaining the
cheap and efficient NiO-based cathode, but improving its corrosion resistance by the
thin protective layer. Hence, most of the research efforts have developed this approach
to reach effective cathode protection. Some of the deposition techniques used are sol-gel
[44-49], electroless deposition [50], electrochemical deposition [51-58] and sputtering
[59]. Among the materials deposited on the nickel cathode are TiO2, CeO2, COOOH, Co304,
Lao.gSro2C003, Laz03, Y203, LiMgo.05C00.9502 and Mgo.osFeo.01Nip.940. From all of them, La,
Ce, Ti and Co based coatings seem to be the most promising. However, it is important to
be fully aware of the problems related to the deposition techniques, as homogeneity,
thickness, adherence to the substrate, porosity reduction, coating conformity or
deposition complexity, which makes them relatively difficult to take to the production
line in commercial fuel cell application. Nevertheless, protecting the cathode in this way
seems to be more effective than changing the whole cathode material. Hence, we
decided to use a novel ultra-thin layer deposition technique, Atomic Layer Deposition

(ALD), more detail about this technique will be given in section II.1.

1.2.2. Electrolyte optimization

The nature of the molten carbonate electrolyte does not only affect the
electrochemical parameters, such as electrolyte resistance, ion conductivity, diffusion
coefficients, mass transport and polarization phenomena, but also cathode wettability,
volatility, wet seal properties, matrix retention and electrolyte distribution. Hence,
optimizing the MCFC electrolyte is a challenging topic that could increase the lifetime
and performance of the fuel cell. As was already mentioned, the nature of the eutectic
and its oxobasic properties also may influence favorably the electrode kinetics and, in
particular, at the cathode side where the reduction reaction is known to be slow. Even if
(Lioss2-Nao.4s)2C03, electrolyte has interesting properties, such as higher ionic
conductivity, better cell performances in certain conditions [60-64], lower effective
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volatility [62,65] and a lower solubility of the nickel cathode with respect to (Lio.s2-
Ko.38)2C03 [64,66], but this eutectic presents some drawbacks. Below 600°C, (Lio.s2-
Nao.48)2C03 cells have lower performances than (Lio.s2-Ko.38)2CO3 cells probably due to a
lower oxygen solubility and a higher surface tension; the first mentioned parameter
seems to be the major cause of low performances at low temperatures [67].
Furthermore, (Lio.s2-Ko38)2C03 eutectic oxoacidity is higher than that of (Lios2-
Nao.48)2C03 and thus, it causes a faster NiO dissolution [68]. It is therefore necessary to
modify the nature of these electrolytes for optimizing their behaviour in MCFC. This can
be achieved by the addition of relatively small quantities of other salts like carbonates of
Rb, Cs, La, Sr, Ba and Mg or by adding other types such as halogens (F-, Cl;, Br- and I),
NO3, SO%~, Cr02~, MoO}~ or W02~ [69]. However, the addition of the last mentioned
cations is difficult to study since their interaction in the molten carbonates is not yet
fully understood. Henceforward, addition of carbonate additives is more interesting,
especially those of Rb and Cs, which, have a favorable influence on MCFC performance.
Experiments have been reported in single cells with Lio.75Cso.25 carbonate electrolytes
showing higher cell potentials, lower cathode and anode overpotentials than Lio.ssKo.32
or Liosz2Nao.as, usual carbonate eutectics [70]. Cs2C03 is thermally stable up to 700°C and
some Li»C03-Cs2C03 mixtures have melting points below 550°C [71]. These mixtures
have also lower surface tension [72] and greater oxygen solubility as well as increased
electrode kinetics, especially at low temperature. But they also have a disadvantage
because of their relative acidity which promotes NiO dissolution. However, this
drawback may be compensated by using Li-rich Li2C03-K2C03-Cs2C03 mixtures since NiO
solubility is inversely proportional to Li content in the melt and operating at reduced
temperatures. Interesting patents report the improvement of a MCFC with a Li-K or Li-
Na electrolyte modified by the addition of different proportions of Cs or Rb (from 0.05 %
to 25 %) [73,74]. This solution is extremely attractive because the favorable role of Cs or

Rb can be combined to the usual properties of Li-Na or Li-K classical melts.
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1.3. The aim of this thesis

In the present research project, the main objective is to improve the MCFC
cathode dissolution resistance and performance by means of two main guidelines: one is
cathode modification via ultra-thin layer deposits of oxides, especially TiO2, CeO2, Co304
and Nb20s onto commercial cathode material by means of a powerful deposition
technique: Atomic Layer Deposition (ALD). The second is electrolyte modification by
additives to improve the oxygen reduction reaction, specifically by addition of Cs2CO3
and Rb2CO3 to standard carbonate mixtures such as (Lioe2-Ko38)2C03 and
(Lio.s2-Nao.4s)2C03. The influence of such cations on the cathode reaction kinetics at a
gold flag electrode and on the performance of a commercial cathode material will be
thoroughly analyzed. At this initial stage, electrochemical tests are carried out in a half-
cell configuration. As a final stage, the materials with the best characteristics will be

tested in a single cell set-up and their performance in real MCFC conditions evaluated.

As part of the novel applications of MCFC technology, we will also study CO:
reduction in molten carbonates of (Lio.c2-Ko:38)2C03, (Lios2-Nao4s)2C03 and (Naose-
Ko.44)2C03 by chronopotentiometry and chronoamperometry at gold flag and graphite
electrodes for better understanding the mechanisms behind the reduction process. As a
result, new electrode materials are proposed and evaluated for CO; reduction in molten
carbonate media. This part of the study will pursue previous research already carried

out by our team by means of cyclic voltammetry.

In summary, this work will evaluate a novel deposition method for protecting the
MCFC cathode from dissolution without detrimental effect on the electrochemical
properties. Coatings of TiO;, CeO2, Co304 and Nb;0s will be tested. In parallel, we will
also evaluate the modification of the (Lio.s2-Ko.38)2C0O3 electrolyte with additives such as
Cs or Rb carbonates and their effect on oxygen reduction kinetics and eventual benefit in

the case of CO; reduction in molten carbonate media.

Finally, after operating directly in the molten carbonate bulk in most of this work,

we will test our findings in a new single cell set-up.
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11.

Materials and Methods

“An experiment is a question which science
poses to Nature, and a measurement is the
recording of Nature’s answer.”

Max Planck
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IL.1. Atomic Layer Deposition (ALD)

Atomic layer deposition is a chemical gas phase deposition technique developed
in Finland in the 1970°s by T. Suntola [75]. In ALD, reactant gas pulses are separately
introduced into a chamber, where the substrates to be coated are placed. Growth is
achieved through self-terminating surface reactions. Self-terminating means that only
one monolayer of reactant gas species can be adsorbed to the surface during a pulse. The
pulses containing reactant gases are separated by purging pulses where the ALD reactor
is flushed with an inert gas. The purging pulses ensure that the reactant gas pulses do
not mix. Mixing of the reactant gas pulses would lead to continuous growth and the
accurate thickness control of the deposition process would be lost. By-products like
detached ligands and excess reactants are also flushed away by the purging pulses. A
complete set of reactant gas pulses and purging pulses needed to deposit a certain
compound are referred to as a cycle. If deposition parameters have been chosen
properly, the number of cycles rather than the concentration of the reactant species

determines the film thickness [76]. An illustration of a deposition cycle is shown in

Figure II.1.
1)Precursor Pulse 2)Purge 3)Oxydant Pulse 4)Purge
®
oi;" ° o .
%000 o o o Yo 0.°% ceesee
substrate substrate substrate substrate

Figure II.1- Schema of the purge and pulse sequence in ALD.

An ALD machine from Picosun® model SUNALE™ R-series was used to deposit all
the protective layers studied herein. The deposition parameters are detailed in section
[IL.1. for every deposited material. In our case, the reactor is a vertical flow type reactor,
the precursor, oxidant and carrier flows from the top to the bottom of the deposition
chamber. The substrate is placed at the middle onto a grill as shown in the scheme of

Figure I.2. A homogenous deposition of a thin layer is assured by controlling the gas
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flow of inert gas to the chamber, the working pressure of the system should be kept

between 7 and 12 hPa in this specific reactor model.
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Figure I1.2- Vertical gas flow reactor scheme.

After each deposition process, materials should be characterized to assure the
quality and homogeneity of the thin layers, this is done by using typical material
characterization techniques on the as-deposited materials. Also, material
characterization after-testing is performed to evaluate the modifications of the as-

deposited materials by the molten carbonate media.

I1.2. As-deposited and after-test material characterization

Unless otherwise noted on the scientific papers of section II1.3., for most samples,
X-ray diffraction was performed with a PANalyticalX'pert Pro from Anton Paar with Cu-
Ka1l radiation (A=1.54056A). The diffraction pattern was obtained by scanning between
20 and 80° by steps of 0.02 (26°) with a fixed counting time of 2.3 s and sample rotation
of 3 rpm. Once the data were obtained, Scherrer analysis calculation was used to obtain
the average crystal size of the deposited layer by determining the angular position and
FWHM of the peaks between 28 and 60 2theta degrees. Scanning Electron Microscopy
(SEM) and Energy Dispersion Spectroscopy (EDS) analyses were performed with a
ZEISS® Ultra 55 microscope to evaluate the surface morphology and to measure layer

thicknesses. In some cases, Raman spectra were obtained in a Lab Raman HR-800 from
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Horiba Jobin Yvon® spectrometer with a spectral resolution of 2 cm-! and Olympus®
microscope using a 10X or 100X objective lenses. Spectra were recorded from 100 to
1800 cm'! with a He-Ne laser of wavelength 632.81 nm and grid of 600 or 1800.
Spectrometer calibration was performed with Si (1 1 1). Some samples were also
analyzed by X-ray photoelectron spectroscopy (XPS), the X-ray photoelectron spectra
were recorded using a Thermo Scientific K-Alpha X-ray photoelectron spectrometer
with a monochromator Al Ka X-ray (hv =1486.61 eV) for sample excitation. An argon
ion beam was used to prevent samples surface charging. The spectrometer energy
calibration was obtained using Au 4f 7/2 and Cu 2p 3/2 photoelectron lines. The
position of the adventitious carbon C 1s peak at 284.6 eV was used as an internal
reference in each sample to determine the binding energies with an accuracy of £+ 0.1 eV.
The residual pressure in the analysis chamber was maintained below 1x10-8 Torr,
during data acquisition. The survey spectra of each concerned sample were obtained
between 0 and 1000 eV. The spectra was collected and analyzed with Advantage 4.0

software.

I1.3. Electrochemical methods

I1.3.1.  Electrochemical Impedance Spectroscopy (EIS)

Electrochemical impedance spectroscopy (EIS) studies the response of an
electrochemical system to the application of a periodic small amplitude alternating
current (ac) signal. The measurements are based in acquiring data of the system
response for various ac frequencies. That is why it is called impedance spectroscopy.
From electrical circuit theory, any electrical circuit could be expressed as a complex
impedance by following Ohm’s and Kirchhoff laws and by taking the Z(jw) expressions
of a resistance (R), a capacitance (1/jwC) or an inductance ( jwL). Thus, for example,
the impedance of a resistance connected in parallel with a capacitance will be expressed

by:
Z(jw) =R —j— (I1.1)

To extrapolate the circuit response to the phenomena taking place in an

electrochemical cell, equivalent electrical circuits can be modeled to approximate the real
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impedance response of a given electrochemical system. Thus, interpreting the electrochemical
behavior through distributed elements in an equivalent circuit is complex, but essential for
interpreting impedance spectra. Ideally, a faradaic process will be composed of an electrolyte
resistance R., a double layer capacitance Cq4, and a faradaic impedance Zp, the circuit that will
represent those contributions is shown in Figure I1.3-a). Impedance Zr can be decomposed in
two components, a resistance accounting for the charge transfer resistance R and in the case

of a semi-infinite diffusion process a Warburg element Zw defined as:

Zp =Ry + o0/ — j(ow™/2)] (11.2)
Where:

RT 1 1
o = F2A\2 (D(l)/ZCO + D;/ZCR> (113)

Where 4 is the area of the electrode, D, and Dy are the diffusion coefficients and C,
and Cgr the concentration of the oxidized and reduced species respectively. This equivalent

circuit is shown in Figure I1.3-b).

Figure I1.3- Equivalent circuit for a simple faradaic electron transfer with semi-infinite difussion a) with Zg
component, b) with decomposition of Z.

The response of such circuit can be represented by a Nyquist plot relating the
imaginary (y axis) and real (x axis) impedance, as the one presented in Figure I1.4 where
the values of Re and R¢: can be easily determined, the first one is the distance from the
origin to the first intersection of the semicircle with the x axis, the second is the
diameter of the semicircle. The double layer capacitance can also be deduced from the

maximum of the semicircle known as relaxation frequency where w = 1/R.Cy4. The
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behavior is controlled at high frequencies by the charge transfer and at low frequencies
by mass transfer. The semi-infinite diffusion described by the Warburg impedance will

form a straight line with a 45 ° angle.
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Figure I1.4- Nyquist plot of the impedance data for an electrochemical reaction with semi-infinite
diffussion and the parameters that can be found in it.

More complex systems responses contain information about the interphase, its
structure, the reactions taking place at the inner and outer Helmholtz plane and even
information of chemical reactions preceding or succeeding the reaction at the electrode.
It has become a useful tool to analyze electrode processes and complex interphases.
However, EIS is a very sensitive technique and should be used with care since the
analysis of the data is performed most of the time by fitting an equivalent circuit that
must represent the physical and chemical phenomena taking place in the system. This
equivalent circuit approach is tricky since the data can be well fitted by several different
circuits that might not represent the phenomena at the electrode. For this reason,
seeking for a more objective analysis tool has been the objective for some researchers
leading to the development of Kramers-Kronig dispersion relations (KKR) for the
validation of the experimental data. This method first developed by Kramers and Kronig
[77] was further developed by Bode [78,79], where a series of equations can calculate

the real part from the imaginary part, or the phase from the modulus or vice versa from
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a given impedance data set. However, the equations are valid only if the EIS data
complies with the four indispensable conditions for good data acquisition that are:
linearity, causality, stability and finiteness. The method most widely used to evaluate the
KKR consists on the approximation of the experimentally acquired impedance data by
the Voigt model followed by a transformation of the modeled data. This method
developed by Orazem was further modified by Boukamp [80] allowing isolation of data
that does not comply with KKR conditions by the inspection of the relative residual
plots. In Figure IL.5 an example of data validation using Boukamp’s Kramers-Kronig test
(K-K test V1.01) is shown. In this work, the acceptable quality of data was determined to
be +2 % error, upper and lower limits are depicted with a red line in Figure II.5, some
points at low frequencies are out of the limit, but in general the quality of the data is

considered good since the rest of the points fall into the established limits.

O Experimental data ¢ Residual real 5t
o K-K calculated data * Residual imaginary = |
2
40r = 2 2 % acceptable error limit
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Figure I1.5- Example of data validation by Kramers-Kronig transorms by using the program developed by
Boukamp K-K test V1.01.

It should be pointed out that it is very difficult to work with molten carbonates,
results better than the one shown below are difficult to obtain. However, all EIS data
were taken at least 3 times and in some cases even up to 8 times to be completely sure
the system was stable, in some cases electrode re-polishing was necessary and in others,
waiting for a long period of time (between 24 and 48 h) for the atmosphere to stabilize;
in any case, only the data with less than +2 % error were taken to make all the analyses

presented in this thesis.
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Another important tool in EIS that has become popular is the distribution of relaxation
times (DRT) [81,82], its main objective is to avoid the use of circuit modeling to subtract
valuable information form EIS. The DRT, also known as a transformation to the 7-domain
was first introduced by Maxwell and later expanded by Debye who used it in dielectric
spectroscopy to describe the time required for dipolar molecules to reversibly orient
themselves with the external ac electric field; in other words, is the time that takes for a
system to which an excitation signal was applied to return or “relax” to equilibrium after the
excitation was removed. In impedance spectroscopy the relaxation time is related to the
characteristic relaxation frequency f. which corresponds to the frequency where the switching
between two conduction mechanisms occurs [83]. Every phenomena in an electrochemical
system has a relaxation time 7 related to the inverse of f, by 7 =1/w.; however,
transformation to the 7-domain emphasizes the larger contributions to the frequency
dispersion that are visible as more or less sharp peaks where their positions define the major
time constants of the electrochemical cell. Thus, following the peak position and height as
function of a variable like temperature, partial pressure or polarization provides information
on the electrochemical processes [81]. The DRT denoted as the function Y(7) can be obtained
by solving the following expression:

o Y@

j’)T dr with [ Y(v)dr =1 (IL.4)

Z(w) = Ro+ Rpor f; T

Where Z(w) is the impedance data, R, is the ohmic (frequency independent) part of
the impedance and Ry, is the polarization resistance. The term [%] dt specifies the

fraction of the overall polarization with relaxation times between 7 and t + dt. Unfortunately,
the entire impedance spectra Z(w) cannot be measured, only a fraction of it is sampled over a
finite frequency range, therefore the convolution equation 1.4 cannot be solved analytically.
Additionally, even if we could have the entire impedance spectra, there are many possible
solutions for Y(7), even if we apply a major restriction such that Y(t) should be positive for
all T values that will reduce considerably the solutions. Several routes to obtain the DRT have
been proposed: Fourier transform (FT) and fast Fourier transform (FFT) [81,84,85],
maximum entropy [86,87] and Tikhonov regularization (TR) [82,88,89]. Boukamp et Rolle
[90] have compared those approaches and have find them not completely satisfactory in the
sense that all of them require manipulation of some factors or variables to deliver a fair DRT

representation. However, for practical purposes, any of the previously mentioned approaches
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can be successfully used to elucidate the phenomena taking place at the electrochemical
system independently of an equivalent circuit model if care is taken when evaluating the DRT
and parameters are properly selected. For this thesis, the route to the DRT presented by Wan
et al. [82] by means of the MatLab® package DRTTOOLS [91] will be used to identify the

contributions for the single cell tests in Chapter VI.

I1.3.2.  Chronopotentiometry and Chronoamperometry

Chronopotentiometry is based on the measurement of the potential variation
with respect to time when a constant current is applied to an electrochemical system.
When applying the current, the potential will first present a fast variation as double
layer capacitance is charged, until a potential where a species can be oxidized or
reduced. The length of the potential plateau formed will last until the species being
oxidized or reduced is depleted and a drastic potential variation will occur until another
electrode process appears at a given potential forming a second plateau. The length of a
plateau related to any electrode process is known as transition time (t) and will depend
under certain conditions on the concentration of the electroactive species. For diffusion-
controlled reactions on a plane electrode, transition time will be given by (Sand’s

equation):

172 _ m2nFAC,Dy"?

21

T

(IL5)

Where C, is the concentration of the electroactive species in the bulk of the
solution in mol-cm-3, 7 is the applied current (amp.), Dis the diffusion coefficient of the
diffusing species in cm?-s-1, F' is the Faraday constant, 4 is the electrode area in cm? and
n is the number of electrons involved in the reaction. An example of a
chronopotentiogram and the transition time measurement from the curve is shown in
Figure I1.6. From a series of similar chronopotentiometric measurements in a range of
applied currents, further analysis of T by Sand’s equation is possible. If the values of
concentration and diffusion coefficients are known, then, finding the number of

electrons transferred is possible, or vice versa.

Sand’s equation is valid in a simple reaction of an electroactive species that is
reduced in one or more steps where each produce a well-defined potential plateau, for

more complicated scenarios like more than one electroactive species reacting
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simultaneously and involving adsorption phenomena at the electrode, other relations
deriving from Sand’s equation can be considered. The t relations for these cases are

presented in Table V.1 in chapter V, where a more complex analysis of t is employed.

-0.9

Transition time

™)

E vs AgfAgh

Time (=)

Figure IL.6. Chronopotentiogram at a graphite electrode in Li-Na, 650 °C, P¢o,=0.5 atm, with a current of
-1.5mA

I1.3.3. Modified cathodes and electrolyte

A half-cell set up was used for testing the modified cathodes and electrolytes. The
high-temperature electrochemical cell was a single-compartment crucible of dimensions
70 x 50 mm? contained in an alumina Al,03 reactor of dimensions 250 x 60 mm?,
hermetically sealed by a stainless steel cover with a Viton™ O-ring. The whole
electrochemical set-up shown in Figure I1.7 consists on a cylindrical furnace k) that is
used to heat up the carbonate mixture i) contained into an alumina crucible h). An
alumina spacer j) is used to center the crucible in the hot zone of the furnace. A water
cooled stainless steel cover g) closes the reactor hermetically. The cover has six leak free
inlet/outlet ports to introduce alumina tubes of different diameters, through these ports
the electrodes, thermocouples and gases are introduced. In this way, a controlled
atmosphere is maintained into the reactor [92,93]. Temperature was controlled at a
constant temperature of 650°C by means of a calibrated chromel/alumel thermocouple,

the electrolyte was a mixture of lithium and potassium carbonates of high grade purity
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>98% (Sigma-Aldrich®), in a proportion of 62:38 mol%. The standard cathode
atmosphere was a mixture of Air/CO2 (70:30 mol%) of high grades purity (Air Liquide®)
at 650°C and a pressure of 1 atm. A carbonate melt was prepared and stabilized 24 h at
650°C for each coated sample. After stabilizing the molten carbonate eutectic under the
selected cathode atmosphere, samples were immersed in the melt and electrochemical
measurements were performed. In order to determine the electrochemical performance
of the coated samples, a three-electrode system was used. The working electrode being
the as-deposited sample on porous nickel substrate of dimensions 10 x 10 x 0.5 mm, the
counter electrode was a gold wire of 1mm diameter and the reference electrode a silver
wire dipped into an Ag;SOs (10-1mol kg?1) saturated (Lios2-Ko:3s)2C03 eutectic in an
alumina tube sealed by a porous alumina membrane. Electrochemical experimental data

were collected using a potentiostat/galvanostat (AutoLab® PGSTAT-302N).

a) Thermocouple

b) Reference Electrode
¢) Counter Electrode
d) Gas inlet

e) Working electrode (sample)
f) Gas outlet

g) Stainless steel cover
h) Alumina crucible

i) Molten carbonates
j) Alumina spacer

k) Heating element

Figure 11.7- Half-cell set up for cathode material and modified electrolyte testing.

Open Circuit Potential (OCP) was collected for ALD deposited samples from 0 to
230 h of immersion. OCP measurements were interrupted periodically to perform
electrochemical impedance spectroscopy (EIS). EIS parameters were: scanning
frequencies set from 10-3 to 106 Hz, with 11 points per decade and signal amplitude of 5

mV respecting the system linearity. After each EIS test, OCP measurements were
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restarted. This procedure was performed for 230 h with EIS performed at regular

intervals.

For determining the electrode kinetics in modified and bare molten carbonate
eutectics, the same half-cell set up was used, in this case instead of a modified cathode a
gold plate was used, both faces were polished with sand paper up to grain 4000. The
partial pressure of oxygen and CO2 was varied keeping a constant flow rate of 50 Nml
min-1 using Ar as dissolution gas at 1 atm. pressure, according to Table II.1. Each time
the atmosphere composition was changed, a stabilization time of at least 12 h was
attained, the electrode was re-polished and stabilized in the carbonate mixture for 30

minutes before performing EIS measurements.

Table II.1- Gas compositions tested.

Gas Composition
0,/CO,/Ar atm. %

Gas Composition
0,/CO,/Ar atm. %

7/30/63 14/20/66
14/30/56 14/30/56
21/30/49 14/40/46
28/30/42 14/50/36

The gases used were of high purity grade (Air Liquide®), flow rates of each
individual gas was varied accordingly to get the desired partial pressure by means of a

BROOKS® mass flow controller 4800 series™ specifically calibrated for each gas.

I1.3.4. CO, reduction in carbonate media

The same type of half-cell set up was used to investigate CO2 reduction by means
of chronopotentiometry, the electrode was a gold flag of of dimensions 10 x 10 x 0.5 mm
and a graphite plate of dimensions 10 x 10 x 1 mm that were used alternately for each
condition tested. The molten carbonates used as electrolytes were (Lio.s2-Ko.38)2CO3,
(Lio.s2-Nao.48)2C03 and (Nao.s6-Ko.44)2C03. For each carbonate eutectic three atmosphere
compositions were studied each with both gold and graphite electrodes, the
compositions were 5, 10, 20, 30, 50 and 100 % CO., the dilution gas was Ar. Gas control,

potentiostat and gas quality used were the same as in previous section. Gold and
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graphite electrodes were polished to grain 2400 and then on 4000 followed by

immersion in an ultrasonic bath (50:50 vol%, ethanol:water) for ten minutes.

For the chronopotentiometric study, the imposed current was varied between 0.5
and 30 mA in steps of 0.5 or 1 mA per cycle, each current was imposed for a 30 s period.
After each imposed current, a re-equilibration time of 20 min was set before the next

measurement.

11.4. Ni solubility measurements

The solubility of bare porous nickel and coated porous nickel samples were
measured individually from the different (Lis2-K38)2C03 melts used in the experiments.
Small amounts of carbonates (about 1.4 g) were withdrawn randomly three times from
the molten carbonate bulk at the end of each electrochemical characterization, which
corresponds to 230 h immersion. After solidification, each carbonate sample was hand-
milled to obtain a fine powder from which 2 g were dissolved in 10ml of HNO3 at
3 vol. %. Afterwards, nickel content was determined by ICP-AES (ICAP 6000 Series from
Thermo Fisher Scientific). The calibration was performed using Aldrich atomic
absorption standard solution of Ni, dissolved in HNO3z at 3 vol. % at different
concentrations to obtain a calibration curve within we expected to find the nickel
concentration value. From the obtained concentration, the weight parts per million
(mg-kg! or wt ppm) of dissolved Ni along 230 h immersion in molten carbonates were

found for each sample.

IL.S. Single-cell set-up

A complete cell set-up was developed with the help of Fiaxell® testing systems.
Two concepts were developed for MCFC: the open flange and the gastight mounting
systems. In one hand, the open flange concept does not aim to separate the anode and
cathode gases at the exit of the fuel cell. Instead it evacuates those gases through
alumina foam placed at the cell periphery where they burn in a controlled way into the
furnace this allows a very fast mounting and testing of the cell and gives us the

possibility of testing button cells of several dimensions.
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On the other hand, a gas tight testing system evacuates the gases out of the
furnace through exhaust pipes, with this system mounting the cell takes more time and
is a more delicate operation but allows us to analyze the inlet and exhaust gases with a

gas chromatograph (GC) for more complex characterization.

Input selector valve
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Figure I1.8- Schema of GC configuration for fuel cell gas stream composition measurements.

A GC from Thermo Fisher Scientific® model Trace 1300™ specially adapted for
our application according to diagram shown in Figure I1.8 was used to analyze the input
and output gases of the complete cell set up. The electrochemical tests on the complete
cell set up were carried out with a potentiostat/galvanostat from Princeton applied
research® model Parstat 4000+™ and a laboratory power supply HCS-3200™ from
Manson Engineering Industrial Ltd. The wiring diagram of the system is shown in Figure

I1.9. Where V = Voltmeter and AM = Ammeter.

A gas supply system specially designed for our application was used, consisting of
six mass flow controllers (MFCs) from BROOKS® instruments model 5800Series™
controlled via RS485 protocol by a PC. The accuracy of the MFCs was assured to be <1 %
FS by specific gas calibration of the gasses used. A diagram of the gas supply system and
control is shown in Figure II.10. The hydrogen was supplied by a hydrogen generator

model HK-250-EU from LNI-Swissgas®.
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Water was supplied to the system by means of a peristaltic pump ISMATEC®
model Reglo-ICC™ with two independent channels (Chl and Ch2), each one with 8
rollers to assure a smooth supply of water to the fuel cell. The startup procedure and

conditioning of the single cell is performed according to the Table I1.2 shown below.

DC Power
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Figure I1.10- Gas and water supply schema of complete cell testing system.

After the preconditioning step, the single cell is operated with the standard
cathode and anode atmospheres being H2/C02/H20 (64/16/20 %) on the anode side
and 02/C0O2/N2 (15/30/55 %) at the cathode side.
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Table I1.2- Preconditioning sequence for MCFC operation.

Step | Temp. (°C) | Time (h) Gas Flow rate (sccm) | Total time (hr)

1 26 0 Air 50 0

2 140 8 8

3 160 20 28
4 380 60 88
5 450 28 CO, 50 116
6 450 10 126
7 480 8 134
8 510 18 152
9 650 9 Normal 150 161
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cathode protection

“Most people say that it is the intellect which
makes a great scientist. They are wrong: it is
character.”

Albert Einstein
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III.1. Metal oxides deposited by ALD

Following the approach for protecting the MCFC cathode by means of an ultra-
thin layer of metal oxide, we have decided to evaluate the protecting capabilities and
electrochemical performance of five metal oxides deposited onto the porous nickel
cathode material by ALD in various thicknesses. The chosen materials and their

thicknesses are shown in Table III.1.

Table I11.1- ALD deposited materials for cathode protection.

Material | Thicknesses (nm)

CO304 50

Ti0, 50 1300

CeO, 27 127

Nb,Os 5 50 300

These protective layers are later characterized before and after testing in molten
Li-K carbonate eutectic mixture. From these tests, we have obtained very interesting
results that have been already published in the articles of section IIL.3. In this chapter,

we will first summarize the principal results and compare them thoroughly.

III.1.1. Deposition parameters

As already explained in section II.1. ALD is very interesting for depositing ultra-
thin layers since the thickness control is very accurate and the resulting layers are
conformal, homogenous, dense and, in most cases, crystalline as deposited. Thickness is
controlled through number of cycles if the deposition parameters lay in the ALD window
of the precursor used. To choose the right parameters, an ALD literature specific for
each metal oxide was taken as starting point, then the parameters found were tested and
tuned to get the best deposition quality and thickness control possible with our ALD
reactor. For the materials tested herein, deposition parameters used are shown in Table
[I.2. Precursor and oxidant pulses are relatively long to ensure homogenous coverage

of the samples that hanged vertically by a small metal frame.
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Table I11.2- ALD deposition parameters for all the deposited materials.

. Temperature | Pulse |Purge . Pulse | Purge Substrate
Material| Precursor o Oxidant temperature
(Y (s) (s) (s) | () °C)
TiO, Ti(OCH(CHsz)2)4 60 0.5 2.0 H,0 0.5 2.0 250
CeO, Ce(TMHD)4 180 3.0 2.5 03 4.0 2.5 300
Co304 |Co(TMHD)3 160 1.5 3.0 O3 1.5 6.0 240
Nb;0s |Nb(OCH,CH3)s 80 0.5 3.0 H.0 0.1 3.0 300

For characterization purposes, several samples were ALD-processed at the same
time. For each material, at least four porous nickel plates and two pieces of silicon wafer
cuts were placed in the deposition chamber. As-deposited samples were characterized

before and after immersion in molten carbonates, as described further on.

III.1.2. Characterization of as-deposited materials

In our scientific papers attached at the end of this chapter, a more detailed
characterization is available for some of the samples including X-ray photoemission
spectroscopy (XPS), energy dispersive X-ray spectroscopy (EDS) and Raman
spectroscopy. These characterizations are not shown herein since our objective is to
compare the differences between the protective layers and underline their advantages.
For that purpose in this section we will only compare the data available for all the

protective materials used.

A compilation of all the SEM micrographs of the as-deposited layers is shown in
Figure II.1, where we observe that the deposited layers are conformal, dense and
homogenous as expected. Their thickness was measured from the images shown and
from layers deposited over silicon wafers that were placed in the deposition chamber
close to the nickel substrates at the same time. Both measurements were congruent with
an error of +3 nm. As can be appreciated in the micrographs, substrates were cut to
analyze the cross section of the layers, which detached from the substrate around the
cut area. This indicates that substrate and deposit were separate entities with no
intermediate or mixed phase formed between them. This fact makes clear that material
diffusion process did not take place during the deposition of the metal oxide layer,
something that could happen if high deposition temperatures are used or if as-deposited

material is annealed after deposition to increase layer crystallization.
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Figure II1.1- SEM micrographs of the as-deposited layers onto porous nickel substrates: TiO, 50 and 300
nm (a, b), Ce02 27 and 127 nm (c, d), Nb20s 5, 50 and 300 (e, f, g) and Co304 50 nm (h).

The X-ray difractograms of the as-deposited samples shown the formation of
crystalline deposits of CeO2, TiO2 and Co30s4, however, Nb2Os was amorphous as
deposited. It was only after heat treatment 1h at 650 °C in air that the layers deposited
onto Si (1 1 1) became crystalline; this was confirmed by performing grazing incidence

X-ray diffraction (XRD). Thus, crystallization of Nb20s immersed in molten carbonate

was assumed to occur in the same way.
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I11.1.3. After tests characterization

After electrochemical tests, materials had sown structure transformations as
could be expected since the working temperature is 650 °C and the molten carbonates
constitute a rough environment. Most of the materials formed interfacial mixed
compounds as shown in Table III.3, except for CeO; that did not shown evidence of a
mixed Ni or Li compound by the characterization techniques used. Full determination of
the composition of the interfacial compounds was not possible since the layers are thin
and the compounds have a natural gradient in composition with high Ni content at the
interphase with nickel substrate and considerable lithium content at the interphase with
the carbonates. In consequence, just an estimation of the possible compositions was

obtained.

Table I11.3- Different phases found in the tested samples after immersion in molten carbonates for 230 h
by various techniques and their reference articles.

Material | Molten carbonate | Possible phases Analysis References
composition techniques
used
Li,TiO3
LixTiyNiO16 :x<0.5,y<0.14
TiO, LixTiyNiO, :x<0.5,y<0.11 | XRD, EDS, XPS | [59,94-96]
Li TiyNiOzs :x<0.5,y<0.4
NiO
Li>C03-K2CO3 Eggzh"‘o
Ce0, (62:38 mol %) NiO XRD, EDS, [97-100]
or Ni XPS, RAMAN
LixNi1 O
Li,C05-Na,COs N.iO-.COO solid solution
(52:48 mol %) L¥-N1-Co-0 XRD, EDS,
C0304 LiCoO> XPS, RAMAN | [54,56,57,101,10
CoO 2]
C0304
Nb,Os
Nb,0s LiNbO3 XRD, XPS [103]
Li-Ni-Nb-0

Only in the case of TiO, determination of the predominant compound Li>TiO3 was
possible since the XRD data shown clearly the formation of this phase; for the Ni
containing phase, a range of Li and Ti content in the NiO mesh was determined by EDS

and XPS more precisely. Also in case of Nb20s and Co304, determination of the
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predominant phases LiNbO3 and LiCoO3 was possible but not that of the Ni containing
compounds. In the SEM images shown in Figure III.2, we observe the modification of the
deposited metal oxide layers. In the case of TiO; (Figure III.2 a and b), the deposits are
transformed into octahedral crystals mainly formed by Li>TiO3; underneath, NiO and Ni
rich phases were found. For CeO; (Figure II1.2 c and d), round particles of CeO2 were
formed on the surface where the layer is present, but they do not have a homogeneous
size or distribution on the substrate. Regarding the Co030. layers (Figure IIL.2 e),
agglomerates of LiCoO; dominate at the surface impeding further oxidation of Ni, since
LiCoO3 is very stable in carbonates. For Nb20s covered samples, big crystals seem to be

formed with no contrast difference in SEM, but different phases were identified by XPS.

Figure I11.2- SEM images of t some samples after immersion in molten Li-K carbonate eutectic for 230 h at
650 °C: TiO2 50 and 300 nm (a, b), CeO; 27 and 127 nm (¢, d), Co304 50 nm (e) and Nb,Os 50 (f).

XRD data, shown in Figure IIl.3, present the most intense peaks found in the
samples after 230 h immersion time in Li-K carbonate eutectic at 650 °C, which
corresponds mainly to cubic NiO; contrarily, on the Co304 sample, the presence of

metallic Ni is as high as NiO confirming that the low activity of this sample is due mainly
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to the formation of LiCoO2 compound that prevents oxidation and lithiation of Ni.
Contrarily to electrodeposited layers of Co30s4 from Mendoza et al [54] that were
mechanically stable for only 12 h of immersion, ALD-processed layers are mechanically
stable after 230 h immersion. This is due to the reduced thickness and the highly dense
layer produced by ALD that is transformed into LiCoO2 and mixed Li-Ni-Co-O phases,

preventing mechanical detachment.
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Figure II1.3- XRD difractograms for all samples after 230 h immersion in molten Li-K carbonates at 650 °C.

In the case of Nb20s samples, analyzed by regular and grazing XRD, they did not
show any feature related to Nb2Os and other techniques were used to find other present
phases. According to the characterization after electrochemical test, mixed phases were
present in most of the samples; a fact that could be beneficial in reducing the solubility
of Ni in the molten carbonate eutectics. In the next section, electrochemical tests
performed to the samples while immersed in the molten carbonates will be presented to
determine whether the presence of the protective layers could affect or beneficiate the

electrochemical performance of the cathode material.
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II1.1.4. Electrochemical performance of protective coatings

The as-deposited samples were immersed into molten Li-K eutectic carbonate
mixture; for each sample, the crucible, reference and counter electrodes, and Li-K
eutectic were new to avoid crossed contamination. Figure I11.4 shows the OCP evolution
over 230 h immersion times for all the samples covered by a thin coating of around 50
nm. Thicker samples did not present a good OCP behavior and are not presented herein.
Bare porous Ni cathode was used as reference; the black line shows the typical behavior
of Ni immersed in eutectic Li-K molten carbonates. Before Ni reaches its balance
potential, around 0 V vs. Ag/Ag*, where it is considered ready to work as MCFC cathode,

it goes through a complex oxidation/lithiation process.
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Figure II1.4- OCP evolution over 230h immersion time for the most relevant samples :Ti02 50 nm, Co304
50 nm, Ce02 27 nm and Nb205 50 nm.

This process can be observed through three plateaus. The first one at -0.7 V vs
Ag/Ag* (1) is characteristic of the Ni oxidation process. A second plateau at around -0.4
V vs Ag/Ag* (Il) is associated to the NiO lithiation process. Finally, the third plateau at
around 0 V vs Ag/Ag+ (IlI) corresponds to the stabilization of the Ni cathode [104]. The
whole process of in-situ oxidation-lithiation lasts about 230 h in our experimental
conditions. Once the cathode is protected with an oxide layer, the OCP evolves in a
different manner indicating that the oxidation/lithiation process has been influenced by

the deposited material. The presence of a thin Nb2Os layer seems to accelerate the
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oxidation and lithiation process, allowing to reach the equilibrium potential before
standard porous Ni. Contrarily, Co304 thin layer seems to seriously slow down the
oxidation and lithiation process wich is confirmed by XRD where a big amount of
metallic Ni is present in the sample after 230 h immersion, in contrast with the rest of
the samples [105]. This can be due to the formation of LiCoO that stops further oxygen
and lithium penetration in the material. CeO;.coated sample behaves similarly to
standard porous Ni, reaching the balance potential about 30 h after porous Ni cathode.
TiOz has a first and second plateau; the third plateau did not appear during the 230 h of
immersion. Nevertheless, TiO; could reach the equilibrium potential when the
experiment is extended to 250 h since the second plateau shows up at the same
potential and probably the time at which it should appear is also displaced as the first
plateau around 60 h from standard Ni cathode. Regarding OCP behavior, CeO; and Nbz0s
show the best performance, TiO; could also be considered a good candidate assuming
that it reaches the equilibrium potential around 250 h. The Co304-coated sample did not
perform as expected and is not considered a good candidate for cathode modification by

itself.
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Figure II1.5- EIS Nyquist representation of CeO; coated sample and the equivalent circuit used to fit the
data. The fitting is shown in red.

Together with the OCP data, electrochemical impedance spectroscopy (EIS) data
were collected and information such as electrolyte resistance (R1), charge transfer

resistance (R2) and mass transfer resistance (R3) can be deduced. In Figure IIL.5, a
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Nyquist diagram together with the corresponding equivalent circuit used to deduce that
information are shown. From the fitting, total resistance Rt (Riot = R1 + R2 + R3) was
deduced for all the samples, total resistance evolution with time is shown in Figure IIL.6.
As it can be observed, after 230 h immersion in molten carbonates and once the OCP
equilibrium potential is reached, NiO pristine cathode has a resistance of 348 ohms
while Co304 presents a resistance of 5 ohms, the lowest from all the samples; this is in
agreement with the formation of LiCoO2 which is much more conductive than NiO
[29,35]. CeO: presents a lower resistance than NiO around 320 ohms, while TiO2 shows
a total resistance of 540 ohms that is 60 % higher than standard porous Ni.
Unfortunately, Nb20Os showed such a high resistance (over 2500 ohms) that it is not
shown in the graph for comparison. This high resistance is not surprising since Nb20s is
highly resistive, but what is impressive is that even though total resistance is very high,
the OCP shows a fast evolution to balance potential. This could be due to the presence of

catalytic or electrocatalytic activity that has not been completely understood.
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Figure I11.6- Total resistance evolution over immersion time.

Coatings of CeO; seems to be the most promising electrochemically, since they do
not affect the OCP and present a similar resistance as Ni cathode. Nevertheless, the most

important parameter to determine the effectiveness of a coating together with the
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electrochemical behavior is the actual solubility of Ni. This important test is presented in

the next section where the influence of the layer on Ni solubility was determined.

ITII.1.5.  Ni solubility

The main objective of this chapter is to demonstrate that Ni dissolution could be
reduced by applying a very thin layer of metal oxide without affecting the properties of
the MCFC cathode. To accomplish such objective, Ni content was determined by ICP-AES
as explained in section II.4. ; then, the solubility of Ni in weight part per millions (wt.
ppm) was obtained for all the samples after 230 h immersion in the molten Li-K
carbonates at 650 °C. The solubility values of Ni are shown in Table I1I.4. According to
the previous sections, CeOz and TiO; present a favorable electrochemical behavior, but
solubility data show that TiO; decreases considerably the solubility of Ni, while CeO
does it in a lesser extent. Nevertheless, the best compromise between cathode
protection and electrochemical performance seems to be found in CeO; thin layer. This
protective coating could enhance the lifetime of the fuel cell without compromising its
performance; a better material could be a mixture of TiO2 and Co304 that could allow
keeping the outstanding protection and reducing the cathode resistance under that of

NiO, without impeding the oxidation/lithiation process.

Table I11.4- Solubility values of Ni for the cathodes coated by different metal oxides after 230 h immersion
in molten Li-K carbonates at 650 °C.

Sample coating | Bare Ni | TiO; CeO, Nb,Os Co0304

Ni content in

15 8.6 10 10 12
(wt. ppm)

I11.2. Conclusions

From the findings in this section, we stablished the utility and convenience of
ALD-processed metal oxide ultra-thin layers as a novel method to protect the MCFC
cathode. Results showed that CeO; is the most stable and electrochemically similar to
bare Ni cathode, the reduction of Ni solubility is not negligible, from 15 wt. ppm for bare
Ni to 10 wt. ppm. Nevertheless, TiO> performed very well regarding Ni solubility
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reduction up to 8.6 wt. ppm; this is almost half from that of bare Ni. Furthermore, Co304
presents the best performance regarding total cathode resistance, 50 times smaller than
bare Ni cathode; unfortunately, its OCP behavior is very poor. Since the conductivity of
LiCoO3 is high and its stability is very good in molten Li-K carbonates, it could be used to
protect the current collectors and bipolar plates of the MCFC in direct contact with the
carbonates which requires a good conductivity. In addition, a very interesting material

could be developed by properly by mixing TiO2 and Co304 in a thin layer.

Nb20s demonstrated a great stability in molten Li-K carbonates, but even though
its OCP behavior is promising its very high resistance due to its semi-conductive nature
makes it unsuitable for cathode protection. Nevertheless, it could serve as a very good
protective coating for MCFC gaskets, and auxiliary equipment that should be in close

contact with the molten carbonates but that does not require electronic conductivity.

II1.3.  Scientific papers

As mentioned previously, a series of four articles have been published reporting
the results obtained concerning MCFC cathode protection by ultra-thin layers deposited
by ALD. These scientific papers are attached in this section to facilitate the reader access

to more detailed data and comparison.
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ABSTRACT

One of the main issues for optimizing the molten carbonate fuel cell (MCFC) is the control of
the corrosion and dissolution of the state-of-the-art porous nickel oxide cathode. A protec-
tive coating constituted by more stable oxides seems to be the best solution. In this paper,
very thin layers of TiO, (50 and 300 nm) are processed by a sequential CVD technique, Atomic
Layer Deposition (ALD), which produces high quality, homogeneous and conformal layers.
Structural, morphological and electrochemical behaviors of TiO,-coated samples are tested
in a Li;CO3—K,CO3 (62:38 mol%) eutectic melt under a standard cathode atmosphere: CO,/air
(70:30 bar%). Ni solubility is determined by ICP-AES. The protective role of TiO, layers and the
consequent decrease in Ni solubility have been clearly evidenced.
Copyright © 2013, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights
reserved.

1. Introduction

collectors and interconnectors which are exposed to cor-
rosive environments are required to last up to 40,000 h of

One of the main issues of the Molten Carbonate Fuel Cells
(MCFC) operating at temperatures around 650 °C, is the
short lifetime of the cell components due to material
degradation. Furthermore, the components of the fuel cell
such as the anode, cathode, electrolyte matrix, current

* Corresponding author. Tel.: 433 155426387; fax: +33 144276750.

E-mail address: michel-cassir@ens.chimie-paristech.fr (M. Cassir).

operation for being feasible for commercial purposes [1].
The state-of-the-art MCFC cathode is constituted by porous
Ni which is oxidized and lithiated in situ to form Li,Ni;_,O.
This oxide tends to dissolve partially into the carbonate
melt. Ni** diffuses to the anode where it can be reduced by

0360-3199/$ — see front matter Copyright © 2013, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights reserved.

http://dx.doi.org/10.1016/j.ijhydene.2013.07.083
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hydrogen yielding metallic nickel, which causes a short
circuit between the anode and cathode resulting in an
MCFC stack failure [2,3]. In the last decade several ap-
proaches have been proposed to protect the MCFC cathode
[4—6]; however, it is still delicate to fully overcome the
feasibility for commercial production. Titanium is resistant
to corrosion due to the formation of a TiO, passive layer on
its surface at high temperature. Ti species have been
studied under MCFC operation conditions and reported in
previous papers [7—12]. Thermodynamic predictions of Ti
species have been established for both cathode and anode
conditions [11]. The electrochemical behavior of Ni—Ti al-
loys has been investigated also in molten Li/Na carbonate
eutectic at 650 °C under the usual MCFC cathode conditions
[8]. In view of these studies, titanium, titanium oxide and
Ni—Ti alloys are promising candidate materials for MCFC
cathode protection. In an earlier research, TiO, has been
tested as protective layer deposited by sputtering on
porous nickel [6]. The layers obtained by this technique
were homogeneous, and three different layers of titanium
dioxide with thickness of 200, 600 and 800 nm were eval-
uated. Layers with thicknesses of 600 and 800 nm tend to
inhibit the cathode performance. However, layer adhesion
of titanium oxide onto porous nickel by this technique was
poor producing a fast degradation of the oxide layer. Hong
et al. have also analyzed the effect of TiO, coatings realized
by sol—gel on Ni powder [12]. These authors have found
that the coated material had an appropriate pore-size dis-
tribution and porosity and also allowed a significant
decrease in nickel oxide solubility in Li/K carbonate
eutectic by about 48—77%, according to the titania content;
however, long term behavior and electrochemical proper-
ties have not been developed in this study. Thus, in order
to increase long-term protection and layer adhesion of
titania coatings, Atomic Layer Chemical Vapor Deposition
(ALCVD), known as Atomic Layer Deposition (ALD), was
selected. It is a chemical gas phase deposition technique
developed in Finland in the 1970’s by T. Suntola [13]. In
ALD, reactant gas pulses are separately introduced to reach
the substrates to be coated. Growth is achieved through
self-terminating surface reactions. Self-terminating means
that only one monolayer of reactant gas species can be
adsorbed to the surface during a pulse. The pulses con-
taining reactant gases are separated by purging pulses
where the ALD reactor is flushed with an inert gas. The
purging pulses ensure that the reactant gas pulses do not
mix. Mixing of the reactant gas pulses would lead to
continuous growth and the accurate thickness control of
the deposition process would be lost. By-products like de-
tached ligands and excess reactants are also flushed away
by the purging pulses. A complete set of reactant gas pulses
and purging pulses needed to deposit a certain compound
are referred to as a cycle. If deposition parameters have
been chosen properly, the number of cycles rather than the
concentration of the reactant species determines the film
thickness [14]. An illustration of the deposition cycle is
shown in Fig. 1. The aim of this investigation was to test
the performance of ALD-processed TiO, on porous nickel
substrate as protective layer for MCFC cathode application
by determining the electrochemical behavior, surface

1) 4)

Starting surface Purge

Pulse: Precursor -1

Pulse: Precursor -2

3) 6)

Surface reactions Purge

Fig. 1 — ALD cycle for 1 precursor and water as oxidizing
agent.

changes and nickel solubility in an electrolyte eutectic
mixture of Li,CO3—K,CO3; (62:38 mol%) under standard
cathode atmosphere.

2. Experimental
2.1.  TiO, layer deposition using ALD

A known deposition route was followed using halide-free and
non-corrosive titanium alkoxides as precursors for TiO,
[15,16]. A thin layer of TiO, was deposited on a commercial
porous nickel substrate (produced by Doosan, South-Korea) by
means of ALD technique using a vertical flow type reactor
(Picosun SUNALE™ R-series). Titanium isopropoxide, Ti(OCH
(CHs),)4 (Sigma—Aldrich®) was used as precursor and distilled
water as oxidizing agent. In order to prepare the TiO, layer,
Ti(OCH(CHs),)4 Was introduced into the precursor chamber
using the following conditions: pulse time 0.5 s, purge time 2 s,
N, line flow of 150 cm® min . From the precursor chamber the
reactant was introduced into the reactor by a N, flow. The
precursor was sublimated (at 60 °C) and the water was sup-
plied at 25 °C. The reactor temperature was kept at 250 °C with
a N, flow of 300 cm® min™?, the precursor pulse and purge
were followed by water pulse and purge, this cycle was
repeated until the desired thickness was reached. The growth
rate of TiO, layer over the porous nickel substrate was 0.3 A/
cycle. Two different samples were processed with this tech-
nique: 167 cycles and 1000 cycles were used for layers of 50
and 300 nm, respectively. The samples were named TiO,-1
and TiO,-2 for the 50 and 300 nm TiO, coated Ni porous
cathodes, respectively.
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2.2.  Electrolyte and cell

Lithium and potassium carbonates, of high grade purity >98%
(Sigma—Aldrich®), were mixed in a proportion of 62:38 mol%.
The high-temperature electrochemical cell was a single-
compartment crucible of dimensions 70 x 50 mm? contained
in an alumina Al,O; reactor of dimensions 250 x 60 mm?
hermetically sealed by a stainless steel cover with a Viton O-
ring. The whole electrochemical set-up was fully described in
previous papers [17]. Temperature was controlled at a con-
stant temperature of 650 °C by means of a calibrated chromel/
alumel thermocouple. The standard cathode atmosphere was
a mixture of Air/CO, (70:30 bar%) of high grade purity (Air
Liquide®) at 650 °C and a pressure of 1 atm. For each TiO,-
coated sample, a carbonate melt was prepared and stabilized
24 h at 650 °C. After stabilizing the molten carbonate eutectic
under the selected cathode atmosphere, samples were
immersed in the melt and electrochemical measurements
were performed for 230 h. After electrochemical tests, the
samples were rinsed with deionized water to remove the
carbonates, dried at 100 °C in an oven and kept in small plastic
boxes to prevent contamination before further analysis. The
samples were then renamed as TiO,-1A and TiO,-2A.

2.3. Electrochemical measurements

The electrochemical experimental data was collected using a
potentiostat/galvanostat (AutoLab® PGSTAT-302N with FRA
module). Two electrochemical techniques were used: Chro-
nopotentiometry at I = 0, following the Open Circuit Potential
(OCP) and Electrochemical Impedance Spectroscopy (EIS). A
three-electrode system was used, the working electrode being
a porous Ni foil (10 x 10 x 0.5 mm) covered by a protective
layer of TiO,, the counter electrode was a gold wire and the
reference electrode a silver wire dipped into an Ag,SO4
(107" mol kg™?) saturated eutectic melt in an alumina tube
sealed by a porous alumina membrane. The parameters used
for impedance measurements are the following: scanning
frequencies set from 0.001 to 10° Hz, with 11 points per
decade, and signal amplitude of 5 mV respecting the system
linearity. OCP data were collected continuously in regular in-
tervals of time except when EIS measurements were per-
formed. This procedure was followed from 0 to 230 h.

2.4. Characterization

2.4.1. Characterization of deposited TiO, layer on porous Ni
The TiO, layer was characterized by X-ray diffraction and
SEM-EDS. XRD was performed in a PANalyticalX’pert pro from
Anton Paar with Cu—Kal radiation (A = 1.54056 A). The
diffraction pattern was obtained by scanning between 20 and
80° by steps of 0.02 (26°) with a fixed counting time of 2.3 s and
sample rotation of 3 rpm. Once the data were obtained,
Scherrer analysis calculation was used to obtain the average
crystal size of the deposited layer. Scanning Electron Micro-
scopy (SEM) and Energy Dispersion Spectroscopy (EDS) were
performed with a ZEISS® Ultra 55 microscope on TiO,-coated
substrates to evaluate the surface, the morphology and to
measure the layer thickness. The conditions used were 7 kV
and magnifications of 5000, 500,000 and 250,000 x.

The X-ray photoelectron spectra were recorded using a
Thermo Scientific K-Alpha X-ray photoelectron spectrometer
with a monochromatized Al Ko X-ray (hv = 1486.61 eV) for
sample excitation. An argon ion beam was used to prevent
samples surface charging. The spectrometer energy calibra-
tion was obtained using Au 4f 7/2 and Cu 2p 3/2 photoelectron
lines. The position of the adventitious carbon C 1s peak at
284.6 eV was used as an internal reference in each sample to
determine the binding energies with an accuracy of +0.1 eV.
The residual pressure in the analysis chamber was main-
tained below 1 x 10~8 Torr during data acquisition. The survey
spectrum of TiO,-1A and TiO,-2A was obtained between 0 and
1000 eV. The spectra were collected and analyzed with
Advantage 4.0 software.

2.4.2. Cathode characterization after the electrochemical
experiments

After the electrochemical experiments the coated cathodes
were characterized using the same diffractometer and SEM
with the same experimental parameters as described above.
Only the chemical analysis by EDS mapping was performed
for both samples in a Phillips XL-30 microscope coupled to an
EDAX microprobe.

2.5.  Cathode solubility

The solubility of bare porous nickel and TiO,-coated nickel
(thickness of 50 and 300 nm, respectively) was measured
individually using three different (Lig;—K3g),CO3 melts. Small
amounts of carbonates were withdrawn randomly three times
from the molten carbonate bulk at the end of the electro-
chemical characterizations, which corresponds to 230 h. After
solidification, each sample was hand-milled and 2 g of car-
bonate powder were dissolved in 10 ml of HNO;3 3 vol%. Both
nickel and titanium contents were determined by ICP-AES
(ICAP 6000 Series from Thermo Fisher Scientific). The cali-
bration was performed for each separate element using
Aldrich atomic absorption standard solutions, dissolved in
HNO3 3 vol%.

3. Results and discussions
3.1. Material characterization before tests

The diffraction patterns of porous Ni covered by TiO,-1 and
TiO,-2 layers before immersion in molten Li,CO3—K,CO; are
shown in Fig. 2. Apart from nickel substrate, the other peaks
can, in both cases, be indexed using the ICDD pattern file 01-
078-2486 and correspond to titanium dioxide in the anatase
structure. The values of the average crystallite size, deter-
mined by the Scherrer equation, are 46 and 60 nm for TiO,-1
and TiO,-2, respectively. It is relevant to note a remarkable
feature concerning these ALD-processed thin layers which are
crystalline as-deposited at 250 °C without the need of high-
temperature annealing treatments. SEM micrographs of
TiO,-1 and TiO,-2 coated samples are shown in Figs. 3 and 4,
respectively. In both cases, a dense and homogeneous layer
covers all the substrate uniformly. Layer thicknesses, as
measured from Figs. 3(e) and 4(e), are 50 + 10 and 300 + 12 nm,
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Fig. 2 — XRD pattern of TiO,-1 and TiO,-2 before immersion
in molten Li,CO3—K,COj3 (62:38 mol%) at 650 °C during
230 h.

respectively, and confirmed the expected deposition thick-
ness according to ALD conditions. EDS analyses only showed
the dispersive X-ray energies of titanium (Ko 4.508 eV, La
0.452 eV), nickel (Ka 7.471 eV, La 0.851 eV) and oxygen (Ka
0.525 eV). For example, in the case of TiO,-1, atomic ratios of
Ti, Ni and O are 4, 85 and 11%, respectively, which can be
considered in conformity with the presence of TiO,, Ni (results
obtained by XRD) and small amounts of NiO.

3.2.  Material characterization after immersion and
electrochemical tests

Both coated cathodes were tested in molten Li,CO3;—K,CO;
(62:38 mol%) eutectic mixture for 230 h. Fig. 5 shows the dif-
fractogram of TiO,-2A. The peaks at 26°: 35.9, 43.58, 43.71 and
63.39 correspond to the ICDD pattern file 00-033-0831 of
Li,TiOs, which is in agreement with the thermodynamic sta-
bility of this lithiated oxide and to previous experimental
studies [10,11]. In the case of TiO,-1A diffractogram shown in
Fig. 6, there is no evidence of a Li,TiO; phase, which is most
probably due to the small amount of TiO, available at the
surface. Instead, the peaks relative to NiO are shifted from the
ICDD pattern file 00-004-0835 with an average of 0.24 + 0.03 in
2¢°, which matches better with ICDD file 01-081-0095 of
Lig 4Ni; ¢0,. This shift may indicate the incorporation of Li into
NiO lattice. Other peaks marked ([J) can be observed at 26°:
35.43,42.87 and 62.83, detail 2 in Fig. 6. These peaks belongto a
cubic phase Li—Ti—O close to the ICDD pattern file 01-072-0427
of Li1_2T11A804 and ICDD file 01-072-0426 of LiOA33TilA6604y which
could indicate the existence of a Li—Ti—O phase with different
stoichiometry in which Ni could be integrated into the
Li—Ti—O phase lattice. Some of the peaks marked with (?) have
notbeen clearly identified; however, they seem to have a cubic
crystal structure similar to the referenced NiO but with a
phase shift in 2¢° of —1.90 + 0.18, which is interesting because

Fig. 3 — SEM micrographs of porous Ni cathode covered by an ALD processed TiO, layer of 50 nm before (a,c,e) and after230 h
of immersion in molten Li,CO3;—K>COj3 (62:38 mol%) at 650 °C (b,d,f).
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Fig. 4 — SEM micrographs of porous Ni electrode covered by an ALD processed TiO, layer of 300 nm before (a,c,e) and after
230 h of immersion in molten Li,CO3;—K,CO; (62:38 mol%) at 650 °C (b,d,f).

this shift can be produced by Li and Ti integration into the NiO
matrix forming a Li—Ti—Ni—O phase.

After, immersion and electrochemical tests, SEM micro-
graphs of TiO,-1A (Fig. 3(b,d,f)) and TiO,-2A (Fig. 4(b,d,f)) show
a surface transformation where mainly rhombohedric crys-
tals are present, and where cubic and orthorhombic crystals
are also visible but in less proportion on the surface. TiO,-1A
does not show the presence of the initial TiO, layer, instead
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Fig. 5 — XRD pattern of TiO,-2A after immersion in molten
Li,G0s—K,CO5 (62:38 mol%) at 650 °C during 230 h.

nickel seems fully oxidized. EDS analysis of TiO,-1A shows a
composition of NiO, with Li and Ti integrated into the lattice,
corresponding more likely to a Li,TiyNiO1.9s10.02 phase with
values x < 0.5 and y < 0.11. It is also probable to find a second
phase, Li;yTiyNiO; g510.0, With values x < 0.5 and y < 0.14. Even
though the precise lattice parameters are unknown cubic or
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Li,CO3—K,CO; (62:38 mol %) at 650 °C during 230 h, (1)
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rhombohedric crystal structures are possible since NiO can
take those forms. Fig. 3(d) and (f) shows the surface
morphology with cubic and rhombohedric crystals. Fig. 7
shows the EDS mapping of dispersed Ti on the surface of
NiO for TiO,-1A, this result confirms the incorporation of Ti
into the NiO lattice.

The chemical composition of TiO,-2A obtained by EDS
(results not shown here) also indicates the formation of a
mixed Li—Ti—Ni—O phase apart of the well identified Li,TiOs.
The proposed stoichiometry for the mixed phase is
LixTiyNiO3 591006 Where x < 0.5 and y < 0.36 with a crystal
structure also similar to NiO. In Fig. 4(d), corresponding to
TiO,-2A, a new layer is clearly visible with an average size of
520 nm instead of the TiO, initial layer of 300 nm. The effec-
tiveness of TiO, layer as cathode protection seems to be
confirmed by the thickness increase most probably due to the
presence of nickel inside the new layer formed by rhombo-
hedric and orthorhombic crystals. The distribution of the
crystals on the modified surface is shown in Fig. 4(f). Fig. 8
shows the EDS mapping of Ti, Ni and O on the surface of
TiO,-2A. Also in this case a well-distributed mixed phase is
likely. It was not our purpose to deepen this analysis, but
obviously complementary analyses are required to determine
exactly the mixed Li—Ni—Ti—O compound.

The normalized survey XPS spectra of TiO,-1A and TiO,-2A
samples are shown in Fig. 9. Ti 2p, 3s, 3p and Ni 2p, Ni 3s
binding energies were detected. The peak intensity of tita-
nium is higher in the TiO,-2A sample than in the TiO,-1A
sample. After argon sputtering about 5 A, the survey spectrum
reveals the same composition for titanium, nickel and oxygen
for both samples.

An amplification of titanium peaks for both spectra is re-
ported in Fig. 10 showing the differences between Binding
Energies (BE). Ti 2p 3/2 BE is lower for titanium in the TiO,-1A
sample than in the TiO, sample, suggesting the presence of
titanium in a lower oxidation state than the initial Ti (IV)
deposited by ALD. In the case of oxygen, the TiO,-1A peak has
a lower intensity and a smaller FWHM (Full-Width at Half
Maximum) than that of TiO,-2A, showing the difference in
oxidation states present in this latter. Finally the Ni has
almost the same XPS spectrum for both samples.

Fig. 7 — EDS mapping of TiO,-1A, after immersion in
molten Li,COs—K,CO;3 (62:38 mol%) at 650 °C during 230 h.

Fig. 8 — EDS mapping of TiO,-2A, after immersion in
molten Li,CO;—K,CO; (62:38 mol%) at 650 °C during 230 h.

3.3. Electrochemical behavior

3.3.1. Chronpotentiometric data

Fig. 11 shows the OCP evolution all over 230 h of immersion of
the bare porous nickel cathode in molten Li,CO3—K,CO3
(62:38 mol%) at 650 °C. Porous nickel OCP behavior, investi-
gated previously by different authors, among which Yazici
et al. and Antolini [2,18], can be attributed to in situ Ni oxida-
tion followed by NiO lithiation process on the nickel porous
surface. The three plateaux observed in Fig. 11 are related to
the modification of the porous Ni electrode into Li;Ni; ,O,ina
progressive way. The first plateau-like tendency from 0 to 98 h
is ascribed to in situ oxidation of metallic nickel:

Ni + 1/20, —NiO )

After the first potential jump, at 98 h, a second plateau is
reached at a potential around —0.4 V/(Ag/Ag"). This plateau
corresponds to the in situ lithiation of NiO, which is associated
to an increase in the nickel valence from Ni(II) to Ni(III), as
reported by Nishina et al. from XPS measurements [19]. The
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Fig. 9 — XPS Survey of TiO,-2A and TiO,-1A after

immersion in molten Li,CO;—K,COj3 (62:38 mol%) at 650 °C

during 230 h.
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Fig. 11 — OCP evolution over time of immersion in molten
Li,CO5;—K,CO; (62:38 mol%) at 650 °C during 230 h (a)
porous Ni, (b) TiO,-1A (50 nm), (c) TiO,-2A (300 nm).

25 —

incorporation of lithium into the NiO lattice seems to follow
this reaction [20—22]:

(1 — x)NiO + x/2Li,0 + x/20, — Li,'Ni,* Ni;_,, > O 2

The general formula commonly used for lithiated nickel
oxide is LiyNi; ,O. In the cathode environment, the equilib-
rium lithium content in NiO, estimated by nuclear micro-
probe, is roughly 0.2 atm% of lithium [23]. After 182 h, the
lithiation process is completed and the third plateau at
—0.03 V/(Ag/Ag™") corresponds to an equilibrium potential be-
tween O,, CO, and carbonates. At this stage, the electrode
works as a stable cathode for oxygen reduction:

1/20, + CO, + 2e~ —C05> 3)

With respect to the bare porous Ni cathode, the TiO,-coated
Ni can have different effects. First of all, TiO, can be oxidized
spontaneously into lithium titanate:

TiO, + 2Li" + COs* - Li,TiOs + CO; (@)

Secondly, the coated oxide can inhibit or delay the oxidation
and lithiation of Ni. Finally, as seen in the structural part of
our study, an intimate interaction between the substrate and
the coating is likely to occur. The first plateau corresponding
roughly to Ni oxidation combined to that of TiO, is somehow
similar to that of porous Ni before 98 h, even though there are
differences probably attributed to the change in the cathode/
electrolyte interface. After 98 h, the same plateau still remains
for both TiO,-1A and TiO,-2A samples and the potential jump
occurs at around 150 h. The second plateau is still observed up
to 230 h, showing that the equilibrium between the Ni cathode
and the melt is longer to establish. It can be noted that the
plateau in the case of TiO,-1A has a higher potential than in
the case of TiO,-2A, which shows that the thicker is the pro-
tective layer, the more difficult it is to reach the final potential
relative to oxygen reduction. These observations are in
agreement with a similar study realized with sputter-
deposited TiO, in contact with Li,CO3—Na,COs [7].

3.3.2. Electrochemical impedance spectroscopy analysis
Impedance diagrams were registered each 10 h from 0 to
230 h. Fig. 12 shows a typical Nyquist plot of impedance
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Fig. 12 — Nyquist impedance diagrams of: (¥) porous Ni, ((J) TiO,-1A (50 nm), (A) TiO,-2A 300 nm, at 0 h immersion in

molten Li,CO3;—K,CO; (62:38 mol%) at 650 °C.
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Fig. 13 — Electrolyte resistance vs time of immersion in
molten Li,CO3;—K,CO; (62:38 mol%) at 650 °C: (*) porous Ni,
(0) TiO,-1A (50 nm), (A) TiO,-2A (300 nm).

diagram taken for TiO,-1, TiO,-2 and porous nickel at time O h.
EC-Lab 10 software was used to fit the data considering the
simple equivalent electrical circuit composed of a resistance
in series with two circuits associating a resistance and a
constant phase element in parallel. In Fig. 13 the electrolyte
resistance as a function of time is reported, while the elec-
trode total contribution variations are depicted in Fig. 14.
Analyzing the impedance diagrams, the TiO,-coated Ni largely
decreases the total resistance of the system. Moreover, the
thicker is the coating the lower is the resistance: at 1072 Hz for
instance, R(TiO, 1A) = 0.7 Q and R(TiO, 2A) = 1.2 Q, which is
almost 6 times lower than the system resistance based on
uncovered porous Ni. A focus on the highest frequencies used
in these diagrams allowed us measuring the electrolyte
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Fig. 14 — Total resistance vs time of immersion in molten
Li,CO3—K,CO; (62:38 mol%) at 650 °G during 230 h: (¥)
porous Ni, ((J) TiO,-1A (50 nm), (A) TiO,-2A (300 nm).

resistance. Its variations are reported in Fig. 13 as a function of
immersion time, for the three samples used as working elec-
trodes. These electrolyte values evolve during the immersion
duration. Three main zones can be distinguished for porous
nickel as well as for TiO,-1A, but only two for TiO,-2A. These
zones and the corresponding electrolyte resistance values are
summarized in Table 1. The different values of electrolyte
resistance, obtained in strictly the same conditions, are surely
caused by the variation of the working electrode surface value.
The initial geometrical surface is the same whatever the
sample considered. Nevertheless, two of them are TiO,-
coated. Thus, the specific surface area, and as a direct
consequence the electrochemically active surface area are
modified from one sample to another. Electrolyte resistance
decrease is a result of an increase in the surface, which means
that the 300 nm deposit presents a largely higher specific
surface area than the others. After 180 h of immersion, the
electrolyte resistance is lower when using TiO,-1A, which
could indicate a less effective modification of the phase and
the film, and thus of the surface area.

Considering the total resistance, most of the differences
are observed after 150—170 h of immersion, whatever the
sample. Before this duration, the most resistive is the porous
nickel electrode, while the titanium oxide coatings largely
decrease the system losses. After 170 h, the porous Ni elec-
trode has already reached an equilibrium state and the global
resistance progressively decreases, whereas, the coated
samples follow a different trend. For both TiO,-coated elec-
trodes the resistance increases dramatically at around
140—150 h before reaching a kind of plateau. It is obvious that
after 230 h, the coated samples are still far from equilibrium.

3.4. Solubility

Ni and titanium solubility measurements are gathered in
Table 2 and compared when available with some literature
data [12,24,25]. The solubility of porous nickel in our condi-
tions is slightly lower than the values found in the literature,
which is most probably due to the gaseous atmosphere used,
with less CO, ratio in our case. The effect of the coating layer is
clear: whatever the thickness of the coating, the solubility
decreases of about 50%; however, the higher value for 300 nm
thickness is likely to be due to the presence of nickel oxide
grains detached mechanically in the molten carbonate melt.
The value of 11.1 ppm is a medium value between two inde-
pendent measurements (10.5 and 11.7 ppm) and at this stage it
is difficult to analyze the reproducibility of solubility values. It
is also worthy to note that the solubility of titanium is always

Table 1 — Electrolyte resistance and corresponding time
zones according to Fig. 12.

Zone [ Zone II Zone III

Time limits R (@) Time limits Time limits R (Q)

Porous Ni 0-60 h 0.12 65—145 h 150—240h  0.37
TiO,-1A 0—-90 h 0.15 95-155 h 160—240h  0.25
TiO,-2A 0-180h 0.02 = 180—240h  0.35
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Table 2 — Solubility of nickel and titanium in pure nickel and TiO,-coated nickel (wt ppm). Comparison with the literature.

Samples Ni TiO,-coated Ni TiO,-coated TiO,-coated TiO,-coated
2.5% or 5° mol% Ni (50 nm) Ni (150 nm) Ni (300 nm)

Ni 15 8.2 6.5 11.1

18.1* [12] 17.8%* [12]

6.8 [12]

17.9* [24]

16.8* [25]
Ti 1.3 1.2 <1

*Po, /Pco, = 0.33/0.67 (bar/bar).

extremely low which supports the idea of using TiO, as a
protective coating, even though we proved that the final sur-
face material is a mixed Li—Ni—Ti—O compound.

4, Conclusions

This paper not only confirms the promising features of
titanium-based materials for optimizing the operation of
MCFC devices, which has been previously developed in a few
papers, but also gives a good scientific background for the
integration of TiO, as an ultrathin coating for the protection of
the state of the art cathode. The use of a high-quality tech-
nique such as ALD, which scalability is already proven in
electronic or electroluminescence industries, allowed pro-
cessing TiO,-coatings, crystalline as deposited at 250 °C
without any further annealing process. These coatings are
spontaneously transformed when immersed during 230 h in
molten Li,CO3—K,COs in lithium titanate, which is thermo-
dynamically stable in this melt. A gradual evolution of the
coating in a mixed Li—Ni—Ti—O structure is evidenced by a
combination of XRD, EDS and XPS analyses, obtaining possibly
structures, such as Li,TiyNiO; ¢g and Li,Ti,NiO; ¢s. The in situ
electrochemical behavior is affected by these coatings
because of the complexity of the oxidation/lithiation pro-
cesses, added to the interdiffusion of elements between the
substrate and the protective layer. OCP time-evolution
showed similar tendencies with or without coatings in the
first 100 h. Afterward, it was found that reaching a stableTiO,-
coated cathode for oxygen reduction is a slower process than
that with a bare porous nickel. However, this evolution
combining a lithiation/interdiffusion process is likely to pro-
duce a stable mixed NiO-based cathode. Impedance spec-
troscopy allowed to follow the time-evolution of the
electrolyte resistance and the global system resistance. It can
be deduced that the TiO,-coating is favorable to the whole
reduction process but the tendency is reversed after 150 h of
immersion. Longer immersion times would be necessary to
analyze more precisely the evolution of the coated samples. In
any case, all these results show the feasibility of such high-
quality coatings enriched progressively by nickel diffusion to
form a stable compound, which protects the porous nickel
substrate and decreases significantly nickel solubility.
Furthermore, titanium solubility is extremely low in molten
carbonates and this is a key aspect to integrate it in MCFC
devices.
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In order to increase the lifetime and performance of the molten carbonate fuel cell, it is compulsory to
control the corrosion and dissolution of the state of the art porous nickel oxide cathode. A protective
coating constituted by more stable oxides appears to be the best approach. Previous research on CeO,
coatings obtained by DC reactive magnetron sputtering to protect the Molten carbonate fuel cell cathode
gave promising results but it was necessary to improve the coating adhesion. In this paper Atomic Layer
Deposition, producing high quality, homogeneous and conformal layers, was used to obtain thin layers of

ﬁg&ordg CeO; (20 nm and 120 nm) deposited over porous nickel. CeO,-Ni coated samples were tested as cathodes
Cathode in Li;CO3-K;CO3 (62-38 mol %) eutectic mixture under standard cathode atmosphere (CO,/air 30:70 vol.
Cerium oxide %). Structural and morphological characterizations of the nickel coated cathode before and after elec-
Coating trochemical tests in the molten carbonate melt are reported together with the Open Circuit Potential
ALD evolution all over 230 h for both the bare porous nickel and the CeO,-coated samples.

Electrochemistry

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Fuel cells (FC) are a promising technology for alternative
energy generation. Different types exist and their working prin-
ciples determine their suitability for different applications ranging
from micro-scale portable low temperature fuel cells like Polymer
Exchange Membrane (PEMFC) to stationary megawatt scale high
temperature fuel cells like Solid Oxide (SOFC) and Molten Carbon-
ate (MCFC). These cells are suitable for stationary energy generation
due to their resistance to poisoning, internal reforming ability and
the less expensive construction compared to other fuel cells that
incorporate precious metals like platinum. Even though MCFC tech-
nology has been around for decades, there are still many challenges
regarding material science and stack engineering breakthroughs.
One of the main issues of the MCFC operating at temperatures
around 650°C, is the short lifetime of the cell components due
to material degradation. Furthermore, MCFC components such
as the anode, cathode, electrolyte matrix, current collectors and

* Corresponding author.
E-mail addresses: suilma.fernandez@inin.gob.mx (S.M. Fernandez-Valverde),
michel.cassir@chimie-paristech.fr (M. Cassir).

http://dx.doi.org/10.1016/j.electacta.2014.05.025
0013-4686/© 2014 Elsevier Ltd. All rights reserved.

interconnectors which are exposed to corrosive environments are
required to last more than 40,000 hours of operation for being fea-
sible at a commercial level [1].

The state of the art MCFC cathode is constituted by porous Ni
which is oxidized and lithiated in situ to form LixNi;_xO. This oxide
tends to dissolve partially into the carbonate melt. Ni2* diffuses to
the anode where it can be reduced by hydrogen yielding metal-
lic nickel, which causes a short-circuit between the anode and
cathode resulting in a MCFC stack failure [2,3]. In the last decade
several approaches have been proposed to protect the MCFC cath-
ode [4-10]; however, it is still delicate to establish their feasibility
for commercial production.

Ceria has been previously studied in the literature under MCFC
conditions demonstrating that it is a promising oxide to reduce
Ni dissolution due to its stability [7,9,10]. Thus, in order to
increase long-term protection of the Ni cathode, ceria coatings were
processed in the present work by Atomic Layer Chemical Vapor
deposition (ALCVD), also known as atomic layer deposition (ALD)
similar to a sequential CVD. ALD is a chemical gas phase deposi-
tion technique developed in Finland in the 1970s by T. Suntola
[11]. Even though this technique is relatively expensive it offers
several advantages: high-quality ultrathin films, homogenous, con-
formal, crystalline as-deposited and scalability, e.g. large-area flat
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panel displays based on thin film electroluminescence (TFEL)
and semi-conductors industry [11,12]. ALD has already been suc-
cessfully used to produce to produce functional materials based
on ceria or titania for solid oxide fuel cells (SOFC) and MCFC
[13,14].

In ALD, pulses of the reactant gases are separately introduced
into the reaction chamber where substrates are coated following
several steps. Growth is achieved through self-terminating surface
reactions. Self-terminating means that only one monolayer of reac-
tant gas species can be adsorbed to the surface during a pulse. The
pulses containing reactant gases are separated by purging pulses
where the ALD reactor is flushed with an inert gas. The purging
pulses ensure that the reactant gas pulses do not mix. Mixing of
the reactant gas pulses would lead to continuous growth and the
accurate thickness control of the deposition process would be lost.
By-products like detached ligands and excess reactants are also
flushed away by the purging pulses. A complete set of reactant gas
pulses and purging pulses needed to deposit a certain compound
arereferred to as a cycle. If deposition parameters have been chosen
properly, the number of cycles rather than the concentration of the
reactant species determine the film thickness [15]. CeO, deposited
as a thin film by ALD form compact and crack-free layers, in compar-
ison with other techniques like electrochemical deposition [16-18].
Therefore, the aim of this investigation is to test nanocrystalline
Ce0O, deposited by ALD onto a porous nickel substrate as cathode
to evaluate its performance as a protective layer for MCFC applica-
tion by determining its electrochemical behavior in Li, CO3-K,CO3
(62-38 mol %) under standard cathode atmosphere and its surface
changes after 230 h of immersion.

2. Experimental
2.1. CeO; layer deposition on porous nickel using ALD

To determine the ALD deposition parameters, thin layers of
CeO, were processed by ALD over a Si monocrystal oriented in the
111 plane. With the determined parameters, CeO, coatings were
deposited over commercial porous nickel substrate (produced by
Doosan, South-Korea)[19] with the vertical flow type reactor (Pico-
sun SUNALE™ R-series). Four different samples were processed
with this technique. A known deposition route was followed
using halide-free and non-corrosive Ce(TMHD), (tetrakis(2,2,6,6-
tetramethyl 1-3,5-heptanedionate Ce(IV)) as precursor for CeO,
[20,21]. For the Ce(TMHD), (Strem Chemicals), ozone was used as
oxidizing agent. In order to prepare the CeO, layer, Ce(TMHD)4 was
sublimated at 180 °C and introduced into the precursor chamber by
a N; flow of 150 cm?® min~! using the following conditions: pulse
time 3 s, and purge time 2.5 s. Ozone was supplied at room temper-
ature by a N; flow of 100 cm? min~! with pulses of 4 s and purge
times of 2.5 s. The reactor temperature was kept at 300°C in a N
flow of 300 cm3 min~!, the precursor pulse and purge were fol-
lowed by ozone pulse and purge, this cycle being repeated until
the desired thickness was reached. Two different thicknesses were
processed with this technique: two samples of 27 nm, and two sam-
ples of 127 nm. The samples were named CeO,-1 and CeO,-2 for the
27 and 127 nm Ce0O,-coated Ni porous cathodes, respectively.

2.2. Electrolyte and cell

The high-temperature electrochemical cell was a single-
compartment crucible of dimensions 70 x 50 mm? contained in an
alumina Al, 05 reactor of dimensions 250 x 60 mm?, hermetically
sealed by a stainless steel cover with a Viton O-ring. The whole elec-
trochemical set-up was fully described in a previous paper [22].
Temperature was controlled at a constant temperature of 650°C

by means of a calibrated chromel/alumel thermocouple, the elec-
trolyte was a mixture of lithium and potassium carbonates of high
grade purity >98% (Sigma-Aldrich®), in a proportion of 62:38 mol%.
The standard cathode atmosphere was a mixture of Air/CO, (70:30
mol%) of high grades purity (Air Liquide®) at 650°C and a pres-
sure of 1 atm. A carbonate melt was prepared and stabilized 24 h
at 650 °C for each CeO,-coated sample. After stabilizing the molten
carbonate eutectic under the selected cathode atmosphere, sam-
ples were immersed in the carbonate melt and electrochemical
measurements were performed for 230 h. After electrochemical
tests, samples were rinsed with deionized water to remove the car-
bonates, dried at 100°C in an oven and kept in small plastic boxes
to prevent contamination before further analysis.

2.3. Electrochemical measurements

To determine the electrochemical performance of the coated
samples, a three-electrode system was used, the working electrode
being the as-deposited CeO,-1 and CeO,-2 on porous nickel sub-
strate of dimensions 10 x 10 x 0.5 mm, the counter electrode was
a brand new gold wire of 1 mm diameter (4 cm) and the reference
electrode a silver wire dipped into an Ag,SO4 (10~ 'mol kg~—1) satu-
rated Li-K carbonate eutectic in an alumina tube sealed by a porous
alumina membrane. Electrochemical experimental data were col-
lected using a potentiostat/galvanostat (AutoLab® PGSTAT-302 N).
Open Circuit Potential (OCP) was collected for CeO,-1 and CeO,-2
samples from 0 to 230 h of immersion. OCP measurements were
interrupted periodically to perform electrochemical impedance
spectroscopy (EIS). EIS parameters were: scanning frequencies set
from 0.001 to 108 Hz, with 11 points per decade and signal ampli-
tude of 5mV respecting the system linearity. After each EIS test,
OCP measurements were restarted. This procedure was performed
for 230 h with EIS performed at regular intervals.

2.4. Characterization

2.4.1. Characterization of deposited CeO, layer on porous Ni by
ALD

The CeO, layers were characterized by X-ray diffraction, XPS
and SEM-EDS. XRD was performed in a PANalyticalX'pert Pro from
Anton Paar with Cu-Ka1 radiation (A=1.54056 A). The diffraction
pattern was obtained by scanning between 20 and 80° by steps of
0.02 (26°) with a fixed counting time of 2.3 s and sample rotation of
3 rpm. Once the data were obtained, Scherrer analysis calculation
was used to obtain the average crystal size of the deposited layer by
determining the angular position and FWHM of the peaks between
28 and 60 260 degrees. Scanning Electron Microscopy (SEM) and
Energy Dispersion Spectroscopy (EDS) analyses were performed
with a ZEISS® Ultra 55 microscope to evaluate the surface morphol-
ogy and to measure layer thicknesses. Raman spectra were obtained
for samples of Ni porous coated with CeO, in a Lab Raman HR-800
from Horiba Jobin Yvon spectrometer with a spectral resolution of
2cm~! and Olimpus BX41 microscope using a 50X objective lens to
focus the laser beam on the sample. Spectra were recorded from 100
to 1800 cm~! with a He-Ne laser of wavelength 532.07 nm and grid
of 600, filter D 0.3, hole of 200 .m, slit of 100 p.m. Spectrometer
calibration was performed with Si (1 1 1). The X-ray photoelec-
tron spectra were recorded using a Thermo Scientific K-Alpha X-ray
photoelectron spectrometer with a monochromator Al Ko X-ray
(hv=1486.61¢eV) for sample excitation. An argon ion beam was
used to prevent samples surface charging. The spectrometer energy
calibration was obtained using Au 4f 7/2 and Cu 2p 3/2 photoelec-
tron lines. The position of the adventitious carbon C 1s peak at
284.6 eV was used as an internal reference in each sample to deter-
mine the binding energies with an accuracy of + 0.1 eV. The residual
pressure in the analysis chamber was maintained below 1 x 10-8
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Fig. 1. SEM micrographs of ALD as-deposited CeO, coatings, before (a, ¢); and after immersion in 230 h of immersion in Li,CO3-K,CO3 (62-38 mol %) at 650°C. (b, d). 27 nm

thick sample (a, b); 127 nm sample (c, d).

Torr, during data acquisition. The survey spectrum of CeO,-1A was
obtained between 0 and 1000eV. The spectra was collected and
analyzed with Advantage 4.0 software.

2.4.2. Cathode characterization after the electrochemical
experiments

After the electrochemical experiments in the molten carbonate
mixture, the cathodes were characterized in the same conditions
with the same XRD-diffractometer, XPS, SEM-EDS and Raman Spec-
trometer.

2.5. Cathode solubility

The solubility of bare porous nickel and CeO,-coated nickel
(thickness of 20 and 120 nm, respectively) was measured individu-
ally using three independent (Ligy-K3g),CO3 melts. Small amounts
of carbonates (about 6g) were withdrawn randomly three times
from the molten carbonate bulk at the end of the electrochemical
characterizations, which corresponds to 230 h. After solidification,
each sample was hand-milled and 2 g of carbonate powder were
dissolved in 10 ml of HNO3 3 vol %. Nickel content was determined
by ICP-AES (ICAP 6000 Series from Thermo Fisher Scientific). The
calibration was performed for each separate element using Aldrich
atomic absorption standard solutions, dissolved in HNO3 3 vol. %.

3. Results and Discussions
3.1. Material Characterization before electrochemical tests

SEM micrographs of as-deposited CeO,-1 and CeO,-2 coated
samples are presented in Figs. 1a) and 1c). Layer thicknesses, as
measured from Figs. 2a) and 2c), were of 27 4 3 nm for CeO,-1, and
127+ 3 nm for CeO,-2 samples, respectively. Thicknesses are not
completely uniform due to flow variations through cavities on the
porous samples. Chemical analysis performed by EDS only showed
the dispersive X-ray energies of ceria (Lo 4.839eV, L3 5.613eV),

nickel (Ko 7.471eV,La 0.851eV) and oxygen (Ko 0.525eV). For
example, in the case of CeO,-1, atomic ratios of Ni, O and Ce were
92, 7 and 1%, respectively. In order to form CeO, 2 at. % of oxygen
are needed and, therefore, probably 5 at. % of NiO were formed on
the surface, the remaining material is only porous Ni.

Fig. 2 shows the diffraction pattern of porous nickel covered
with cerium oxide, sample CeO,-1, before immersion in molten
Li;CO3-K;C03. The highest diffraction peaks correspond to the
ICDD pattern file 00-004-0850 of Ni porous substrate with a cubic
structure. The small diffraction peaks correspond to planes (11 1),
(200),(220),(311)and (22 2) of CeOy, also in a cubic structure
(ICDD pattern file 03-065-5923) and the three remaining peaks are
related to nickel oxide in a cubic structure (ICDD pattern file 01-
089-3080). These results confirm the presence of Ni, CeO, and small
amounts of NiO in this sample, as suggested before from the EDS
chemical analysis.

The average crystal size determined by the Scherrer equation
for CeO,-1 and Ce0,-2 samples (average value obtained from CeO,
main planes) give values of 19 and 44 nm, respectively. It is rele-
vant to note that the as-deposited coatings at 300 °C are crystalline.
Annealing was not required to crystallize the thin film of cerium
oxide, which is a remarkable feature of the ALD-process.

3.2. Material characterization after immersion and
electrochemical tests

CeO,-coated cathodes were tested in molten Li;CO3-K,CO3
(62:38mol. %) eutectic mixture for 230h. SEM micrographs of
Ce0,-1 and Ce0,-2 samples after immersion, shown in Figs. 2b)
and 2d), disclose the coating transformation from a well-defined
layer of cubic crystals of CeO, into thicker particles likely to be
crystals of LixNi;_xO mixed with cerium oxide. In effect, CeO, par-
ticles are separated from the lithiated nickel oxide particles, e.g. as
can be seen in the case of the particle close to the cavity in the cen-
ter of the micrograph. Round particles seem to be regularly trunked
octahedra of CeO,, as reported recently by Ying Tan et al. during the
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Fig. 2. XRD of as-deposited CeO, thin film of 27 nm onto nickel.

hydrothermal synthesis of CeO,; the other cerium particles have
the morphology of hexagonal particles also reported by the same
authors [23].

Fig. 3 shows the diffraction pattern of sample CeO,-1 after
immersion in the melt, where peaks marked as (O) correspond
to planes of CeO, (ICDD pattern 00-034-0394) that remain present
in the sample, peaks marked (®) correspond to a lithiated CeO,
compound. In a previous study by Chauvaut et al., where CeO,
was exposed for 504 h to Li;CO3-NayCO3 (52:48 mol %), the lithi-
ation limit for CeO, was found to be of 25 at. % [9]. In its
gradual evolution, the CeO, coating seems to be transformed into
Lig25Ce(Ill)g25Ce(1V)g 7504, which is in agreement with an XPS
analysis of CeO, after electrochemical tests [9]. Peaks marked
with (O) correspond to Ligs1Nij.1602 rombohedral phase (ICDD
diffraction pattern 01-088-1607). However, the peak intensities are
slightly different from those of the pattern, which is probably due
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to a lower Li content, since Belhomme et al. determined a medium
Li content of 0.2 at. % in a LixNi;_xO compound [24]. 26 peaks not
marked in Fig. 5 correspond to a mixed LixNiyO, phase, where
0.06<x<0.51 and 0.49 <y <0.94 (ICDD patterns, 00-049-0035 and
01-081-2411). From the previous results, we can assume that there
are at least three phases: lithiated CeO,, LixNi;_xO and, probably in
a minor ratio, LixNiyO;.

The Raman spectrum of Fig. 4 shows vibrations at 183.3cm™.
In the range from 127 to 190 cm~!, R. Kirste et al. found vibrations
which were attributed to acoustical and phonon modes induced by
Li insertion into ZnO which is comparable to NiO. Modes appearing
at 393, 584, 898.8 and 1435.6cm™! are attributed by Lopez-Iturbe
et al. and Mironova-Ulmane et al. [25,26] to Ni-O vibrations. The
vibration mode at 551.6cm~! is characteristic of Li-O vibrations
and is reported together with the vibration mode at 463.6cm™!
as characteristic for LiNiO, [25,27]. According to R. Kirste et al., a
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Fig. 3. XRD of CeO; thin film of 27 nm deposited onto nickel after the 230 h of immersion in Li, CO3-K;CO3 (62-38 mol %) at 650 °C.
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Fig. 4. Raman spectra of CeO; thin film of 27 nm deposited on nickel after 230 h of
immersion in Li; CO3-K5CO5 (62-38 mol %) at 650 °C.

Li-O vibration is found at 732.4cm™! and the peak at 1095.8 cm™!
corresponds to O-0 vibration, the last one being common to NiO
and LiO compounds, the peak at 1308 cm~! is also common of those
compounds [28]. CeO, has its characteristic mode at 464 cm~1[18];
Raman spectrometry performed on CeO,-1 sample showed only a
vibration mode at 462.4cm~!. The presence of a CeO, structure
has been already confirmed by XRD as a lithiated phase in sample
Ce0,-1A; hence the CeO, characteristic vibration mode certainly
contributes to the 463.6cm~! peak.

The normalized survey XPS spectra of CeO,-1, as-deposited
(dotted line) and after immersion in the carbonate melt with elec-
trochemical tests (continuous line), are shown in Fig. 5. The peaks
corresponding to the binding energies of cerium are well defined
in the as-deposited sample where the most notorious binding
energies correspond to Ce3d, O1s and Cl1s [29,30]. After 230h of
immersion in molten carbonates, well-defined nickel oxide peaks,
Ni 2p, Ni 3s and the corresponding Auger peaks, appear in the
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Fig. 5. XPS survey of as-deposited CeO,-1 sample (dotted line) and after immersion
in molten Li;CO3-K,;CO5; (62:38 mol %) with electrochemical tests at 650°C during
230h (continuous line).
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Fig. 6. OCP evolution over 230 h of immersion in Li,CO3-K,CO3 (62-38 mol %) at
650°C: Ni cathode, CeO,-1 and Ce0;-2.

survey spectrum and cerium peaks are no longer visible, as can
be noted in the upper-left detail of Fig. 5 [31]. Apparently, in the
analyzed sample ceria outer layer cannot be clearly detected, which
can be due to the depth analysis of XPS and the fact that ceria might
have diffused into the NiO substrate, resulting in a very low ceria to
nickel oxide ratio. Moreover, previous XPS analyses of a ceria pellet,
afterimmersion in Li; CO3-Na;COs, showed that the behavior of the
ceria surface is quite complex and includes apart of Ce(IV) species,
Ce(IIl) originated from the exposure to X-rays in the spectrome-
ter inducing a surface reduction of Ce(IV) or from the formation of
Ce, 03 [9]. At this stage, XPS analysis indicates that the presence of
ceria is not significant at the outer surface of the electrode.

Even though XPS results were not fully conclusive, XRD and
Raman spectroscopy tend to prove the hypothesis of three different
compounds on the surface of the coated samples: lithiated CeO,,
LixNii_xO and LixNiyO,.

3.3. Electrochemical behavior

3.3.1. Chronopotentiometric data

Fig. 6 shows the OCP evolution all over 230 h of immersion of
the bare porous nickel cathode in molten Li, CO3-K;CO3 (62:38 mol
%)at 650 °C. Porous nickel OCP behavior, investigated previously by
different authors, among which Yazici et al. and Antolini [2,32], can
be attributed to the in situ Ni oxidation followed by the NiO lithia-
tion process on the nickel porous surface. The three plateaus I, Il and
Il observed in Fig. 6 are related to the modification of the porous
Ni electrode into LixNi;_xO, in a progressive way. The first plateau-
like tendency from 0 to 98 h is ascribed to the in situ oxidation of
metallic nickel:

Ni + 1/20,—s NiO (1)

After the first potential jump at 98 h, a second plateau is reached
at a potential around -0.4 V/(Ag/Ag*). This plateau corresponds to
the in situ lithiation of NiO, which is probably associated to an
increase in the nickel valence from Ni(II) towards Ni(III), as reported
by Nishina et al. from XPS measurements [33]. The incorporation of
lithium into the NiO lattice seems to follow this reaction [34,35]:

(1-x)NiO + 1/2Li»0 + x/205— LixtNix3*Nij_ x 270 (2)

The general formula commonly used for lithiated nickel oxide
is LixNi;_xO. In the cathode environment, the equilibrium lithium
content in NiO, estimated by nuclear microprobe, is roughly 0.2
at % of lithium [24]. After 182h, the lithiation process is com-
pleted and the third plateau at -0.03 V/(Ag/Ag*) corresponds to an
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Fig.7. Nyquist diagram of CeO,-1impedance recorded at0, 125 and 230 h of immer-
sion in Li; CO3-K,CO5 (62-38 mol %) at 650 °C.

equilibrium potential between O,, CO, and carbonates. At this
stage, the electrode works as a stable cathode for oxygen reduction:

1/20, 4+ COy 426~ — CO3%~ (3)

CeO,-coated Ni behaves in a similar way to bare Ni. The first
plateau for CeO,-1 in Fig. 6 starts at about -0.76V, 100mV less
than bare Ni, due to the presence of the CeO, layer, while the sub-
strate is being oxidized from Ni to NiO, the potential starts rising
to reach a potential closer to that of the first plateau of bare Ni
(-0.65V). The presence of CeO, provokes a time delay for the sec-
ond plateau appearing after 165 h, which is about 65 h later than
for the bare Ni cathode. Afterwards, an abrupt potential increase
can be observed at 212 h before reaching the third plateau corre-
sponding to the oxygen reduction potential, just 30 h after bare Ni
sample. This behavior indicates that CeO, causes a small delay in
the whole Ni oxidation and lithiation process. However, it must be
noted that the final potential reached with the CeO,-coated sam-
ple is higher than that with the bare nickel cathode, which seems
to show the good electrocatalytic properties of ceria towards the
oxygen reduction.

For CeO,-2 sample, OCP evolution depicted in Fig. 6 shows the
behavior of a thicker layer of CeO,. As expected, the presence of
a 127 nm CeO, layer delays even more the oxidation of Ni; in this
case, the potential jump of the second plateau occurs after 210h,
confirming that CeO, slows down Ni oxidation. The total time of
230 h was not enough to register the third plateau with the CeO,-
2 sample; however, the potential in the last minutes reached the
value of the second plateau for bare Ni, indicating that the increase
in thickness of the CeO, layer does not affect the plateau potential
reached. In this study, CeO,-coated samples prove to be compara-
ble to the bare porous Ni cathode, as far as the OCP evolution is
concerned.

3.3.2. Electrochemical Impedance Spectroscopy data
Electrochemical Impedance Spectroscopy (EIS) was performed
every 10 h from 0 to 230 h of electrode immersion in Li-K carbonate
eutectic melt. Figs. 7 and 8 shows the Nyquist diagrams of CeO,-1
and CeO,-2 respectively, recorded at 0, 125 and 230 h. Both CeO,
samples seem to behave in quite a similar way up to the 125h;
however, as expected the total resistance is higher for the thicker
sample, which is more pronounced before immersion in the molten
electrolyte. An evident difference appears in the plotat 230 h, which
is likely to be related to the layer thickness but also to a differ-
ent evolution of the sample and of the diffusion behavior. Fig. 9
shows a comparison of bare Ni porous, CeO,-1 and Ce0,-2 Nyquist
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Fig.8. Nyquistdiagram of CeO,-2 impedance recorded at0, 125 and 230 h ofimmer-
sion in Li;CO3-K,CO3 (62-38 mol %) at 650°C.
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Fig.9. Nyquist diagram comparing bare Ni, CeO,-1 and CeO,-2 impedance recorded
230h of immersion in Li; CO3-K,CO3 (62-38 mol %) at 650°C.

diagrams at 230 h of immersion in the carbonate melt. It appears
that the coated samples have a lower resistance than bare porous
Ni and, in particular, for CeO,-1 sample. Resistance data over time
were calculated by fitting the electrical circuit shown in Fig. 10 to
the Nyquist plots (an example is given on CeO,-2 sample), where R1
represents the electrolyte resistance, R2 the charge transfer resis-
tance and R3 the mass transfer resistance. The sum of R1,R2 and R3

A CeO,-2

-Z" / ohm

T T T
( 50 100 150 200 250 300 350 400
Z'/ohm

R2 R3

R total

Fig. 10. Equivalent circuit used to fit EIS data obtained and fitting example, experi-
mental data (A), fitted data (line).
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Fig. 11. Electrolyte resistance evolution over 230 h of immersion in LiCO3-K,CO3
(62-38 mol %) at 650°C, (*) Ni, (O) CeO2-1, (A) Ce0,-2.

represents the total resistance of the system, which is roughly close
to the value of R2, the major component. The electrolyte resistance
evolution over the immersion time is shown in Fig. 11; consider-
ing that the electrolyte resistance should roughly remain constant,
its evolution estimated through EIS measurements corresponds to
the electroactive area of the electrode dependent on the oxida-
tion/lithiation process. As it can be observed, the CeO,-1 () sample
exhibits almost the same behavior as porous Ni (*) over 230h of
immersion time. Even though there is a delay of about 50 h for the
Ce0,-1 resistance to start rising, the final electrolyte resistance is
practically the same, showing that the 27 nm covered sample suf-
fers a surface modification process very close to that of Ni, which
indicates that CeO, thin coating of 27 nm does not affect the Ni
oxidation and lithiation processes. For the CeO,-2 (A) sample of
127 nm the behavior shows a delay in the resistance rising of 80 h
with respect to porous Ni and a final electrolyte resistance lower
than porous Ni and CeO,-1, showing that after 230 h immersion a
thicker layer of ceria delays the Ni oxidation, lithiation and surface
modification.

The total resistance evolution over the time is shown in Fig. 12.
For the CeO, coated cathodes, the resistance over the first 150 h is
about two orders of magnitude lower than that of porous Ni. After
150h, CeO,-coated samples resistance starts increasing rapidly.
CeO,-1 (O) reaches stability after 180 h at 3204+ 3 €2, a lower resis-
tance than porous Ni (*) 350 2. For CeO,-2 (A), total resistance
at 217 h is 375 €2, as high as porous Ni which suggests that CeO,
coatings either decrease total cathode resistance or at least do not
affect it negatively, which makes them suitable for MCFC applica-
tions.

3.4. Solubility of Ni on molten carbonates after 230 h immersion.

Ni solubility measurements are gathered in Table 1, in our con-
ditions the solubility of bare porous nickel is slightly lower than the
values found in the literature [36,37], which is most probably due
to the gaseous atmosphere used, with less CO, /O, ratio in our case.
The effect of the coating layer is clear: whatever the thickness of
the coating, the solubility decreases. However, the thicker coating
of 127 nm is more effective, reaching 50% less with respect to the

500 LA L BRI BN L EL L
P
400 - 4
*
<IN X
- 0O OO0pao
8300 —
g
k:
&200 -
<
S ]
¥ x oy xX
100 WRK K _
0 ﬁ%% ¥ X

a
il 49 A9 N Ay 8 8 _
r—r—rr T v Tr vTvVr v ITT
0 30 60 90 120 150 180 210 240

Time/h

Fig. 12. Total resistance evolution over 230 h of immersion in Li;CO3-K,COs3 (62-
38 mol %) at 650°C, (*) Ni, (O) Ce0-1, (A) Ce0;-2.

Table 1
Solubility of Ni of CeO, covered cathodes compared to bare Ni.
Sample Solubility
(wtppm)
Porous Ni 15
Ce0,-1A 10
Ce0,-2A 8

bare nickel. The higher solubility value for the 27 nm-thick sample
is likely to be due to a partial protection of the Ni substrate with
NiO more exposed to the carbonate melt. The value of cerium sol-
ubility is extremely low (< 1 wt. ppm), which is in accordance with
the literature [9] and supports the idea of using CeO, as a protective
coating.

4. Conclusions

This paper confirms the promising features of cerium-based
materials by the use of a high-quality deposition technique such
as ALD, which scalability is already proven in electronic or elec-
troluminescence industries. We succeeded in processing CeO, by
ALD in form of coatings of different thicknesses for the effective
protection of the MCFC cathode. These coatings are spontaneously
transformed when immersed during 230 h in molten Li; CO3-K;CO3
into a complex but stable interface, containing lithiated CeO,,
LixNi1_xO and, probably in a minor ratio, LixNiyO,. The in situ elec-
trochemical behavior is affected by these coatings because of the
complexity of the oxidation/lithiation processes added to the inter-
diffusion of elements between the substrate and the protective
layer. OCP time-evolution showed similar tendencies with or with-
out coatings in the first 100 h. However, it was found that reaching
a stable CeO,-coated cathode for oxygen reduction is a slower pro-
cess than that with a bare porous nickel. This evolution combining a
lithiation/interdiffusion process is likely to produce a stable mixed
NiO-based cathode with good electrochemical performance com-
parable to the state-of-the-art cathode which indicates clearly that
the presence of CeO, does not affect significantly the OCP evolu-
tion. The electrolyte and total resistance evolution vs. time showed
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clearly that CeO,-coated materials are comparable to the state of
the art cathode, showing a good conductivity after the 230 himmer-
sion. An important aspect is the protective effectiveness of CeO,
coatings that reduced the solubility in about 50% with respect to
that of bare NiO without affecting electrochemical performance.
All these results show the feasibility of such high-quality coatings
enriched progressively by nickel diffusion to form a stable com-
pound to be integrated in MCFC devices.
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In the world of alternative energy sources, the Molten Carbonate Fuel Cell (MCFC) is one of
the promising technologies for the efficient conversion of hydrogen or hydrocarbons to
power and heat. One of the main issues for optimizing this device is the control of the
dissolution of the state-of-the-art porous nickel oxide cathode. A protective coating by
more stable metal oxides seems to be one of the best solutions. In this paper, ultra-thin
layers of TiO, (50 nm), Co304 (50 nm) and CeO, (20 nm) were deposited on porous nickel
substrates, by a sequential CVD technique, known as Atomic Layer Deposition (ALD),
producing high quality, homogeneous and conformal layers. The electrochemical behavior
and morphological features of the three coated samples were compared in a Li,CO3—K,CO5
(62—38 mol%) eutectic melt under a standard cathode atmosphere (COy/air 30:70 vol%) for
230 h. Finally, the respective advantages and drawbacks of Co304, TiO, and CeO, coatings
are pointed out.

ALD Copyright © 2014, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights
Electrochemistry reserved.

N electrodes and inducing MCFC stack failure. To solve this
Introduction

problem, several approaches have been undertaken and can
be divided in two groups: (i) modification of the cathode ma-

The Molten Carbonate Fuel Cell (MCFC) is a promising tech-
nology for high efficiency and sustainable energy generation
when powered by environmentally friendly fuels such as
biogas obtained from organic waste or hydrogen obtained
from renewable energy sources. One of the main problems
concerning this fuel cell is its cathode dissolution in the car-
bonate melt. The most common material used as cathode is
nickel, which undergoes in situ oxidation and lithiation into
the carbonate melt. Afterwards, nickel oxide starts dissolving
and then may precipitate as metallic nickel at the anode side
in presence of H, causing short-circuit between both

* Corresponding author.

terial; (ii) modification of the electrolyte composition. The
current research effort takes into account the first approach
and, more specifically, the modification of the standard
porous nickel cathode by depositing an ultra-thin layer of a
metal oxide that would at the same time protect the cathode
and maintain or even improve its electrochemical
performance.

Several deposition techniques have been used to process
thin metal oxide layers onto porous nickel substrate for MCFC
application, Pechini method [1], sol—gel [2,3], tape casting [2,4],
electroless deposition [5], electrochemical deposition [6—13]

E-mail addresses: suilma.fernandez@inin.gob.mx, suilma.fernandez@gmail.com (S.M. Fernadndez-Valverde).

http://dx.doi.org/10.1016/j.ijhydene.2014.03.213
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and sputtering [14]. Among the deposited species, titanium,
cerium and cobalt oxides have shown good performance,
reducing the solubility of nickel and maintaining acceptable
electrochemical characteristics. Nevertheless, all the deposi-
tion techniques previously mentioned have some drawbacks
concerning homogeneity, thickness, adherence to the sub-
strate or deposition complexity. Atomic layer deposition (ALD)
is a chemical gas phase deposition technique developed in
Finland in the 1970s by T. Suntola [15]. In ALD, reactant gas
pulses are separately introduced to reach the substrates to be
coated. Growth is achieved through self-terminating surface
reactions. Self-terminating means that only one monolayer of
reactant gas species can be adsorbed to the surface during a
pulse. The pulses containing reactant gases are separated by
purging pulses where the ALD reactor is flushed with an inert
gas. The purging pulses ensure that the reactant gas pulses do
not mix. Mixing of the reactant gas pulses would lead to
continuous growth and the accurate thickness control of the
deposition process would be lost. By-products like detached
ligands and excess reactants are also flushed away by the
purging pulses. A complete set of reactant gas pulses and
purging pulses needed to deposit a certain compound are
referred to as a cycle. If the deposition parameters have been
chosen properly, the number of cycles rather than the con-
centration of the reactant species determines the film thick-
ness [16]. ALD has been previously employed to deposit TiO,
onto porous Ni substrate used as cathode in MCFC [17], the
study revealed a good protective effect of TiO, layer in terms
of Ni solubility that has been reduced to half with respect to
pure Ni cathode. CeO, and CeO,-based compounds have also
been processed by ALD and studied as MCFC cathode protec-
tion or Solid Oxide Fuel Cell (SOFC) electrolyte [18,19], showing
also promising results. In this paper, a thorough comparison
of ALD-deposited TiO,, CeO, and Cos04 protective layers and
their electrochemical performance as MCFC cathodes are
presented.

Experimental
Layer deposition using ALD

A known deposition route was followed using halide-free and
non-corrosive precursors. Thin layers of TiO,, CeO, or Co304
were deposited on a commercial porous nickel substrate
(produced by Doosan, South-Korea) by means of ALD tech-
nique using a vertical flow type reactor (Picosun SUNALE™ R-
series). Titanium isopropoxide [Ti(OCH(CHs),)4], Ce(TMHD),
[tetrakis(2,2,6,6-tetramethyl-3,5 heptanedionato)cerium(IV)]
or Co(TMHD); [tris(2,2,6,6-tetramethyl-3,5-heptanedionato)
cobalt(Ill)] were used as precursors while distilled water or O

were used as oxidizing agents. In order to prepare the thin
layers [17—22], precursor and oxidant on each case were
introduced into the reactor chamber using the parameters
given in Table 1.

Electrolyte and cell

The high-temperature electrochemical cell was a single-
compartment crucible of dimensions 70 x 50 mm? contained
in an alumina Al,O; reactor of dimensions 250 x 60 mm?,
hermetically sealed by a stainless steel cover with a Viton O-
ring. The whole electrochemical set-up was fully described in
a previous paper [23]. Temperature controlled by means of a
calibrated chromel/alumel thermocouple was maintained
constant at 650 °C. The electrolyte was a mixture of lithium
and potassium carbonates of high grade purity >98%
(Sigma—Aldrich®), in a proportion of 62:38 mol%. The standard
cathode atmosphere was a mixture of Air/CO, (70:30 mol%) of
high grades purity (Air Liquide®) at 650 °C and a pressure of
1 atm. A carbonate melt was prepared and stabilized 24 h at
650 °C for each TiO,, CeO, and Cos0, coated samples. After
stabilizing the molten carbonate eutectic under the selected
cathode atmosphere, samples were immersed in the melt and
electrochemical measurements were performed for 230 h.
After electrochemical tests, samples were rinsed with deion-
ized water to remove the carbonates, dried at 100 °C in an oven
and kept in small plastic boxes to prevent contamination
before further analysis.

Characterization

Characterization of oxide layers deposited on porous Ni by ALD
The as-deposited TiO,, CeO, and Co30,4 layers were charac-
terized after the deposition of the oxide layer and after 230 h
immersion in carbonate eutectic melt by Scanning Electron
Microscopy (SEM) and Energy Dispersion Spectroscopy (EDS).
The analyses were performed with a ZEISS® Ultra 55 micro-
scope to evaluate the surface, morphology and to measure
layer thicknesses. X-ray diffraction (XRD) was performed in a
PANalytical X'pert pro from Anton Paar with Cu—Ka1l radia-
tion (2 = 1.54056 A). The diffraction pattern was obtained by
scanning between 20 and 80° by steps of 0.02 (2 §°) with a fixed
counting time of 2.3 s and sample rotation of 3 rpm.

Electrochemical characterization

To determine the electrochemical performance of the coated
samples, a three-electrode system was used, the working
electrode being the as-deposited TiO,, CeO, and Co3;0, on
porous nickel substrates of dimensions 10 x 10 x 0.5 mm, the
counter electrode was a gold wire and the reference electrode a
silver wire dipped into an Ag,SO, (10~! mol kg™ ?) saturated

Table 1 — Deposition parameters of ALD-processed coatings.

Deposited Precursor Temperature Pulse time Purge time Oxidant Pulse time Purge time Chamber T
Material (°C) (s) (s) (s) (s) (°C)
TiO, Ti(OCH(CHs),)s 60 0.5 2 H,0 0.5 2 250
CeO, Ce(TMHD), 180 3 2.5 O3 4 25 300
Co304 Co(TMHD); 160 15 3 O3 15 6 240




INTERNATIONAL JOURNAL OF HYDROGEN ENERGY 39 (2014) I12233—12241

12235

Li—K carbonate eutectic in an alumina tube sealed by a porous
alumina membrane. Electrochemical experimental data were
collected using a potentiostat/galvanostat (AutoLab® PGSTAT-
302N). Open Circuit Potential (OCP) was collected (at I = 0 for
TiO,, Co304 and CeO, coated samples) continuously from 0 to
230 h of immersion. OCP measurements were interrupted
periodically to perform Electrochemical Impedance Spectros-
copy (EIS). EIS parameters were: scanning frequencies set from
0.001 to 10° Hz, with 11 points per decade and signal amplitude
of 5 mV respecting the system linearity. After each EIS test,
OCP measurements were restarted. This procedure was per-
formed for 230 h with EIS performed at regular intervals.

Solubility measurements

Nickel solubility was measured individually using three in-
dependent Li,CO3—K,CO5; melts. Small amounts of carbonates
(about 6 g) were withdrawn randomly three times from the
molten carbonate bulk at the end of the electrochemical
characterizations, which corresponds to 230 h. After solidifi-
cation, each sample was hand-milled and 2 g of carbonate
powder were dissolved in 10 ml of HNO; 3 vol%. Nickel content
was determined by ICP-AES (ICAP 6000 Series from Thermo
Fisher Scientific). The calibration was performed for each
separate element using Aldrich atomic absorption standard
solutions, dissolved in HNO3z 3 vol%.

Results and discussion

This part includes new data on CosO4-coated Ni cathode
compared to new results and a compilation of our own

published data on TiO,- and CeO,-coated Ni and the general
literature.

Morphological, structural and solubility data

Figs. 1 and 2 show, respectively, the morphology of the as-
deposited oxide coatings onto the porous Ni substrate before
and after their immersion in molten Li,CO3—K,CO3 (62—38 mol
%) eutectic at 650 °C during 230 h. As shown in Fig. 1(a, d, g)
and (b, e, h), the as-deposited layers are homogenous and
conformal. The thickness of each layer was determined by
SEM cross-section measurements, as shown in Fig. 1(c, f, i),
resulting in 50 + 3 nm, 27 + 3 nm and 50 + 3 nm for TiO,, CeO,
and Co30,, respectively. Thicknesses are not completely uni-
form due to flow variations through cavities on the porous
samples. The presence of TiO, (anathase), CeO, and Co030,
phases have already been detected by XRD [11,17,18|.

After testing the samples in the carbonate melt, as can be
seen in Fig. 2(a, c, e), there is an evident change in porosity
after 230 h of immersion in the carbonate eutectic for all the
samples. CeO, and Co304-coated samples, depicted in
Fig. 2(c, d) and (e, f), respectively, present the most notable
change in grain size, morphology and distribution. In
contrast, TiO, sample Fig. 2(a, b) does not change dramati-
cally in terms of porosity and morphology with respect to
the as-deposited sample. EDS analysis (not shown in this
paper) of the TiO, sample showed a surface mainly
composed by Ni, Ti and O likely to form a Li—Ti—Ni—O phase
as determined by XRD in previous studies [25,26]. These
results were confirmed by XPS [17]. Table 2 summarizes the
phases found after interaction at high temperature of the

Fig. 1 — Porous Ni cathode covered by ALD, as deposited (a, d, g), zoom (b, e, h) and cross sections (c, f, i), samples before
immersion in molten Li,CO3;—K,CO; (62—38 mol%) at 650 °C during 230 h. Metal oxides ALD-processed: TiO, (a, b, c), CeO, (d,

e, f) and Co304 (g, h, i).
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coated-Ni substrate with the melt. In the case of the TiO,
coating, the cathode surface is mainly composed by Li,TiO3
and mixed Li—Ni—Ti—O solid solutions; thus the presence of
titanium species reduces the availability of Ni at the cathode
surface, slowing down oxidation and lithiation processes.
This interaction between the coating and its substrate is
probably limiting the particles growth.

Contrarily, CeO,-coated cathode shows a more notorious
particle growth than the TiO, sample due to the lack of
interaction between CeO, and LiyNi;_,O that does not form a
mixed NiO—CeO, phase [18|. After immersion in the carbon-
ate melt, the coating evolves from cubic crystals of CeO, into
much thicker particles, as seen in Fig. 2d. As summarized in
Table 2, CeO, and LiyNi;_,O can be found at the surface of the
coated sample. Thus, CeO, particles are separated from the
lithiated nickel oxide particles, as has been reported before
by Cassir et al. [26,27]. Round particles seem to be regularly
truncated octahedral of CeO,, as reported recently by Ying
Tan et al. [28] during hydrothermal synthesis of this com-
pound; the other cerium particles have a hexagonal
structure.

A radical decrease in Ni oxidation and lithiation rates can
be observed in the case of Co3;0, coatings, even more radically
than in the case of CeO, layers. This can be evidenced in Fig. 3

where a comparison of XRD patterns of the three coatings
after immersion in the carbonate melt, focused on the
detection of Ni species, shows a notable presence of Ni only in
the case of the cobalt oxide coating. This means that the
protective layer partially prevents Ni from oxidation. Shifts in
NiO diffraction peaks correspond to the formation of LiyNi; ,O
and, in the case of titanium, to a mixed Li—Ti—Ni—O com-
pounds resulting in a larger shift. A compilation of the formed
compounds is reported in Table 2.

Solubility measurements of Ni for each oxide-coated
sample are presented in Table 3. A significant reduction in
Ni solubility is achieved with the TiO,-coated sample with
respect to the CeO, and Cos0, samples, which is in good
agreement with the literature. Nevertheless, Co;04 coating
showed a higher Ni solubility than expected, which is prob-
ably due to the thin layer used here to protect the Ni substrate
compared to Co304-coated Ni powder mentioned in the liter-
ature [1]. It should be reminded that, for all the described
samples, our solubility data concern ultrathin protective
layers and not fully coated Ni particles, hence the metal oxide
content in mol% of coated powders is not directly comparable.
Nevertheless, it serves as a good starting point for comparison
in terms of the amount of dissolved Ni found in the carbonate
melt after the tests.

Fig. 2 — Porous Ni covered by ALD, as-deposited after 230 h immersion in molten Li,CO3;—K,CO; (62—38 mol%) at 650 °C,
general view (a, c, ) and morphology detail (b, d, f). Metal oxides ALD-processed: TiO; (a, b), GeO, (c, d) and Coz04 (e, f).
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Table 2 — Possible titanium, cerium and cobalt phases, after immersion in Li,CO;—K,CO5 (62—38 mol%) during 230 h at

650 °C. Data extracted from the literature, including our own XRD and XPS tests.

References
[14,17,24,25]

Material

TiO, Li,COs—K,COj3 (62:38 mol%)
Li,CO3—Na,CO3 (52:48 mol%)

Molten carbonate composition Possible phases

Li,TiO3

Li,Ti,NiO; ¢ X < 0.5,y < 0.14
Li,TiyNiO,: x < 0.5,y < 0.11
Li, TiyNiOs6: x < 0.5,y < 0.4

Analysis techniques used
XRD, EDS, XPS

NiO

Li,Ni;_,O
Ce0O, Ce0O,

NiO

Ni

Li,Ni;_,O
Co0304

LiCoO,
CoO
Co304

NiO—CoO solid solution
Li—Ni—Co—-0

XRD, EDS, XPS, RAMAN [14,18,26,27]

XRD, EDS, XPS, RAMAN [9,11,12,29,30]

Electrochemical performance

Chronopotentiometry data

Fig. 4 shows the OCP evolution of the bare porous nickel
cathode (solid line) all over 230 h of immersion in molten
Li,C03—K,CO3 (62:38 mol%) at 650 °C and the OCP evolution in
the same conditions of TiO, (long dash line), CeO, (short dash
line) and Co304 (dash-dot line) coated samples, respectively.
Porous nickel OCP behavior, investigated previously by
different authors, among which Yazici et al. and Antolini
[31,32], attributed the plateaus to the in situ Ni oxidation fol-
lowed by the NiO lithiation process on the nickel porous sur-
face. The three plateaus of porous nickel observed in Fig. 4 are
related to the modification of the porous Ni electrode into
LiyNi; 4O, in a progressive way. The first plateau (I) from 0 to
98 h is ascribed to the in situ oxidation of metallic nickel, after
the first potential jump at 98 h, a second plateau (II) is reached
at a potential around —0.4 V/(Ag/Ag"). This plateau corre-
sponds to the in situ lithiation of NiO, which is probably
associated to an increase in the nickel valence from Ni(Il) to
Ni(IIl), as reported by Nishina et al. from XPS measurements
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Fig. 3 — Diffractograms of ALD coated samples after 230 h
immersion in molten Li,CO3;—K,CO; (62—38 mol%) at
650 °C.

[33]. At equilibrium, lithium content in NiO cathode was
estimated by nuclear microprobe to be roughly 0.2 at% [34].
After 182 h, the lithiation process is completed and the third
plateau (III) at —0.03 V/(Ag/Ag+) corresponds to an equilibrium
potential between O,, CO, and carbonates. At this stage, the
electrode works as a stable cathode for oxygen reduction. In
the case of the coated samples, as shown in Fig. 4, the first
plateau for TiO,, CeO, and Co30, starts at about —0.60 V/(Ag/
Ag+), —0.76 V/(Ag/Ag+) and —0.83 V/(Ag/Ag+), respectively.
With respect to the bare porous Ni cathode, TiO, and CeO,-
coated Ni behave in a relatively similar way, which is not the
case of Co304-coated Ni that follows a very slow OCP evolu-
tion. The presence of TiO, and CeO, coatings provokes a time
delay for the first potential jump appearing after 155 h and
165 h, respectively, which are about 55 h and 65 h later than
for the bare Ni cathode. Afterwards, at the second plateau TiO,
sample remains at the same OCP value —0.28 V/(Ag/Ag+),
whilst the second plateau of CeO, sample shows an abrupt
potential increase from —0.35 to 0.01 V/(Ag/Ag+) at 212 h
reaching the third plateau corresponding to the oxygen
reduction potential, just 30 h after the bare porous Ni sample.
This behavior indicates that CeO, causes a small delay in the
whole Ni oxidation and lithiation process. However, it must be
noted that the final potential reached with the CeO,-coated
sample is higher than that with the bare nickel cathode, which

Table 3 — Solubility of Ni in molten Li,CO;—K,CO;
(62—38 mol%) eutectics for Co304, TiO, and CeO, coated

samples, own experimental data [18,19] compared to the
literature.

Sample Ni Ti02' CEOQ' CO304'
coated coated coated
Experimental 15 8.2 10 12
data (wt. ppm)
Literature 18.1* [35] 17.8%[35] 15.97**[1] 7.59%* [1]
(wt. ppm) 18.1[1] 6.8° 9.3b* a: 10 mol%
17.9* [36] a:2.5; a:2;
16.8* [37] b:5mol% b:1mol%

*Po, /Pco, = 0.33/0.67 bar/bar.
a and b: contents of TiO,, CeO, and Co30, in NiO-coated powders.
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seems to evidence the good electrocatalytic properties of ceria
towards oxygen reduction. OCP of Co;0,4 reaches a value of
—0.72 V/(Ag/Ag+) after the 230 h of immersion time which
indicates that Ni oxidation and lithiation are being partially
impeded by Co30,. In fact, Co30, is rapidly transformed into
LiCoO, and also in small amounts into a mixed Li—Ni—Co—0
compound [9,11].

Electrochemical Impedance Spectroscopy data

Electrochemical Impedance Spectroscopy (EIS) was performed
for porous Ni and all the coated samples after 230 h of elec-
trode immersion in Li—K carbonate eutectic melt. As can be
seen in Figs. 5 and 6, the Nyquist diagrams of porous Ni, TiO,,
CeO, and Co304 show a different global behavior for each
sample. From these impedance data the electrolyte resistance
(Rq), charge transfer resistance (R,) and mass transport resis-
tance (Rs) were obtained by fitting the circuit shown in Fig. 7 to
the Nyquist diagrams obtained along 230 h.

The total resistance evolution over the time is shown in
Fig. 7. For the CeO,-coated cathodes, the resistance over the
first 150 h is about two orders of magnitude lower than that of
porous Ni. After 150 h, CeO,-coated sample resistance starts
increasing rapidly and reaches stability after 165h at 320 Q, a
lower resistance than porous Ni (350 Q). The CeO,-coated
sample final resistance is as high as porous Ni, which suggests
that the CeO, coatings either decreases the total cathode
resistance or at least do not affect it negatively. By contrast,
TiO,-coated sample is stable until 120 h with a very low
resistance, rapidly increases up at 165 h reaching a first
plateau (at 450 Q), then increases again from 200 h to 225 h,
reaching a second plateau (at 530 Q). The final resistance of
TiO,-coated sample is the highest. Co;0, sample behaves very
differently than bare Ni, CeO, and TiO,-coated samples with
respect to the total resistance behavior over time; while for
these samples resistance starts at 50 Q for bare Ni, and 6 Q for
Ce0, and TiO, and increases after, Coz04 sample resistance
starts around 150 Q and decreases over time to 6 Q after 230 h.
This indicates that Cos0, in contact with the molten carbon-
ates produces a very conductive lithiated Co phase: LiCoO,.

0.0 —— Ni Porous o
0.1 ——-TiO,
---- CeO,
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-0.34
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Fig. 4 — OCP evolution over immersion time in molten
Li,CO;—K,CO0; (62—38 mol%) at 650 °C during 230 h. a)
porous Ni, b) TiO, (50 nm), c) CeO, (27 nm), d) Co304 (50 nm).
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Fig. 5 — Nyquist impedance diagrams after 230 h

immersion in Li—K carbonate eutectic melt of: (») porous

Ni, (») TiO,, (0) Co304 (N) CeO,. Frequency logarithms are

given.

Co30,4 sample final resistance could increase if longer tests are
performed due to Ni oxidation and lithiation.

If considering the electrolyte conductivity as constant,
electrolyte resistance (R;) evolution shown in Fig. 8 can be
interpreted mainly as the change in electroactive area of the
electrode (in contrast with the geometrical area). As can be
observed in this figure, the electrolyte resistance for TiO,,
CeO; and Ni samples increases with time, reaching the same
stable value after 175 h. This evolution can be attributed to the
in situ oxidation of Ni causing a structural and morphological
change at the interface with the molten carbonates and
increasing the electrode surface. It is remarkable that for
Co304-coated sample, this change does not occur during 230 h,
meaning that Co30, coating decreases dramatically the
oxidation rate of Ni as initially suggested by XRD data.

Fig. 9 shows a comparison of the charge transfer resistance
(Ro) between bare Ni cathode and the three coated Ni cathodes
with TiO,, CeO, and Cos04. Up to 120 h, all the samples have a
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Fig. 6 — Zoomed region of diagram in Fig. 5: (=) porous Ni,
(») TiO,, (0) Co304, (M) CeO,. Frequency logarithms are given.
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similar behavior with a very low and constant value of R,. At
120 h, R, of bare Ni increases dramatically until reaching a
maximum value of 4.7 Q at 175 h before rapidly decreasing.
The behavior of TiO, and CeO,-coated samples are relatively
close to that of Ni, since R, rises at 150 h, reaches a maximum
of 1.7 Q and 2.7 Q, respectively, and then decreases. It appears
that R, evolution is strongly correlated to the transformation
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process of the coating and the substrate (oxidation, lithiation
and interdiffusion). At this level, one may note the beneficial
effect of TiO, and CeO, coatings with a decrease in the charge
transfer resistance. Here again, the behavior of Co30, is very
different from the others, with R, almost constant at an
average value of 0.024 Q; this indicates clearly that lithiated Co
compounds are remarkably conductive and stable in the car-
bonate melt.

Mass transfer resistance (Rs), has the highest values and its
evolution is close to that of the total resistance, as shown in
Fig. 10. TiO, and CeO, samples have a very low initial Rs, which
in the case of TiO, begins to increase at 120 h until reaching
600 Q at 195 h and in the case of CeO, the increase begins at
150 h and is relatively moderate. Mass transfer is slower in the
case of TiO, than for CeO,. Ni behavior is higher during the
first 150 h, and increases until 190 h before slightly decrease.
Cos0,4 sample is always different, at the beginning it is nearly
stable until 70 h before progressively decreasing. We may
conclude that mass transfer is clearly favored with the Co
coating, slightly favored with Ce coating, contrarily to the Ti
coating which shows the highest Rs.

Conclusions

This paper confirms the promising features of titanium ceria
and cobalt-based materials processed by ALD for optimizing
the operation of MCFC devices. TiO,, Co304 and CeO, coatings
of different thicknesses have been processed for the effective
protection of the MCFC cathode. When immersed during 230 h
in molten Li,CO3—K,COs3, they are spontaneously transformed
into a complex but stable interface. The in situ electrochemical
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behavior is affected by these ultra-thin layers because of the
complexity of the oxidation/lithiation processes added to the
interdiffusion of elements between the substrate and the
protective layer. The morphology of the crystals formed after
immersion in molten carbonates was well evidenced by SEM,
the porosity of the initial substrate being more or less
respected according to the nature of the coating and the
evolution of the interface. Similar tendencies have been found
in OCP time-evolution for all the samples with or without
coatings in the first 100 h. However, it was found that reaching
a stable TiO, or CeO,-coated cathode for oxygen reduction is a
slower process than that with a bare porous nickel. This
evolution combining a lithiation/interdiffusion process is
likely to produce a stable mixed NiO-based cathode with good
electrochemical performance, comparable to the-state-of-
the-art cathode, which indicates that the presence of TiO, or
CeO, does not affect significantly the OCP evolution. The
evolution of resistances vs. time also showed that TiO, or
Ce0,-coated materials are comparable to the state-of-the-art
cathode; however, the OCP evolution towards the oxygen
reduction potential occurs with a delay, larger in the case of
TiO,. Co304 sample showed the lowest resistances with
respect to all the samples but never reached the oxygen
reduction potential in 230 h of immersion. As for Ni solubility,
TiO, coating is slightly better than the others. It is clear that
the choice of the coating is a compromise between different
properties: Ni solubility, OCP evolution and the different
resistance values (electrolyte, charge transfer and mass
transfer). In order to conclude which is the best coating, it will
be necessary to analyze longer time operation, the stability of
the complex interface and a thorough analysis of the kinetic
parameters; however, all these coatings present an interest
because of their known stability in molten carbonates and
their electro-catalytic properties.
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ABSTRACT

This study addresses the problem of the nickel cathode dissolution, decreasing the lifetime
of molten carbonate fuel cells, by a protective coating of Nb,Os processed by atomic layer
deposition ALD onto the porous cathode substrate. Samples of different thicknesses were
tested electrochemically in molten Li,CO5-K,CO3 eutectic at 650 °C during 230 h by means
of chronopotentiometry and electrochemical impedance spectroscopy. A significant
decrease in the stabilization time with respect to the oxygen reduction potential is
observed with niobium coatings, which could indicate an electrocatalytic process favoured
by the presence of Nb. The structure and morphology of the coated samples are charac-
terised by XRD, SEM and XPS before and after the electrochemical tests. Mixed lithiated Ni
and Nb oxides are likely to be formed at the cathode surface. Interestingly, this Nb-
containing mixed oxide not only can protect Ni cathode but also maintains its good
performance.

© 2016 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

Introduction

market. MCFC device does not use any precious metal as
catalyst making it cheaper to manufacture. Hence, MCFC is an
interesting technology for producing clean energy from hy-

There are several types of fuel cells available commercially,
each one aims at satisfying a specific niche of clean generated
power, portable, mobile or stationary. Molten carbonate fuel
cells (MCFC) are better suited for large-scale stationary gen-
eration of several MW, more than any type of fuel cell in the

* Corresponding author.
** Corresponding author.

drocarbons, biogas or hydrogen-rich fuels.

The most common material used as MCFC cathode ma-
terial is nickel, which undergoes in situ oxidation and lith-
iation in the carbonate melt, then nickel starts dissolving
and, after reacting with hydrogen, might precipitate as

E-mail addresses: arturo.melendez@chimie-paristech.fr (A. Meléndez-Ceballos), suilma.fernandez@inin.gob.mx (S.M. Fernandez-

Valverde).
http://dx.doi.org/10.1016/j.ijhydene.2016.04.045

0360-3199/© 2016 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.
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metallic nickel onto the anode, causing a short-circuit be-
tween both electrodes through the electrolyte [1,2]. One of
the best solutions is to deposit a protective coating of a
selected metal oxide onto the cathode. There are many
studies dedicated to this approach in the literature, sol—gel,
electrochemical deposition, chemical vapour deposition,
plasma and laser sputtering of various metal oxides. For
instance, CeQ,, TiO,, Co0304, Fe,0;, and mixtures of those
have been studied with some significant results [3—10].
Nevertheless, even though addition of such layers decreases
Ni solubility, they may also increase the cathode resistance
and drop the cathode electrochemical performance. In
recent studies, we have used atomic layer deposition (ALD),
technique which allows processing ultra-thin and conformal
layers, e.g. CeO,, TiO,, Co304, in order to maintain the elec-
trocatalytic properties of the porous nickel substrate [11—13].
Interesting results were obtained, but there is still a need of
more performing coatings, combining a protective role and
electrocatalytic properties. Niobium compounds and, in
particular oxides, are well known for their catalytic proper-
ties for oxidation processes; for instance, E. Heracleus et al.
and A. Qiao et al. have used Ni-Nb-O and Ni-Nb-M-O com-
pounds for catalysing the oxidative dehydrogenation of
ethane reaction, explaining the increased activity of the Ni-O
catalyst by the increased surface acidity conferred by Nb
species at the surface [14—16]. Nevertheless, other authors
have analysed the properties of niobium oxides for reduction
processes. A. Takagaki et al. and R. Ohnishi et al. evaluated
the performance of niobium oxides as catalysts for oxygen
reduction reaction (ORR) in proton exchange membrane fuel
cells (PEMFC) with good results [17,18]. As far as we know
there are no specific mechanistic studies on niobium oxides
grown on nickel oxide substrates [19,20]; however, pre-
oxidised nickel-niobium alloy has already been suggested
by Fang et al. as novel candidate material for replacing the
classical nickel oxide cathode [21,22]. These authors ob-
tained a significant drop in Ni solubility (8 10 ° instead of 17
10~® mol fraction). They also mentioned that niobium oxide
cannot be thermodynamically reduced by H, or CO in the
anode MCFC atmosphere, which is favourable to the appli-
cation because no metallic niobium would be deposited in
the electrolyte.

In the present study, we investigated for the first time the
structural, morphological and electrochemical behaviour of
ALD-processed thin layers of different thicknesses of Nb,Os
onto the commercial porous Ni cathode. ALD is a chemical
gas phase deposition technique first developed in Finland in
the 1970s by T. Suntola et al. [23,24]. In ALD, reactant gas
pulses are introduced separately in order to reach the sub-
strates to be coated and growth is achieved through self-
terminating surface reactions, which means that only one
monolayer of reactant gas species can be adsorbed to the
surface during a pulse. We worked in Li,CO3-K,CO3 bulk at
650 °C in conditions simulating MCFC cathode operation. Our
aim here is to show whether ALD-processed niobium oxide
coatings could play a protective role with respect to Ni
cathode and maintain or improve the electrocatalytic prop-
erties of nickel. A deeper insight contemplating the mecha-
nistic effect of niobium with respect to oxygen reduction
kinetics is out of the scope.

Experimental
Atomic layer deposition of Nb,Os

A thin layer of Nb,Os was deposited on a commercial porous
nickel substrate (produced by Doosan Company, South-Korea)
by means of ALD technique using a vertical flow type reactor
(Picosun ~ SUNALE™  R-series).  Niobium  ethoxide,
Nb(OCH,CHs)s (Sigma—Aldrich®) was used as precursor and
distilled water as oxidizing agent. In order to process the
Nb,Os layer, Nb(OCH,CHjs)s was introduced into the precursor
chamber using the following conditions: precursor pulse time
0.5 s, purge time 3 s, N, line flow of 100 cm® min~?, water pulse
time 0.1 s purge time 3 s [25]. The precursor was sublimated at
80 °C and the water vapour was supplied at 25 °C. The reactor
temperature was kept at 300 °C with a N, flow of
300 cm® min~?, the precursor pulse and purge was followed by
water pulse and purge, this cycle was repeated until the
desired thickness was reached. The growth rate of Nb,Os
layers over the porous nickel substrate was =1 A/cycle. Four
different samples were processed by this technique to obtain
5, 20, 50 and 300 nm deposited layers.

Material characterization

Deposited layers were characterized by X-ray diffraction, SEM
and XPS. XRD was performed in a PANalyticalX'pert Pro from
Anton Paar with Cu—K,1 radiation (A = 1.54056 A). The
diffraction pattern was obtained by scanning between 20 and
120° by steps of 0.02 (26°) with a fixed counting time of 2.3 s in
razing mode. Once the data were obtained, Scanning Electron
Microscopy (SEM) analysis were performed with a ZEISS® Ultra
55 microscope to evaluate the surface, morphology and to
measure the layer thickness. X-ray photoelectron spectra
were recorded using a Thermo Scientific K-Alpha X-ray
photoelectron spectrometer with a monochromator Al Ka X-
ray (hv = 1486.61 eV) for sample excitation. An argon ion beam
was used to prevent sample surface charging. The spectrom-
eter energy calibration was obtained using Au 4f 7/2 and Cu 2p
3/2 photoelectron lines. The position of the adventitious car-
bon C 1 s peak at 284.6 eV was used as an internal reference in
each sample to determine the binding energies with an ac-
curacy of +0.1 eV. The residual pressure in the analysis
chamber was maintained below 10~% Torr, during data
acquisition. Three samples of 50 nm niobium oxides deposited
on porous nickel were analysed, one as-deposited and two
others M1 and M2 after immersion in molten carbonate
eutectic at 650 °C for 44 h and 144 h respectively. The survey
spectrums were obtained between 0 and 1000 eV, for all
samples. The spectra were collected and analysed with
Advantage 4.0 software.

Electrochemical cell

Lithium and potassium carbonates, of high-grade purity >98%
(Sigma—Aldrich®), were mixed in a proportion of 62:38 mol %.
The high-temperature electrochemical cell was a single-
compartment crucible of dimensions 70 x 50 mm? contained
in an alumina Al,O; reactor of dimensions 250 x 60 mm?
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hermetically sealed by a stainless steel cover with a Viton O-
ring. The whole electrochemical set-up was fully described in
a previous papers [26]. Temperature was controlled at a con-
stant value of 650 °C by means of a calibrated chromel/alumel
thermocouple. The standard cathode atmosphere was a
mixture of O,/CO,/Ar (14:30:56 atm. %) of high-grade purity
(Air Liquide®) at 650 °C and a pressure of 1 atm. After stabi-
lizing the molten carbonate eutectic under the selected cath-
ode atmosphere, each sample was immersed in the molten
carbonate eutectic and was used as working electrode to
perform electrochemical measurements.

Electrochemical measurements

The electrochemical experimental data were collected using a
potentiostat/galvanostat (AutoLab® PGSTAT-302N with FRA
module). A three-electrode system was used, the working
electrode being the modified porous Ni cathode
(10 x 10 x 0.5 mm), the counter electrode was a gold wire and
the reference electrode a silver wire dipped into an Ag,SO,4
(107" mol kg™?) saturated electrolyte eutectic melt into an
alumina tube sealed by a porous alumina membrane. Open
circuit potential (OCP) was measured for a period of 230 h for
the modified cathodes. The parameters used for impedance
(EIS) measurements are the following: scanning frequencies
set from 103-10° Hz, with 11 points per decade, and signal
amplitude of 5 mV respecting the system linearity. The fitting
of the equivalent circuit was performed with Zview® V3.3e
software.

Ni solubility

The solubility of bare porous nickel and 20 nm Nb,Os coated
porous nickel was measured individually from the different
(Lisp-K35)2CO5 melts used in the experiments. Small amounts
of carbonates (about 1.4 g) were withdrawn randomly three
times from the molten carbonate bulk at the end of the elec-
trochemical characterizations, which corresponds to 230 h
immersion. After solidification, each carbonate sample was
hand-milled to obtain a fine powder. 2 g of carbonate powder
were then dissolved in 10 ml of HNOj at 3 vol %. Nickel content
was determined by ICP-AES (ICAP 6000 Series from Thermo
Fisher Scientific). The calibration was performed using Aldrich
atomic absorption standard solutions, dissolved in HNO; at 3
vol. %.

Results and discussion
Material characterization

InFig. 1, a comparison of SEM micrographs of the as-deposited
Nb,Os with thicknesses of 300 (a), 50 (b) and 5 (c) nm are
shown. As can be observed, ALD deposits are dense,
conformal and homogenous as expected. It should be noted,
however, that the thinner is the layer the more it seems
fragile, which is specifically the case in Fig. 1b) for a 5 nm
coating. X-ray diffraction pattern shown in Fig. 2 was obtained
from a sample coated with 300 nm of Nb,Os over Si (0 0 1) and

heat treated at 650 °C for 4 h. Further analysis by software
indicates the presence of 3 phases corresponding to ICDD
pattern numbers 00-030-0873, 00-026-0885 and 01-071-0020
that belong to an orthorhombic Nb,0s, monoclinic Nb,Os and
tetragonal NbO, type crystals, respectively. Orthorhombic
Nb,Os constitutes the primary phase. The peak located at 26°
value of 99.5211 was not identified as part of the previously
mentioned phases. The average crystal size deduced from the
peaks after applying the Sherrer equation is around 65 nm
[27]. The different phases and consequent Ni and Nb valences,
as well as lattice defects present in the material could facili-
tate the interaction of Nb with the undelaying Ni and possibly
accelerate Li penetration which could play a favourable role in
the cathode electrochemical behaviour.

XPS spectra of Nb (a), Ni (b) and O (c) peaks for the as-
deposited 50 nm Nb,Os coated nickel (1), samples after 44 h
(2) and 144 h (3) immersion in the carbonate melt are shown in
Fig. 3. The values of peak position and peak area in percentage
as well as the related phases are summarized in Table 1. For
each binding energy determination, the values obtained were
corrected with respect to adventitious carbon taken as refer-
ence. In Fig. 3, changes in binding energies and percentages of
different niobium, oxygen and nickel species are observed. In
Fig. 3a;, Nb 3ds;, and Nb 3ds/, are found at 207.5 eV and
210.2 eV, respectively, and correspond to Nb,Os [28]. The Ni
XPS spectrum in Fig. 3b; shows four peaks, the first peak at
852.5 corresponds to 2ps;; Ni [29], probably present at the
surface due to sample handling. Peaks at 855 and 860.3 eV
belong to 2p;/, and 2ps,, satellites of NiO, respectively [30—32]
the peak at 857 eV could be due to the presence of Ni-OH
bonds as suggested by the literature [33,34]. The O spectra in
Fig. 3c; shows the presence of two 1 s peaks, one at 530.5 eV
which corresponds to the oxygen contained in Nb,Os and NiO
[31,35,36]. The peak present at 532.2 eV corresponds to O-H
bonds found in molecular chemisorbed water or hydroxyl
surface groups [31,33,37] maybe present due to sample
handling. After 44 h in the carbonate melt, sample M1 (see
Fig. 3a,) shows clearly a change in shape and two new peaks
appear on the spectra. Peaks at binding energies of 206.5 eV
and 209.1 eV should correspond to a Li-Nb-O phase with de-
fects or oxygen vacancies hence a lower binding energy than
the values reported for LiNbO; [38,39]. Diffusion of Nb into Ni
could have lower the binding energy of Nb,Os peaks at 209.9
and 207.4 eV by replacing some Nb-O ligands by Ni-Nb this
shift on Nb for Ni-Nb-O phases has been reported in literature
[36,40]. In the case of Ni, the peak at 852.5 eV disappears. The
2ps/2 NiO peak, originally at 855 eV, is split in two peaks, one at
854.5 eV and another at 856.5 eV corresponding, most prob-
ably, to Ni"' and Ni-O defects, respectively [37,41]. The satellite
2p3/» is displaced to a higher BE value of 861.2 eV. The observed
shifts are proper to Li incorporation into the NiO matrix [41]
and also could be due to Nb incorporation to form a more
complex Li-Ni-Nb-O phase. A peak appearing at 865.5 eV could
evidence the formation of a Nb,Os-rich NiO compound, such
as NiNb,Og similar to NiFe,0, which presents also a peak at
that BE [34]. Oxygen peak also shows a split in two contribu-
tions, one at 529.4 eV attributed to O 1 s of Li-Ni-O bonds [41]
and another at 530.8 eV from the Nb-O bonds [39]. In sample
M2, the binding energy of Nb 3ds/, remain as in M1, while the
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500 nm

400 nm
I

Fig. 1 — SEM images of the as-deposited Nb,Os thin layers. Left side low magnification, right side high magnification close to
a broken Ni grain. Thicknesses are: a) 300 nm, b) 50 nm, c) 5 nm layers.
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Fig. 2 — X-ray diffractogram of 300 nm Nb,Os layer showing
three identified phases: () Orthorhombic Nb,Os ICDD (00-
030-0873), (®) Monoclinic Nb,Os ICDD (00-026-0885) and
(A) Tetragonal NbO, ICDD (01-071-0020). ? = unidentified
peak at 99.5211 (2 6°). In parenthesis the (h k 1) numbers of
the corresponding phase.

3ds/, peak is shifted to a BE of 207.1 eV; this shift has been
reported by Trifonov et al. in the oxidation of Ni-Nb alloys [40].
In our case, it might reflect further Nb an Li intercalation into
the subjacent NiO, forming a Li-Ni-Nb-O phase. The Nb peaks
at BE 209.4 and 206.5 eV correspond to the BE energies of
LiNbOs, as shown by Aufray et al. [38]. Nb,Os being available at
the surface of the electrode, it is not surprising that lithiation
of Nb,Os takes place. In the case of Ni 2ps/,, peaks are shifted
again to a lower BE of 854.3 and 856.1 eV, as previously
mentioned they correspond to Ni! and Ni-O defects, respec-
tively. As can be noticed in Table 1, the area of the peaks has
also changed and an increase from 25 to 33% in the peak area
for the Ni-O defects might be caused by further Li and Nb
incorporation in to the NiO lattice. Ni 2p5/, satellite increased
its BE to 861.3 eV and the peak at 865 remains. All Ni peaks
indicate a strong Li and Nb interaction with NiO forming a Li-
Ni-Nb-O pase [41,42]. Oxygen peaks show an increase in BE in
respect to M1 sample and are now at 531.3 and 529.7 eV. Ac-
cording to Pawlak et al. [43] oxygen 1 s spectra, is affected by
the different metals present on the coordination shell of ox-
ygen,; thus, the shiftin O1 s peaks could be due to the presence
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Fig. 3 — XPS spectra of all tested samples, al), b1) and c1) corresponding to Nb,Os as deposited on porous nickel by ALD, a2),
b2) and c2) corresponding to sample M1 obtained after 44 h immersion time in a mixture of Li and K carbonates at 650 °C
and a3), b3) and c3) corresponding to sample M2 obtained after 144 h of immersion in the same conditions.

of Li-Ni-Nb-O phase. It is clear that the complex interaction
between NiO, Nb,Os and Li* in our media will require a more
detailed XPS study to determine unambiguously the precise
composition of the cathode surface after a long immersion in
the molten (Ligp-K3g),CO5 eutectic.

Electrochemical characterization

Fig. 4 shows the evolution of the open circuit potential (OCP)
for each tested sample over 230 h, corresponding to porous
nickel and Nb,Os coatings of 5 nm, 20 nm, 50 nm and 300 nm,
respectively. As can be noted in Fig. 4, porous Ni follows a 2
step potential evolution where the plateaus are denoted as I
(=—-0.68V),II (=—0.37 V) and III (=0 V). The OCP behaviour of
porous nickel has been investigated by different authors,
among them Yazici et al. and Antolini [44,45], who attributed
the steps to the in situ Ni oxidation followed by the NiO lith-
iation process on the porous nickel surface. The three pla-
teaus corresponding to porous nickel, observed in Fig. 4, are
related to the modification of the porous Ni electrode into
LixNi; O, in a progressive way. The first plateau (I) from O to
98 h is ascribed to the in situ oxidation of metallic nickel, after

the first potential jump at 98 h, a second plateau (II) is reached
at a potential around —0.4 V/(Ag/Ag'). This plateau corre-
sponds to the in situ lithiation of NiO, which is probably
associated to an increase in the nickel valence from Ni*" to
Ni**, as reported by Nishina et al. from XPS measurements
[46]. At equilibrium, lithium content in NiO cathode was
estimated by nuclear microprobe to be roughly 0.2 at% [47].
After 182 h, the lithiation process is completed and the third
plateau (III) at —0.03 V/(Ag/Ag™) corresponds to an equilibrium
potential between O,, CO, and carbonates. At this stage, the
electrode works as a stable cathode for oxygen reduction.
Samples coated by a thin layer of Nb,Os do not show the
same behaviour as bare porous nickel. The 300 nm coated
sample, shown in Fig. 4, reaches a potential around —0.4 V/
(Ag/Ag™) very fast, in less than 25 h, and appears relatively
stable until 63 h. Then, it increases slowly (in absolute value)
with a mild slope until reaching —0.45 V/(Ag/Ag") and remains
relatively stable. Apparently, this Nb,Os layer is too thick and
blocks the nickel catalytic activity. When decreasing the
thickness of the layer to 50 nm, as shown in Fig. 4, the OCP
behaviour seems more favourable; even though it does not
follow completely the Ni behaviour, it shows two potential



Table 1 — Peak data obtained from XPS spectra fitting shown in Fig. 3. Peak numbers are designed from high to low binding energies.

Nb peaks Ni peaks O peaks
Peak number Center (V) Area (%) Peak number Center (€V) Area (%) Peak number Center (€V) Area (%)
As deposited 1 210.2 39 3ds), 1 860.3 11 2ps/o, Sat 1 532.2 31 1s
Nb,Os NiO H,0
2 207.5 61 3ds/» 2 857 18 Ni-OH 2 530.5 69 1s
Nb,Os Nb,0s/NiO
3 855 22 2p32
NiO
4 852.5 49 2D3/2
Ni
As in M1 1 209.9 31 3ds/» 1 865.5 2 NiNb,O¢ ? 1 532.2 27 1s
Nb,Os H,O
2 209.1 18 3ds» 2 861.2 37 2D32, st 2 530.8 37 1s
LiNbO3 Li-Ni-Nb-O Nb-O
3 207.4 22 3ds/» 3 856.5 25 2p3/2 3 529.4 36 1s
Li-Ni-Nb-O Li-Ni-Nb-O Li-Ni-O
4 206.5 28 3ds/» 4 854.5 36
LiNbO;
As in M2 1 209.9 15 3ds/» 1 865 2 NiNb,O¢ ? 1 532.2 29 1s
Nb,Os H,0
2 209.4 20 3ds/» 2 861.3 39 2p3/2, sat 2 531.3 23 1s
LiNbO3 Li-Ni-Nb-O Li-Nb-O
3 207.1 48 3ds/» 3 856.1 33 2ps/n 3 529.7 51 1s
Li-Ni-Nb-O Li-Ni-Nb-O Li-Ni-Nb-O
4 206.5 18 3ds/» 4 854.3 26

LiNbO,
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Fig. 4 — Opencircuit potential evolution vs. time over 230 h
for porous Ni and Nb,Os covered samples immersed in
molten Li,CO5-K,CO; eutectic at 650 °C.

steps. The first one occurs at 81 h, before that of nickel, up to a
potential of —0.42 V/(Ag/Ag") and continues increasing with a
slight slope until 166 h where it jumps from —0.25 to —0.02 V/
(Ag/Ag") at 171 h, to finally reach its maximum potential
0.05 V/(Ag/Ag") at 187 h. This behaviour indicates that nickel
oxide is acting as a catalyst and the presence of Nb,Os
somehow accelerates the potential evolution reaching a
favourable working potential in a shorter time. If we reduce
the thickness of the protective Nb,Os layer to 20 nm, as
depicted in Fig. 4, the behaviour changes drastically from that
of porous Ni and the 50 nm coated sample, showing a very
small potential increment after 24 h immersion from —0.66 to
—0.60 V/(Ag/Ag") at 44 h. Then the potential increases rapidly
from —0.60 to —0.1 V/(Ag/Ag") at 79 h. Afterwards, the po-
tential increases slowly during the next 89 h of the experi-
ment, reaching a final value of —0.07 V/(Ag/Ag") after 168 h of
immersion in the molten carbonate melt at 650 °C. For the
20 nm coated sample, shown in Fig. 4, a good working po-
tential is reached 112 h before the porous Ni electrode, which
could indicate that the presence of Nb,Os is increasing the
catalytic properties of NiO or even that Nb,Os is acting as a
catalyst itself. It seems that the 20 nm is the most efficient
coating with respect to the stabilisation of the Ni electrode.
The 5 nm Nb,Os-coated sample, described in Fig. 4 shows a
behaviour close to that of the 50 nm coated sample and porous
Ni. The initial potential remains stable at around —0.66 V/(Ag/
Ag*) during 74 h when it starts to rise up to —0.42 V/(Ag/Ag").
Then if follows a slope similar to the 50 nm sample up to
—0.27 V/(Ag/Ag") at 150 h when it presents a fast increase in
the form of a step up to —0.18 V/(Ag/Ag™) that remains stable
until 175 h. After another potential step, it reaches a value of
—0.05 V/(Ag/Ag") remaining stable for the rest of the experi-
ment. It seems that the first part of the OCP behaviour corre-
sponds to the influence of Nb,Os, while the final two steps are
a direct influence of the Ni oxidation/lithiation phenomenon
already described. This hypothesis seems to be supported by
the fact that the content of Nb,Os is very small and even

though it influences the OCP behaviour, the final potential
step occurs at the same time as the bare porous Ni reaching a
potential around —0.04 V, which is a good value in terms of
cathode equilibrium potential.

Even though the 20 nm and 50 nm coated samples could be
considered close in term of thickness, their OCP behaviour is
not. The difference is due to the fact that the 20 nm sample
could be more reactive towards NiO than the 50 nm sample,
forming faster a mixed valence Li-Ni-Nb-O phase, as sug-
gested by XPS analysis, that could stabilise the cathode faster
than LiNi;xO phase and probably act as a good electro-
catalyst. In the 50 nm sample, the presence of Nb,Os at the
extreme surface in contact with carbonates could block the
effect of the mixed phase at the NiO-Nb,Os interphase.

Electrochemical impedance spectroscopy data were
recorded periodically and fitted to deduce resistance values,
such as charge transfer resistance (R1), mass transfer resis-
tance (R3) and total resistance (Re + R1 + R2 + R3) of the
electrochemical system. Fig. 5 shows an example of data
fitting and the corresponding equivalent circuit. Itis necessary
to consider a three-phenomenon circuit with a series of three
sets of a resistor in parallel with a constant phase element
(CPE) due to the presence of an arc at medium frequencies.
The presence of this arc has been discussed by Escudero et al.
[48], suggesting that this phenomenon, observed only during
the first 8 h, is due to the formation of the Li,Ni; O phase. In
our case, this phenomenon is present along the 230 h for most
of the samples except the 20 nm one. It is difficult to explain
this phenomenon, probably not due to the oxidation/lithiation
of Ni but maybe to the porosity of the material; anyhow, it is
not our purpose to analyse deeply the origin of this middle
frequency arc, which would require analysing the evolution of
the distribution of relaxation times (DRT).

It is worth mentioning that for comparison, resistances
and EIS data are presented at a similar OCP value instead of a
given time; we have opted for this representation since the
samples behave differently with respect to time. Fig. 6 shows
different EIS data taken along 130 h of immersion time for the
20 nm-coated sample. We can note an increase in the total
resistance vs. time up to 65 h, which is due to the growth of the

rrrr1r 1111 "1 "1
0 200 400 600 800 1000 1200 1400 1600

Z' (ohm)
L1 Re R1 R2 R3
CPE1 CPE2 CPE3

Fig. 5 — Nyquist representation of EIS data (®) of 50 nm
Nb,Os covered sample taken at 176 h immersion in molten
Li,C03-K,CO; eutectic at 650 °C. Fitted with the equivalent
circuit shown above (—). Numbers correspond to the
logarithm of the frequency.



18728

INTERNATIONAL JOURNAL OF HYDROGEN ENERGY 41 (2016) 18721—-18731

-2 (Obin)

Fig. 6 — Nyquist representation of impedance data taken
periodically over 130 h. Data corresponds to the 20 nm
covered sample immersed in molten Li,CO3-K,CO; eutectic
at 650 °C.

Table 2 — Charge transfer resistance (Rtc) and total
resistance (Rtot) for each sample tested, taken from EIS

data fitting at a comparable OCP value after the last
potential step and close to 0 V.

Rtc Rtot
Porous Ni 2.3 350
5 nm 1.2 745
20 nm 12 1200
50 nm 29 1500
300 nm 101 1950
T O 5nm 3
1000 — a) A 20 nm l
i v 50 nm
800 , a
o Porous Ni A
)
N AVA v v
v
-3
|
000

nickel oxide layer in interaction with the Nb,Os ultrathin
layer. After 65 h, the total resistance decreases, which is
consistent with the lithiation of NiO and/or Nb,Os increasing
the conductivity. Nevertheless, the total resistance deduced
from the impedance data at OCP potential around —0.07 V/
(Ag/Ag") is 4 times higher than that of bare porous Ni at
similar potential. In Table 2, the influence of Nb,Os layer
thickness over the charge transfer resistance and total resis-
tance is evidenced at their final steady state potential for all
the samples. As could be expected due to the high resistivity of
Nb,Os, the charge transfer resistance increases when
increasing the thickness as do the total resistance. Never-
theless, resistance values shown by the 5 nm and 20 nm
samples could still be acceptable for MCFC cathode applica-
tion. Fig. 7 shows a comparison of the Nyquist diagrams ob-
tained for each sample at a similar potential close to 0 V/(Ag/
Ag?). In this figure, we can observe that the 20 nm Nb,Os
coated sample seems to have a different diffusion regime than
all the rest, probably due to a faster adsorption—desorption
kinetics of dissolved oxygen and CO, at the surface of the
electrode.

Fig. 8 shows the evolution of the total resistance (Rtot) for
all the samples over immersion time. All the Nb,Os coated
samples present an increase in resistance up to a maximum
that occurs before the final potential step: 169 h for 5nm, 61 h
for 20 nm and 163 h for 50 nm. This is not true for the porous
Ni sample, which presents its maximum resistance at 189 h,
just after the potential step. After reaching the maximum
resistance value, all the samples show a significant resistance
decrease due most likely to the formation of LiyNi; ,O or a
mixed Li-Ni-Nb-O phase, more conductive than NiO. It is
important to notice that the 20 nm sample shows a promising
OCP behaviour knowing that the solubility of Ni decreases and
that a catalytic effect of Nb is likely. It is important to point out
two key points on the electrochemical study performed. The
first is that the OCP of 20 nm coated Ni reaches rapidly a po-
tential around 0 V/(Ag/Ag") due to a rapid oxidation and lith-
iation of Ni; the second is that total resistance increases up to
8633 Q and then decreases to a minimum value of 1200 Q. Even
though the final resistance is high, this resistance drop cannot
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Fig. 7 — Superposed Nyquist diagrams of EIS data taken at plateau III (Fig, 5). a) General over view, b) Zoom into high
frequency area. OCP voltage was around 0 V. All data taken with samples immersed in molten Li,CO3-K,CO; eutectic at
650 °C. Samples were: bare porous nickel (), 5nm (®), 20 nm (A ) and 50 nm (V) covered samples. Numbers correspond to

the logarithm of the frequency.
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Fig. 8 — Total resistance evolution

(Rtot = Re + R1 + R2 + R3) over time for: bare porous nickel
(M), 5nm (@), 20 m (A) and 50 nm (V) covered samples
immersed in molten Li,CO5-K,CO; eutectic at 650 °C.

be due only to lithiation, but to the presence of a mixed oxide
phase. Further specific studies on the reduction kinetics of
oxygen on the Nb-coated porous nickel cathode are necessary
to determine whether Nb at surface is really facilitating the
mass transport process of oxygen.

Solubility of Ni in molten Li-K eutectic carbonates was
measured by means of ICP-AES to evaluate the protection
conferred by the Nb,Os coating. It can be seen that in com-
parison with bare porous Ni cathode with a solubility in
molten Li,CO3-K,CO3 (62—38 mol %) eutectic carbonates at
650 °C of 15 wt. ppm, the 20 nm Nb,Os protective layer reduced
the Ni dissolution to 10 wt. ppm in strictly the same condi-
tions. This demonstrates that coating the bare porous nickel
cathode material with an ultra-thin layer of Nb,Os is effective
to protect the cathode of MCFC and, hence, for increasing its
lifetime.

Conclusions

ALD-processed layers Nb,Os were deposited onto porous
nickel MCFC cathode in various thicknesses; as expected they
were conformal and dense. Then, these samples were tested
electrochemically in molten Li,CO3-K,CO3 (62—38 mol %)
eutectic carbonates at 650 °C. Solubility of NiO was effectively
decreased with a 20 nm Nb,Os layer and the electrochemical
performance shown by the OCP was satisfactory, especially
for the 20 nm Nb,Os covered sample, which allowed a very
rapid potential increase. For the same sample, total resistance
and mass transfer resistance showed an abrupt increment,
followed by a rapid decrease, evidencing the presence of some
kind of catalytic effect due to the presence of niobium. XPS

analysis showed that mixed phases of Ni-Nb-Li-O are present
in the surface of the electrode; these phases could be
responsible for the apparent catalytic behaviour. Even though
the influence of Nb could modify oxygen reduction at the
surface of the electrode, a more detailed kinetic study will be
necessary to explain the role of Nb in the reduction mecha-
nism. In brief, we have shown that Nb,Os can be used as
protective material for the MCFC cathode when deposited as a
fine conformal and dense layer; this layer decreasing nickel
solubility, accelerating the stabilisation of the electrode (OCP
behaviour) and not affecting the catalytic performance of the
state-of-the-art electrode, because of the formation of a mixed
compound with interesting electrocatalytic properties that
would require more insight.
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“Anybody who has been seriously engaged in
scientific work of any kind realizes that over the
entrance to the gates of the temple of science
are written the words: Ye must have faith. It is a
quality, which the scientist cannot dispense
with.”

Max Planck
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As already pointed out, one of the possibilities to improve the overall
performance of the MCFC is by acting over the properties of its electrolyte. Hence,
increasing the electrolyte conductivity or enhancing the diffusion of oxygen and carbon
dioxide species could increment the power density produced by MCFCs. However,
improving these parameters is delicate since the oxoacidity of the melt changes
influencing cathode solubility. In order to increase the lifetime of MCFCs, without
affecting their performance, we developed and tested ultra-thin conformal layers
deposited by ALD to protect the cathode, in Chapter OIn the present chapter, we propose
the modification of the electrolyte, by additions of Cs or Rb ions, in order to improve the

overall MCFC performance without reducing the expected stack lifetime.

Evaluating the performance of an electrolyte based in DC potentiometric or
galvanometric methods is a relatively easy task when working at room temperature as
in water-based solutions or in ionic liquids, but this is not the case when working in
molten carbonate media at high temperatures. Electrode materials are difficult to select
in such media since most metals oxidize and some noble metals as platinum and silver
does not withstand the aggressive environment. Only gold can support being immersed
in molten carbonates without being rapidly affected. However, when performing
electrochemistry DC techniques such as cyclic voltammetry or chronopotentiometry, the
electrode passivates after few cycles and re-polishing is necessary. In addition, DC
techniques tend to modify the chemical equilibrium of the electrolyte when applying
very low or very high potentials, an equilibrium that takes long time to be recovered. For
those reasons, when working in molten carbonate electrolyte, less aggressive AC
techniques such as electrochemical impedance spectroscopy (EIS) are preferred. The
disadvantage of EIS is that data analysis is not a straightforward process since fitting
through equivalent circuits is necessary. Nevertheless, EIS could be effectively used to

determine interesting electrochemical parameters if the system is well known.

In our case, the molten carbonate system is well known and has been studied by
several authors by EIS using gold as working electrode [23,106-112]. Since our
objective is to determine if the addition of Cs and Rb in the electrolyte could improve its
performance, we have chosen Nishina’s reaction order analysis as a tool to evaluate the
influence of Cs addition in molten Li-K carbonates. However, an improvement in the

accuracy of Nishina’s proposal was proposed by taking into account a Gerischer-type
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element leading to a better fit of the data obtained by EIS with our experimental setup.
In the next sections, an extended discussion on the Gerischer element taken in account is

presented.

IV.1. Theoretical approach

IV.1.1. Reaction-rate equations for oxygen reduction

As has been presented in the introduction chapter, the oxygen reduction
mechanism is still not rigorously described in the literature since it can follow different
reaction paths, according to literature, the most probable reduced oxygen species are
03~ , 0; and COZ~ being their mechanisms: the superoxide path (SOP), the peroxide
path (POP) and the Peroxycarbonate (POCP) respectively; expressed as follows:

SOP:

30, + 2C03~ 2405 + 2C0, (Iv.1)
0; +e” 205" (RDS) (Iv.2)
03~ +2e~ - 20%" (IV.3)
0; +CO, 2 CO5~ (Iv.4)
POP:

0, + 2C05~ 220%™ +2C0, (IV.5)
03~ +2e~ - 20%" (RDS) (IV.3)
0; +CO, 2 CO5~ (Iv.4)
POCP:

0, +2C03 22C02~ (Iv.6)
COZ~ +2e~ - 0% +CO% (RDS) (IV.7)
0; +CO, 2 CO5~ (Iv.4)
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For analyzing the kinetic behavior of oxygen species, a rate-equation can be
derived for each of the mechanisms previously mentioned following the “quasi-
equilibrium method” described by Bockris and Srinivasan [113] that assumes one
reaction of the mechanism as the rate limiting step (RDS); since the rest of the reactions
are assumed to be much faster, they are considered in quasi-equilibrium. Thus,
considering the rate equation of the RDS and the equilibrium conditions of the other
reactions, the overall current-potential could be derived. This method was used by
Prins-Jansen and Makkus [114,115] to determine the reaction-rate equations for the
mechanisms described above and assuming the reaction marked RDS as the rate-
limiting step leading to an equation of the form:

P1 d1  agFn D2 4z —acFy
w =) )™ () @) 7 -(@) @) ) e

0 0
Cco, Cco,

Where i is the standard exchange current density, B, and B, are the reaction
orders with which the dependencies of the reaction rates on gas compositions are
established, powers p; and g, follow the stoichiometry of the reactions relating oxygen
and carbon dioxide concentrations to the concentration of the chemical reactant. Powers
p, and g, are determined by the stoichiometry of the products of the RDS and their
relation with the concentration of oxygen and carbon dioxide. The apparent transfer
coefficients a, and a, are determined by the preceding or succeeding reactions from the
RDS, meaning that a, is given by the transfer coefficient @ plus the number of electron-
transfer steps preceding the RDS, similarly, «, is given by the number of electrochemical
steps following the RDS minus the transfer coefficient a. For all the mechanisms, we can
assume the first electrochemical step as rate-determining, so ¢, = 0.5. In Table V.1, the

values for all the coefficients of the three mechanisms are shown.

Table IV.1- Coefficients for reaction IV.12 for the three mechanisms described (eq. IV.1 to IV.7) [114].

Mechanism P1 | 94 | P2 | 92 By B, ag ac
Superoxide 0 | 2| % | -] 0625 | -075 | 25 | 0.5
Peroxide 0 -2 Yo -1 0375 | -1.25 1.5 | 05
Peroximonocarbonate 0 -1 VZ3 0 0.375 | -0.25 1.5 | 0.5

Coefficients can vary if a different RDS is taken or if partial coverage of the

electrode is considered for adsorbed species, Makkus [115] has proposed several
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different coefficients and has taken into account several RDS to analyze; nevertheless,
the ones shown in Table IV.1 are considered the more likely [114]. Now, considering
that the previously described reaction rate equation takes in consideration that all the
reaction steps are carried out on the electrode surface, we should assume that the
dissolved oxygen and carbon dioxide do not react until they reach the electrode surface.
Since this assumption is not valid due to the low stability of molecular oxygen in the
molten carbonate media, the chemical reactions preceding the electrochemical steps are
assumed to be completed in the bulk or at the electrolyte-gas interphase. So with these
new assumptions, the reaction rate equation can be rewritten as:

. _ o(r0 \Bifro VB2 ((Ccos\T auF Cox\l Gckn

in = i0(€5,) " (C,) ((@) eall — (@) e RT ) (1v.9)

Where C,, refers now to the electroactive oxide species 0;, 02~ or COZ~
depending of the mechanism SOP, POP or POCP, respectively. The coefficients of the

equation remain the same as per Table IV.1 except for p and g which new values are

noted in Table IV.2.

Table IV.2- New p and q coefficients for reaction IV.9 [114].

Mechanism p q
Superoxide 1 -2
Peroxide 1 -2
Peroxicarbonate 1 -1

Taking into account that the concentration of oxygen and carbon dioxide involved
species are related to the partial pressure of these gases, we can assume that Henry’s

law applies for molecular dissolved carbon dioxide, so Cgoz = H¢o,Pco,- Since there are

linear dependences on the gas composition from Henry’s law, but no dependence

between Cé’oz and P,,; the dependences of the electro-active species involved in each
mechanism can be defined as the log €, /log Py, and log CJx/log Pco, as per Table IV.3,

where CJ, is the concentration of the involved oxide species. These reaction orders can

then be related to the inverse of the resistance as per the following expression:

1 1
== R—OPf;Pfgz (1V.10)
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This expression will be useful for us to analyze the data deduced from

electrochemical impedance spectroscopy (EIS) in section IV.2.2.

Table 1V.3- Theoretical reaction orders for the different mechanisms as a function of gas partial pressure.

Mechanism B1 = 10gCd,/Po, | Bz = l0gCh,/Pco,
Superoxide 0.75 -0.5
Peroxide 0.5 -1
Peroxicarbonate 0.5

The previously exposed approach to determine the reaction rate equations and
reaction orders is useful to determine the dominant species through the analysis of the
charge transfer resistance of the reactions taking place at the electrode at different
oxygen and carbon dioxide partial pressures. Nevertheless, it does not consider that all
the oxygen species of the SOP, POP or POCP could be present simultaneously at the
electrode. In this case, we will have to take into consideration the reaction order analysis
proposed by Nishina et al. [116] to elucidate the dominant mixed oxygen species and
their diffusion coefficients by using the EIS as main tool. This approach is discussed

below.

IV.1.2. Nishina’s reaction order analysis.

For the analysis of impedance spectra Nishina et al [116] related the Warburg
coefficient o to the diffusing species 05, 0%~, CO?~ and CO, that can be present
simultaneously at the surface of the electrode by means of a reaction order analysis of
the reactions of each mechanism previously described (eq. IV.1 to IV.7). Thus, species
0%~ was neglected, considering that: (i) impedance is taken at the rest potential, so the
bulk concentration of the reaction products has to be high enough to keep its activity
more constant than the bulk concentration of the reactants; (ii) the concentration of 0%~
is very small compared to the concentration of CO3~, since the dissociation constant
K4 = pco, " [0?7]1/[ CO57]is very small; (iii) the standard electrode potential of the
reduction of 05 to 0%~ and 02~ to 02~ are by far more cathodic than the rest potential
of the reference electrode; and (iv) the reaction product is considered to be CO%~ and
reaction IV.4 is very fast and reversible. It was also considered that the relation between
the partial pressures of oxygen and carbon dioxide and the oxygen species 05, 03~ and
COZ™ is given by:
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as:

reactions taking place in parallel at the electrode, it should be regarded as an apparent

Warburg coefficient g,,,. In this case, it will be a function of the concentrations of the

[05] = K1 P33 P8 (1V.10)

[057] = K, P> Po® (Iv.11)
2—1 — 0.5

[CO;™] = KsPy, (IV.12)

The Warburg coefficient o, under conditions of semi-infinite diffusion is defined

RT 1
o=2 n%FZﬁ(ciJD—) (1v.13)

As in this case the measured coefficient o is a function of the simultaneous

reactants present at the electrode. Hence, it could be expressed as:

Ky,Pco,), where Kj is the Henry constant for C0O, at 650 °C for [CO,] , we can express eq.

IV.14 as a complicated function of Py and P¢,. This complex relation can be simplified,

Oapp = f([oz_]' [0§_], [COE_]» [CO,]) (Iv.14)

Where [ ] means the bulk concentration of a species in the melt. Using Eqs 1V.10,

IV.11 and IV.12 for [0;], [027] and [COZ7], respectively, and Henry’s law ([CO,] =

if the following six mixed diffusion cases can apply:

1. [07]>[057],[€C0Z7]; 05 /CO, mixed diffusion case, where o, is given by:

JappPCOZ = aPO_20'75PC1'052 +b (IV.15)
or
OappP0; Peo,” = @+ bPy Peg? (IV.16)

2. [0%27] > [05],[C0O%7]; 03~ /€O, mixed diffusion case:
OappPco, = APy °PEy + b (Iv.17)
appt CO, 0, CO,

or
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Oapp PO Peo, = a + bPS° P, (1V.18)
3. [€0,] > [05],[0%27] > [CO%7]; 0; /O3 mixed diffusion case:
Oapp P> Po, = aPY Pds, + b (IV.19)
4. [€027] > [05],[027]; COZ /CO, mixed diffusion case:
OappPOy Pco, = aPy*Pco, + b (1V.20)

5. [€O,] > [05],[C027] > [0%7]; 05 /CO? mixed diffusion case:

TappPoy "° P&, = aPo, Py, + b (IV.21)
or
OappPo,* = a +bPG Pegy (IV.22)

6. [CO,] > [0%7],[C027] > [05]; 03~ /COZ mixed diffusion case:

OappP0; Pco, = aPco, + b (Iv.23)
or
TappPo,” = a + bPcg, (1V.24)

By substituting equations IV.10, IV.11 or IV.12 and Henry’s law for [CO,] in eq.

IV.13, we can obtain an equation relating Py,and Pgg, to 0,,,. For example, the form of

eq. [V.13 for the first mixed diffusion case 0, /CO, can be expressed as follows:

o _ RT + RT
app — _ 252
pp 32F2‘/§K1P8'275Pc3'25 {Dog 1.52F2V2KpPco,/Dco,

(1V.25)

By using this equation, constants a and b of equations IV.15 and IV.16 can be

deduced:

a=—"t (1V.26)

32F2\2 K, /DOE
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p = RT
1.52F2V2 Kp,/Dco,

(IV.27)

When graphing eqs. IV.15 to 1V.24, a straight line should be obtained for the
mixed diffusion case that dominates the reaction; in such case, the slopes and intercepts
of the linear regression of the points will represent respectively the constants a and b
for that specific diffusion case. Hence, if K, and/or Kjpare known one could deduce the
respective diffusion coefficient. This is important, since the diffusion coefficient is
directly related to the speed at which the oxygen reduction reaction and the
neutralization reaction can take place. Thus, it can be a direct indicator of the
performance of a given system. Higher values of the diffusion coefficients mean a faster

reaction rate, and a better cell performance in MCFC conditions.

The approaches described in sections IV.1.1. and 1V.1.2. will now be developed for
the practical evaluation of the influence of additives such as Cs and Rb in the molten
carbonate electrolyte. EIS will be used as tool to deduce the Warburg coefficient with a
golden flag electrode completely immersed in the molten carbonates. The additive will
be incorporated gradually into the electrolyte and the EIS will be taken at different

Py,and Py, .

IV.2. Oxygen and CO; kinetics in Cs modified electrolyte

Cs2C03 was added to the standard Li-K (62-38 mol %) eutectic mixture, first at 3
mol% and after at 5 mo%, the electrochemical behavior was investigated by EIS on a
gold flag electrode. The analysis of the impedance data was carried out with two circuit
models. The first one was proposed by Nishina et al. [116] takes into account a Randles-
Elsher type circuit with a Warburg element, as shown in Figure 1V.1a). Considering that
the Warburg semi-infinite diffusion does not describe the data in a proper way, in a
second model, depicted in Figure IV.1b), we selected a Gerischer element for processing

EIS data, as shown in

Figure IV.2. Gerischer element was developed by Heinz Gerisher in early 50’s
[117-119] to model an electroactive species that undergoes an heterogeneous chemical

reaction in the bulk.
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a)
L1 Re CPE1
QO—— AN >
R1 W1
b)
L1 Re CPE1
QO—— AN >
R1 GEl

G—

Figure IV.1- Equivalent circuits used for the analysis of the EIS data, a) considering a Warburg difussion
element, b) considering a Gerischer type element.
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Figure IV.2- Example of the EIS data acquired in our experiments fitted with circuit b) of Figure IV.1.

The Gerischer function is the same as the finite-length Warburg impedance at the
high frequency limit and yields pure resistive behavior in the low frequency limit, but
differs from it since it could present an arc closer to the real axis in the Z plane. The

equation describing the Gerischer element is as follows:

1

Z(w) = m (IV28)

Where k is a rate constant parameter in s! and Y, is an admittance in S-s1/2

equivalent to the Warburg coefficient ¢ by applying the equation:

0= (IV.29)
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This coefficient allows calculating the diffusion coefficients of the oxidized or

reduced species as per the method described by Nishina.

IV.2.1. Data analysis by Nishina’s diffusion cases

For analysing the six mixed diffusion cases, we compared the Warburg fit of the

high frequency data with the Gerischer fit like (as in

Figure IV.2), the Gerischer coefficient Y, obtained from the fit was then used to
plot the six mixed diffusion cases after being transformed into the equivalent Warburg
coefficient o by using equation IV.29. The diagrams, corresponding to the six mixed
diffusion cases, were plotted for each of the three different Cs contents (0, 3 and 5 mol

%). The plots for 3 mol % of Cs are shown in

Figure 1V.3 (1 to 6), with a linear tendency for cases 1 and 4 (R? of 0.99 and 0.98,
respectively), although more pronounced for the superoxide mechanism (case 1). The
results obtained for the samples with 0 and 5 mol % of Cs (not shown here), show a
linear tendency only in the case 1, which tends to confirm the hypothesis of a
predominant superoxide reduction mechanism; therefore, this mechanism was adopted
for all the tested electrolytes. Figure IV.4 shows the mixed diffusion case [0;] >
[057],[CO%7]; 05 /CO, plot for all the electrolytes studied. The slopes and intercepts of
the linear regression for case 1, considering each Cs content, were used to deduce the
values of a and b. A comparison between their values obtained by the Warburg fitting
and the Gerischer fitting is shown in Table IV.4Erreur! Source du renvoi introuvable..
These values were then substituted in equations IV.26 and IV.27 to calculate the values

of K1,/Do; and Kp/Dco,- The values obtained with the Warburg and Gerischer fits are

shown in Table IV.5

Table IV.4- Values of a and b obtained from the slope and interceipts of the mixed diffusion case
[07] > [057],[C0O27]; 05 /CO, by Warburg and Gerischer fitting for 0, 3 and 5 mol-% of
Csin Li-K at 650 °C.

Added Cs Gerischer Fit Warburg Fit
mol % a b a b
0 88.44 33.73 78.13 33.22
3 96.8 30.47 91.66 29.42
5 82.23 23.99 75.72 23.77
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Table IV.5- Values obtained with a and b of linear regression of plot for the mixed diffusion case
[07] > [0%7],[€C027]; 05 /CO, by Warburg and Gerischer fitting for 0, 3 and 5 mol-% of Cs in Li-K at 650

°C.
dded Cs (mol%) From Gerischer Fit From Warburg Fit
aade S (mol7
Kn+/Dco, K1/ Doz Kn+/Dco, K1,/ Do;
0 7.67981E-9 | 7.32398E-10 7.80E-09 8.29E-10
3 8.50138E-9 | 6.69135E-10 8.81E-09 7.07E-10
5 1.08005E-8 7.8768E-10 1.09E-08 8.55E-10
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Figure IV.3- Six mixed diffusion cases analysis taken the Gerischer coefficient of fitted EIS data, from case 1
to 6 as described in section 4.1.2 only for 3 mol% added Cs in Li-K Eutectic at 650 °C.
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Diffusion coefficients Dy and D¢o, can be calculated if constants Kj and K; are

known. T. Nishina et al. have calculated the values of these constants from the literature,
being K7 = 1.708 107 and K, = 7.174 10-¢ for Li-K (62-38 mol. %) at 650 °C [23]. Of
course, the values of the constants should vary also with the added Cs, but in this case
the amount of added Cs is very small and we can suppose that constants K, and K;
should not change significantly. The diffusion coefficient variation with added Cs is
shown in Figure IV.5, where also a comparison between the Warburg and Gerischer

calculated coefficients as denoted.
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Figure 1V.4- Mixed diffusion case [05] > [0%7],[C0%7]; 05 /CO, plot for 0, 3 and 5 mol% added Cs on Li-K
eutectic at 650 °C, the slopes and interceipts were taken to calculate the diffusion coefficients of the
involved species.

As observed in Figure IV.5, Warburg and Gerischer diffusion coefficients change
significantly for Dy, the highest value being obtained with the Warburg fitting.
Nevertheless, the tendency is the same in both Warburg and Gerischer fittings, where
the 3 mol% added Cs decreases almost by half for Warburg series and one third for
Gerischer series, then it increases for 5 mol% of Cs up to a value of 2.1 10-5> cm?-s'! for
Gerischer fitting and 2.5 10-5 cm?2-s1 for Warburg fitting. These values are in both cases
higher than the initial ones of 1.8 10-> cm?-s-1 and 2.3 10-> cm?2:s'! for Gerischer and

Warburg fittings, respectively.
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Figure IV.5- Comparison of the diffusion coefficients D> and D¢, obtained from Warburg and Gerischer
fitting at 0, 3 and 5 mol% added Cs on Li-K eutectic at 650 °C.

In the case of D¢y,, the difference between Warburg and Gerischer fittings is not
significant, the tendency is the same in both cases and increases with increasing Cs
contents up to a value of 2.2 10-6 cm?-s'L. This increase in both Dy and D, is important
since it demonstrates the influence of an additive on the behaviour of a commonly used
electrolyte in MCFC. This increase in mass transport could be due to an increase in the
solubility of CO2 or a more stable oxygen intermediate species at the surface of the
electrode slowing the recombination with CO2. In both cases, the overall performance of
MCFC cell increases when using Cs additive. However, the small increase of the
oxoacidity of the molten LI-K carbonates when adding Cs will slightly favour NiO
dissolution. In order to control this cathode dissolution, the use of ultra-thin protective

layers, fully developed in chapter 0, is compulsory.

IV.2.2. The charge transfer resistance dependency on Py, and P¢g,

As explained in section IV.1.1., the charge transfer resistance can be used to
estimate the reaction order from equation IV.10 by plotting the logarithm of the inverse

of charge transfer resistance vs. the logarithm of Py, and P,,where the slope will be the

value of 8; and S, respectively.

1 1
== R—()Pélpfé (1V.10)
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Figure 1V.6 shows the plots of 1/R with respect to Py,and Pgo,for 0, 3 and 5

mol% of Cs respectively, where it can be observed that Cs content changes the slopes.
The values of B; and S, taken from the slopes are shown in Table IV.6. If we compare
them with the theoretical values, calculated from the oxygen reduction pathways from
Table 1V.3, we can note that at 0 mol % Cs the tendency is clearly that of superoxide
path, with a value close to 1 for f5; instead of 0.75 and a very close value of 8, to -0.5.
Addition of 3 and 5 mol% of Cs does not change this tendency since the value of ; is
always high and the value of [, gets lower with increasing Cs content favoring
superoxide mechanism due to an increased oxoacidity, as predicted by thermodynamic

studies [120,121].
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Figure IV.6- Py,and P, partial pressure dependency of 1/Rc plot for 0, 3 and 5 mol% added Cs on Li-K
carbonate mixture at 650 °C.

Furthermore, analyzing the charge transfer resistance dependency on partial

pressure, we can note that in the case of Py, variation, 0, 3 and 5 mol % have the same
tendency: a decrease in charge transfer resistance by increasing Py,, which is

understandable since increasing oxygen partial pressure favors the oxygen reaction

whatever the mechanism followed (SOP, POP or POCP). For Py, we observe that

increasing Cs content reduces the charge transfer resistance; the lowest values of charge

transfer resistance for the whole P, range are reached with 5 mol % of added Cs. In
the case of Py, the tendency is to increase the charge transfer resistance with
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increasing Pc,,. Nevertheless, Cs addition is favorable for the charge transfer resistance,

influencing specially the behavior under different P, .

Table IV.6- Values of §; and 3, taken from the slopes of Figure 1V.6.

Added Cs
Mol. % B Pz
0 0.93 -0.43
3 0.99 -0.29
5 0.83 -0.27

As shown in the previous sections, Cs addition improves the overall performance
of the molten Li-K eutectic; however, the previous sections studied this performance by
means of a gold flag electrode completely immersed in the molten carbonates. In order
to evaluate the improvement of additives in real MCFC conditions, it is important to

substitute the gold electrode by the state of the art porous NiO cathode.

IV.3.  Porous NiO behavior in Cs and Rb modified electrolytes

Rubidium addition to molten Li-K and electrolyte could be also beneficial for the
overall MCFC performance; Rb and Cs additives have been previously studied by Kojima
et al. [122] and Lair et al [123], showing that they increase electrolyte conductivity.
However, the behavior of NiO electrode has been scarcely analyzed with such additives.
In this section, we will evaluate the MCFC cathode electrode with both Cs and Rb
additions to molten Li-K eutectic and Cs addition to Li-Na electrolyte to elucidate if they
could improve the cathode performance on MCFC working conditions. The behavior of
the porous Ni cathode in either Li-K or Li-Na eutectics modified by the addition of 5 mol.
% of Cs or Rb is analyzed by the OCP evolution over time, which is a key parameter since
it reflects the equilibration behavior of Ni in the molten carbonate media as it has been
already explained in section II.1.4. The additives should modify this equilibration time
since they modify the oxoacidity of the carbonates. OCP of the Ni cathode immersed in
Li-K carbonate eutectic modified with 5 mol. % added Cs or Rb and the non-modified
one is shown in Figure IV.7. As it can be observed, OCP evolution is very similar for both
Cs and Rb additives, both reach the equilibrium about 90 h faster than pristine Li-K

electrolyte. However, the potential reached is not the same, Ni porous cathode
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immersed in Cs-enriched Li-K reaches an equilibrium potential of -0.01 V vs Ag/Agt, the
same as pristine Li-K, while the cathode in Li-K modified with Rb reaches an equilibrium
potential of -0.16 V vs Ag/Ag*. However, the potential reached on the Rb modified
electrolyte is not far from the expected cathode equilibrium potential of 0 V vs Ag/Ag+

and is acceptable for MCFC operation.
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Figure IV.7- OCP evolution of porous Ni cathode immersed in Li-K eutectic (black line), Li-K + 5 mol % of
Cs (red line) and Li-K + 5 mol% of Rb (blue line) at 650 °C under 70/30 % air/CO; atmosphere at ambient
pressure.
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Figure IV.8- OCP evolution of porous Ni cathode immersed in Li-Na eutectic (black line) and Li-Na + 5
mol % of Cs (red line) at 650 °C under 70/30 % air/CO atmosphere at ambient pressure.

OCP evolution of porous Ni cathode immersed in Li-Na electrolyte modified with
5 mol. % of Cs is shown in Figure IV.8. The cathode behavior is close to that of pristine
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Li-Na electrolyte, showing a slightly faster equilibration by reaching a potential of -0.08
V vs Ag/Ag*, not so far from the cathode potential reached with pristine Li-Na eutectic
(0.12 V vs Ag/Ag™*). The fact that porous Ni electrode, immersed in Cs modified Li-Na
electrolyte, did not present a faster evolution is probably related to the lower oxoacidity

of Li-Na with respect to Li-K.

For evaluating the performance of the cathode immersed in modified electrolytes,
EIS data were collected each 10 h during the duration of the OCP experiment, and
analyzed by fitting to an equivalent circuit. Figure IV.9 shows the equivalent circuit used
and an example of data fitting. From this fitting, the charge transfer resistance (Rc),

mass transfer resistance (Rmt) and total resistance (Riot = Re + Rct + Rmt) were deduced.
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Figure IV.9- EIS data fitting with equivalent circuit shown in upper right corner. Data corresponds to 110
h porous Ni cathode immersion in Li-K eutectic carbonate melt with no additive at 650 °C. Numbers over
data points indicate the logarithm of the frequency of the marked point.

Figure IV.10 shows the charge transfer resistance and total resistance evolution
of Ni porous electrode immersed in Li-K electrolyte modified with Cs, Rb and the non-
modified one versusimmersion time (OCP duration). As can be appreciated in the graph,
charge transfer resistance and total resistance present a similar behavior, resistance

increases when the porous Ni oxidizes to form NiO and then decreases again when the
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NiO is lithiated in situ to become LixNi1.xO. However, Cs and Rb modified electrolytes
influence the behavior of the porous Ni cathode accelerating the oxidation-lithiation
process, which is in accordance with the OCP behavior previously discussed.
Nevertheless, resistance behaves differently between Cs and Rb modified electrolytes;
the first one has an abrupt R increase up to 90 ohms at 65 h of immersion time while
the second one reaches only a 5 ohms peak at 91 h of immersion. At the mentioned
times, OCP curves do not show any special feature. At 65 h, a R resistance peak can be
noted in the case of Cs-modified electrolyte, corresponding to the beginning of plateau II.
While in the case of Rb-modified eutectic, the peak at 91 h corresponds to the end of
plateau II, similarly to the behavior of Ni in pristine Li-K eutectic. Hence, Rb and Cs
additions affect the evolution of porous Ni in a positive way, since they favor Ni
oxidation. Regarding R¢: diminution due to NiO lithiation, in Cs-modified electrolyte, Rt
reaches a final value of 5 ohms, while with the Rb-modified electrolyte, Rc: reaches a

value of only 0.3 ohms.

Compared to the cathode immersed in pristine Li-K eutectic, where R peak is
around 4.5 ohms at 178 h and the lowest value afterwards is 3 ohms at 225 h, Cs and Rb-
modified electrolytes perform positively, being Rb the one with the least R value. As
can be noted in the right side graph of Figure 1V.10, total resistance presents the same
behavior as charge transfer resistance; in effect, resistance peaks appear at 70 h and 91
h for Cs and Rb-modified electrolytes, with values of 392 and 283 ohms, respectively.
These values are lower than for pristine Li-K peak at 190 h (422 ohms). Then, as NiO is
lithiated, the values decrease to a minimum of 40, 111 and 358 ohms for added Cs, Rb
and pristine Li-K electrolytes, respectively. In this case, the electrode immersed in Cs-
modified Li-K eutectic reaches the lowest Rt value of 40 ohms, in contrast with Ret
value, which is the highest. This is due to a major contribution to total resistance of R,
which is lower in the case of Cs-modified eutectic, in good agreement with previous
results in section IV.2. where diffusion coefficients are favored by the presence of Cs.
However, R values in Rb-modified electrolyte show that this electrolyte also performs
better than pristine Li-K, reaching a lower total resistance of 111 ohms, favorable for

MCEFC operation.
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Figure IV.10- Porous Ni electrode charge transfer and total resistance evolution over OCP duration for
pristine Li-K electrolyte (squares), 5 mol % added Cs (circles) and 5 mol % added Rb (triangles) at 650 °C

under 70/30 % air/CO; atmosphere at ambient pressure.
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In the case of Li-Na eutectic modified with 5 mol % of Cs, R¢t and Ryot, evolutions
over time are not so different from pristine Li-Na. As shown in Figure IV.11, in the case
of Cs modified electrolyte, cathode presents a R¢: peak of 60 ohms at 115 h, while for
pristine Li-Na this peak appears at 134 h with a value of 54 ohms. Then, the resistance
decreases to a minimum of 13 ohms for Li-Na + 5 mol % of Cs and 9 ohms for pristine
Li-Na eutectic. Total resistance evolution follows the same pattern, increasing to a
maximum of 388 ohms at 115 h and 522 ohms at 134 h for Cs modified Li-Na and
pristine Li-Na electrolytes, respectively. In both cases, Cs modified electrolyte present a
higher Re: and R values than pristine Li-Na electrolyte, which is less interesting for

MCFC application.

IV.4. Conclusions

In this chapter, we have successfully tested modified electrolytes by the addition
of Cs and Rb ions, proving that electrolyte modification is an important route for
improving the cathode behavior (OCP stabilization, resistance evolution,...), in particular
the kinetics of oxygen reduction and, therefore, MCFC performance. First, oxygen
reduction reaction kinetics was investigated at an inert gold electrode by EIS fitted with
two different circuits, one proposed by Nishina et al containing a Warburg element and
another proposed by us, containing instead a Gerischer element. The diffusion
coefficients Dy and D¢, calculated by using our fitting were 1.8 10-> cm?-s! and 1.15
106 cm?-s'L, respectively, for the non-modified Li-K electrolyte and 2.1 10-5 cm?2-s-1 and
2.2 10-° cm?s1 for Li-K electrolyte with 5 mol % added Cs. The increase in diffusion
rates evidenced that Cs additive improves the oxygen reduction rate. In second instance,
we analyzed the inverse of charge transfer resistance dependence to Py,and Py, and
found a clear tendency towards the superoxide mechanism, which was evidenced by the
reaction orders obtained from the log Ret vs log of Pp,and Pp, plots. Additionally, Cs
additions under higher Py, tends to decrease charge transfer resistance which is in
agreement with a higher diffusion coefficient. Tests were also carried out to investigate
the influence of Cs and Rb modified electrolytes on the state-of-the-art porous Ni
cathode. From OCP evolution over time, it was found that for Li-K electrolyte Cs and Rb

additions favor a faster equilibration of the cathode and lower the total resistance of the
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electrode after reaching equilibrium. Thus, better performance from the modified

electrolytes is expected in MCFCs.

From these results, we can conclude also that oxoacidity of the molten carbonates
plays a very important role in the charge and mass transfer properties; nevertheless,
increasing the oxoacitidy of the molten carbonates increases Ni dissolution, but as it has
been pointed out in Chapter IIl, cathode protection with ultra-thin layers can be
implemented to effectively reduce cathode dissolution. However, it is important to
remember that results presented herein were obtained by using a half-cell configuration
in bulk molten electrolytes, where the environment is much more aggressive due to bulk
convection and nickel dissolution and modification occurs in a more rapid way. Further
tests in a single cell composed with the commercial Ni cathode, Ni-Al anode and porous
LiAlO2 matrix supporting the modified Li-K electrolyte, should be performed to have a

better insight on the behavior of anode and cathode and overall cell performance.

IV.5.  Scientific papers

From the work carried out for evaluating electrolyte modification with Cs and Rb
additives, two scientific papers were published in recognized peer reviewed journals.

These publications are included in the next pages.
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1. Introduction

Optimization of the molten carbonate electrolyte is the most
challenging topic in order to increase the lifetime and performance
of the molten carbonate fuel cell (MCFC). Apart of controlling the
properties of such electrolytes, such as stability, conductivity,
volatility, surface tension and molar volumes, it is compulsory to
reduce the dissolution of the LiyNi;_,O state-of-the-art cathode
and avoid, in general, the corrosion of electrode and interconnect
materials. Furthermore, the nature of the eutectic and its oxobasic
properties also may influence favourably the electrode kinetics
and, in particular, at the cathode side where the reduction reaction
is known to be slow. Even though the conventional molten salt
used in MCFC devices is composed by Li,CO3-K,CO3 (62/38 mol%),
Li;CO3/Na,CO3 (52/48 mol%) electrolyte has interesting properties,
such as higher ionic conductivity, better cell performances in
certain conditions [1-5] and lower effective volatility [3,6]. The
solubility of nickel cathode is significantly lower in the Li-Na
eutectic than in Li-K [5,7]; nevertheless, Li-Na eutectic presents
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some drawbacks. Below 600 °C, Li-Na cells have lower perform-
ances than Li-K cells. This is probably caused by an increase on
cathode polarisation due to complex reaction mechanisms,
involving peroxide and superoxide ions and/or ion migration
[8,9]. Other factors affecting the electrode kinetics are the lower
solubility of oxygen in this eutectic and a higher surface tension;
the first mentioned parameter seems to be the major cause of low
performances at low temperatures [10].

Both mentioned eutectics are therefore interesting to investi-
gate, knowing that they need to be optimised by adding some
species improving their properties. It is not our purpose here to
gather the literature dedicated to additives, this has been done in
several papers, among which an earlier one on their influence on
conductivity [11]. According to some authors, heavy alkali cations
such as Cs or Rb additives have a favourable influence on MCFC
performance. Experiments have been reported in single cells with
Lig75Cso.25 carbonate electrolytes showing higher cell potentials,
lower cathode and anode overpotentials than LigggKgsy or
Lig;soNag4s, usual carbonate eutectics [12]. Cs,CO3 is thermally
stable up to 700 °C and some Li,CO3-Cs,CO5 mixtures have melting
points below 550°C [13]. These mixtures have also lower surface
tension [14] and greater oxygen solubility as well as increased
electrode kinetics, especially at low temperature. But they also
have a disadvantage because of their relative acidity which
promotes NiO dissolution; however, this drawback may be



296 A. Meléndez-Ceballos et al./Electrochimica Acta 184 (2015) 295-300

compensated by using Li-rich Li;CO3-K,C0O3-Cs,CO; mixtures
(NiO solubility being inversely proportional to Li content in the
melt) and operating at slightly reduced temperatures. Interesting
patent reports the improvement of a MCFC with a Li-K or Li-Na
electrolyte modified by the addition of different proportions of Cs
or Rb (from 0.05 % to 25 %) [15,16]. This solution is extremely
attractive because the favourable role of Cs (or Rb) can be
combined to the usual properties of Li-Na or Li-K classical melts.

Apart from a recent paper on the effect of Cs and Rb additives on
the conductivity of Li,CO3-K,COs5 [11], no systematic analysis on
the influence of these alkali species on the electrochemical
behaviour of the Ni cathode has ever been published. This led
us to dedicate this first of a series paper to a thorough analysis of
the oxygen reduction kinetics in Li-K carbonate eutectic contain-
ing small amounts of Cs,COs3 additive by means of impedance
spectroscopy and by fitting two different models: a Warburg model
and a Gerischer model. The first one proposed by Nishina et al. [17]
and the second one proposed by Makkus et al. [18]. Both analysis
approaches are combined to extract valuable information as the
diffusion coefficients Dco, and Do, . In previous studies, we have
analysed by DC techniques, such as cyclic voltammetry at gold flag
electrodes, the behaviour of reduced oxygen species responsible of
the oxygen reduction kinetics; however, these techniques are not
easy to handle in the case of molten carbonates because of
passivation phenomena at the gold working electrode and
perturbations of the natural diffusion regime caused by thermal
convection in such high temperature molten media [19-22]. AC
techniques such as Electrochemical Impedance Spectroscopy (EIS)
have shown usefulness in studying complex electrochemical
systems such as the MCFC; the technique operating around the
open circuit potential (OCP) has the advantage of being less
aggressive than cyclic voltammetry [17,23-27].

2. Experimental

Lithium and potassium carbonates, of high grade purity >98 %
(Sigma-Aldrich®), were mixed in a proportion of 62:38 mol%.
Cs,CO5 was mixed to the carbonate eutectic calculating the weight
of the dried carbonate powder in order to add 1, 3 and 5 mol% of the
additive. The high-temperature electrochemical cell was a single-
compartment crucible of dimensions 70 x 50 mm? contained in an
alumina Al,O5 reactor of dimensions 250 x 60 mm? hermetically
sealed by a stainless steel cover with a Viton O-ring. The whole
electrochemical set-up has been fully described in previous papers
[22,23]. Temperature was maintained constant at 650 °C by means
of a calibrated chromel/alumel thermocouple protected by an
alumina tube and a temperature controller. The standard cathode
atmosphere was a mixture of 0,/CO,/Ar (14:30:56 Atm.%) with a
total flow of 50 mL min~". of high grade purity gas (Air Liquide™) at
a pressure of 1 atmosphere. For kinetic studies the partial pressure
of 0, and CO, was varied as indicated in Table 1. After stabilizing
the molten carbonate eutectic under the selected cathode
atmosphere for at least 8 h, the working electrode was immersed
in the melt and electrochemical measurements were performed.

Table 1
Gas compositions tested.

Gas Composition Gas Composition

0,/CO,/Ar 0,/CO,/Ar
Atm. % Atm. %
7/30/63 14/20/66
14/30/56 14/30/56
21/30/49 14/40/46
28/30/42 14/50/36

The electrochemical experimental data was collected using a
potentiostat/galvanostat (AutoLab® PGSTAT-302N with FRA mod-
ule). A three-electrode system was used, the working electrode
being a gold flag (10 x 10 x 0.5 mm) polished between each
atmosphere change with SiC sand paper up to grain 4000, the
counter electrode was a gold wire and the reference electrode a
silver wire dipped into an Ag,SO, (10~ 'molkg~') saturated
Li,CO3-K5CO3 eutectic contained in an alumina tube sealed by a
porous alumina membrane. The parameters used for impedance
measurements were the following: scanning frequencies set from
10° to 103 Hz, with 11 points per decade, and signal amplitude of
5mV respecting the system linearity. The fitting of the equivalent
circuit was carried out with the software Z-View® V3.3e. It is worth
noting that R, obtained from data fittings is normalised
considering the geometric surface area of the electrode.

3. Results and discussion
3.1. EIS data fitting

We processed our EIS data according to two different fitting
approaches. The first one is that proposed by Nishina et al.
assuming a Randles-Ershler circuit (Fig. 1a) in a limited frequency
range between 1MHz and 100 mHz (Fig. 2a) and semi-infinite
diffusion through a Warburg element, W [17]. Even though our
results are roughly congruent with those of Nishina et al., as shown
in Fig. 1b, EIS data obtained do not follow the Warburg semi-
infinite diffusion, but a stationary diffusion regime as shown in
Fig. 1b. Hence, to improve data treatment, a second approach
consisting of a Randles-Ershler circuit shown in Fig. 2b, was
adopted [18,28]. In such model, a Gerischer element, G, represent-
ing homogenous-reaction impedance, replaces the Warburg
element. A good fitting was obtained with x? error of around
107>, An illustration of this fitting is given in the Nyquist and Bode
plots of Fig. 3. Gerischer and Warburg coefficients, respectively Yo
(in Ss'?) and o (in Qs~172), are related as follows [29]:

1
0=—
V2-Yq

In our study, the Gerischer coefficient will be transformed into its
Warburg equivalent through Eq. (10) and will be denoted: o g (in
Q s71/2). This procedure will allow us to follow in a more accurate
way the reaction order analysis proposed by Nishina et al., where
the Warburg coefficient is related to the partial pressures of O, and
CO, [17]. Since we are using Nishina’s approach to evaluate the
influence of Cs addition, it will be briefly described in Section 3.3.

(10)

)
L1 Re CPE1
QO—— AN >
R1 W1
b)
L1 Re CPE1
QUD—— AN >
R1 GE1

G—

Fig. 1. Randles-Ershler equivalent circuit for: a) Warburg fitting and b) Gerischer
fitting models. Electrolyte resistance (Re), Constant Phase Element ascribed to
double layer capacitance (CPE1), charge transfer resistance (R1) and Warburg (W)
or Gerischer (G) elements taken into account.
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Fig. 2. EIS Nyquist diagrams: a) for Warburg fitting and b) for Gerischer fitting and detail of the same. Additions of 0, 3 and 5 mol.% of Cs in Li-K carbonates eutectic, at 650 °C.
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Fig. 3. Nyquist and Bode diagrams representing Gerischer model fitting, with

addition of 5mol.% of Cs in LiK carbonates eutectic at 650 °C and gas composition
14/50/36 0,/CO,/Ar Atm.%.

3.2. Assumed possible mechanisms for oxygen reaction

As proposed by different authors, there are three main possible
mechanisms for the oxygen reaction under molten carbonate.
Appleby and Nicholson [30-33] have described both superoxide
and peroxide mechanisms. In a simplified scheme expressed as:

Superoxide Path (SOP)

30, + 2C0% 540, +2C0, (1)
[0,] = KiPG,° Py

05 +2C0; + 3¢~ 2C03~
Peroxide Path (POP)

0, 4+ 2C0% 5203~ +2C0,

[057] = KaPB2Pes? (5)

03 +2C0, + 2 52C0% (6)

The presence of superoxide and peroxide ion has been
confirmed by Electron Spin Resonance and Raman Spectroscopy
in Na,COs, K5CO3, Li,CO3 and Li-K eutectics [34-37].

The existence of C Oﬁ‘ has been suggested from electrochemical
measurements [38], even though this species has never been
detected by other techniques. Thus, a third possible mechanism
involving this species has been proposed by Selman et al. [38]:

Peroxymonocarbonate Path (POMCP)

0, +2C0% 52004 (7)
[coi ] = KsPg? ®)
CO% +CO, + 2 2C03~ 9)

Egs. (3),(6) and (9) can be described in a series of steps, e.g. Eq. (3)
can be given as:

0; +e 035" (3a)
0% +2e —20* (3b)
0%~ 4+ C0,sC03~ (30)

In this work, we will adopt the hypothesis of Nishina et al.
stating that the oxygen reduction process is limited by the
neutralization reaction between oxide ions and CO, (Eq. (3c)) [17].
Then, by identifying the species controlling the mixed diffusion
process (CO, and oxygen species), we can elucidate the reaction
mechanism and from the data obtained, evidence the influence of
Cs addition.
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3.3. Do; and Do, coefficients calculation form Warburg and
Gerischer fittings

Warburg coefficient, o, under semi-infinite diffusion is given as
follows:

RT 1
0_2—n$F2ﬁ<—Ciﬁ> (11)

Where i is the diffusing species, n; the electron number per
molecule of species i, C and D are the concentration and the
diffusion coefficient respectively, while R and F keep their usual
meanings and T is the temperature (in K).

As proposed by Nishina et al., the following hypothesis are
assumed:

1 llccoz% /Dwz% is negligible compared to the other 1/,/;D; terms,

because CO%~ concentration is that of the molten carbonate;
2. When SOP, POP or POMCP mechanisms take place simulta-
neously, diffusing species:, 0,, 03~, CO3~ and CO, have to be
considered;
3. 0% concentration is neglected due to the oxoacidic conditions
inherent to oxygen reduction in the presence ofCO,

In the case of multiple parallel reaction paths, o and o g do not
reflect the reaction order of a specific reaction path but a mixture of
them; thus, an apparent Warburg diffusion coefficient can be
expressed as:

aaw =f([03]. 05|, [0y ] 1c0s]) (12)
Where [] means the bulk concentration of a species in the melt.
Using Egs. (2), (5) and (8) for[0;], [O%‘} and [Coﬁ‘] respectively,
and Henry'’s law for[CO,], we can deduce the following relation:

[CO;] = KiPco, (13)

Where K}, is the Henry constant for CO, at 650°C.

We analyzed six different cases of mixed diffusion as proposed
by Nishina et al.The one that better corresponds to our data is the
case of the superoxide described as follows:

[05] > [Oﬁ’], [CO?{};O;/COZ mixed diffusion case
OappPco, = aPX"°PLy +b (14)
The graph in Fig. 4 corresponding to the above description has a
good linear trend for all the samples. The rest of the cases did not
have a linear trend and are not shown in this paper. If we consider
Eq. (14) and extend it for both O, and CO, species based on Eq. (3),
it can be then rewritten as follows:

RT RT

Oapp = 4
32F2 V2K, PSPy’ /Do, 1.5°F°V2KwPco, /Do,
Where K; is the Henry constant of oxygen gas at 650°C

By using this equation, constants a and b of Eq. (14) can be
deduced:

(15)

a= R (16)
3°F*V2K /Do,
RT (17)

b= — =
1.5%2F*V/2K;,\/Dco,

180 —
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Fig. 4. Reaction order plots of the Warburg coefficient in the case of 0, /CO, mixed
diffusion at 650°C and different Cs contents in Li-K carbonates eutectic.

The slopes and intercepts of the lines in Fig. 4 are respectively
the parameters a and b of Eq. (14) for each sample with different
content of Cs. Values of both constants for each Cs content are
shown in Table 2. The diffusion coefficient of the involved species
can be obtained from Eq. (16) and (17) if the value of K; and K}, are
known. T. Nishina et al.calculated the values of these constants
based on the literature, being K; =1.708 10~7 and Kj,=7.174 10~ for
Li;CO3-K5CO3 (62-38 mol. %) at 650°C [17]. Even though addition
of Cs,CO3 might affect the calculated value of K;, we assume that
the small amount added in our case will have a negligible impact
on this constant.

Figs. 5 and 6 summarize the evolution of the diffusion
coefficients Do, and Dco,with respect to the added % Cs for the
coefficients obtained, respectively, from the Warburg and Ger-
ischer fits. Although the tendency is similar in both cases, there are
some discrepancies in the data obtained, especially for O,
diffusion. Data will be deduced in priority from the Gerischer
model, since we consider it as more accurate. Contrarily to what we
expected in the case of O, diffusion, no clear trend can be deduced.
At 3% of Cs, Do, only drops from a value of 1.8 x 10 >cm?s ™' to
1.5x10°cm?s ™. At 5% addition of Cs, Do, value increases to
2.1 x107°cm?s~ . At this stage, it is difficult to conclude on the
behaviour of Do, and further investigation is required. In the case
0ofC0,, a clear trend is observed, D¢o, increases with the addition of
Cs reactant from the initial value of 1.1 x 10 ®cm?s ' to 2.3 x 106

cm? s~ !, which favours the reduction process involving this species.

3.4. Analysis of charge transfer resistance
As part of the Randles-Ershler equivalent circuit fitting, the

charge transfer resistance contribution R; was obtained and its
dependence with the partial pressure variations analysed.

Table 2
Values of a and b parameters obtained from the linear fittings in Fig. 4.
Added Cs Gerischer fit Warburg fit
mol % - @, N
a b a b
0 88.44 33.73 78.13 33.22
3 96.8 30.47 91.66 29.42

5 82.23 23.99 75.72 23.77
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Fig. 5. Values of diffusion coefficient Do, vs.% Cs at 650°C deduced from
Warburg and Gerischer models applying Nishina's reaction order analysis.
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Fig. 6. Values of diffusion coefficient D¢y, vs.% Cs at 650°C deduced from
Warburg and Gerischer models applying Nishina’s reaction order analysis.

Figs. 7 and 8 show the variation of the inverse of charge transfer
resistance (R;=R) with respect to the partial pressures of O,
andCO,, respectively. From these graphs, we can observe in the
case of oxygen partial pressure that the general trend when
increasing PO, is the same for all Cs additions. Charge transfer
resistance decreases when increasing PO,, which is in agreement
with the fact that higher PO, is favourable to the reaction
mechanism, whatever the pathway: SOP, POP or POMCP. Both
3 and 5 % of Cs content seem slightly better than for the 0 % sample.
In the case ofCO,, the resistance decreases by adding Cs in all the
PCO, range and increases when increasing PCO, for all Cs
additions. The most favourable is 5% Cs sample, with a smaller
resistance than that observed for the 0 % one, over the entire PCO,
range. In general, both 3 and 5% showed a better behaviour than Li-
K eutectic with respect to charge transfer resistance. If we consider

the relation: 1/R = 1/RoP¢, sz, the reaction orders o and 3 can be

obtained from the slopes of Figs. 7 and 8. In Table 3, aand 3 values
obtained for all the different Cs contents are shown. From these
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Fig. 7. Variation of surface area normalized 1/R. vs.partial pressure of O, at 650 °C
deduced from R1 in Gerischer model and values in Table 1.
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Fig. 8. Variation of 1/R vs.partial pressure of CO, at 650°C deduced from R1 in
Gerischer model and values in Table 1.

Table 3

Reaction order values « and 3 obtained from the slopes on Figs. 7 and 8.
Added Cs mol% a B
0 0.93553 -0.43167
3 0.99371 -0.29814
5 0.83336 -0.27724

values, we can deduce that the addition of Cs does not affect the
predominance of superoxide mechanism. This is in good agree-
ment with the reaction order analysis in Section 3.3 and thermo-
dynamic predictions where Cs addition acidifies the electrolyte
and favours the stability of superoxide ions [20,23].

4. Conclusions

Oxygen reduction mechanism at the cathode of the molten
carbonate fuel cell was investigated by electrochemical impedance
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spectroscopy. EIS data were fitted to a Randles-Ershler type
equivalent circuit obtaining the Warburg or Gerischer coefficients.
After performing a reaction order analysis, we deduced that the
superoxide mechanism dominates the overall reaction at the
electrode for all the samples with different Cs contents. Evidence
was given that Cs improves oxygen reduction by doubling the value
of D¢, from 1.1 x107%cm?s™' t0 2.3 x 10~®cm? s~ thus facilitat-
ing the reduction process. The benefit of adding Cs to the Li-K
eutectics with respect to charge transfer resistance is clear since, in
all the partial pressure range of CO,, all the Cs-containing
electrolytes show a lower charge transfer resistance than the
pure Li-K eutectic mixture. A thorough understanding of the
evolution of Do, with Cs additions requires further investigation.
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ABSTRACT

Improvement of the molten carbonate fuel cell electrolyte is a key parameter to increase
the performance of such electrochemical generator. One of the main challenges is to
enhance the global oxygen reduction at the state-of-the-art porous nickel cathode. In this
study, the effect of adding 5 mol% of caesium in Li—K and Li—Na molten carbonate eu-
tectics or 5 mol% of rubidium in Li—K melt was analysed with respect to the behaviour of
nickel cathode towards oxygen reduction. Evolution of the open-circuit potential and
electrochemical impedance spectroscopy measurements were carried out over time. In Li—
K melt, both Cs and Rb additives induced an improved cathode behaviour: more rapid
equilibration reaching more rapidly the equilibrium potential, and significantly lower total
resistance (9 times less with Cs and 3 times less with Rb), in particular mass transport, with
respect to the pristine electrolyte. Moreover, charge transfer resistance was significantly
lower with Rb and nearly the same with Cs versus pristine Li—K. Both additions are
significantly positive for enhancing oxygen reduction at the porous electrode, which seems
to be particularly the case for Cs addition. However, addition of Cs to Li—Na did not show
an important effect. Changing the composition of Li—K with the mentioned additives could
be an important step towards a more performing MCFC, but more insight on oxygen
reduction kinetics with Rb addition and single cell tests with both cases are compulsory.
© 2016 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

Introduction

endurance and electrolyte performance among the most
important. The standard MCFC cathode is constituted by
porous Ni which is oxidised and lithiated in situ to form a

The molten carbonate fuel cell (MCFC) has been developed
over the last decades up to the point of being the most
important fuel cell technology worldwide in terms of total
installed power worldwide in the last three years (about
300 MW) [1]. Nevertheless, there are some drawbacks of the
technology that require further improvement as are cathode

* Corresponding author.
E-mail address: michel.cassir@chimie-paristech.fr (M. Cassir).
http://dx.doi.org/10.1016/j.ijhydene.2016.09.118

LixNi; O phase at the electrode surface. Along operation time,
Ni solubilises in the carbonate melt and, after an eventual
reaction with hydrogen proceeding from the anode side, can
be reduced into metallic Ni in the electrolyte matrix, causing
in a long term a short circuit between anode and cathode,
which reduces the performance and stack endurance. Several

0360-3199/© 2016 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.
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efforts have been made to increase cathode lifetime, among
the most significant are cathode protection by different coat-
ings and new cathode materials [2—9], recently, CeO,, TiO,,
Co30,4 and Nb,Os cathode coatings prepared by novel methods
as atomic layer deposition (ALD) have been tested with good
results [10—12]. The conventional molten salt used as elec-
trolyte is composed by Li,CO3—K,CO3 (62/38 mol%), which has
a better performance at temperatures below 600 °C than
Li,CO3—Na,CO3 (52/48 mol%), but presents a higher Ni solu-
bility [13]. In order to improve these electrolytes, some studies
have been made on the addition of CaCO;, BaCO3, La,COs5,
Y,05, Gd,03, CeO, and La,05 to the molten carbonates, with
the aim of reducing cathode dissolution and/or improving
electrolyte ionic conductivity [13,14]. Less mentioned addi-
tives are heavy cations such as caesium and rubidium, even
though few papers and patents mentioned their positive role
on the decrease of cathode and anode overpotentials and,
thus, on MCFC performance [15—-18]. Moreover, these addi-
tives allow obtaining mixtures thermally stable up to 700 °C,
with lower surface tension at the nickel cathode and higher
oxygen reduction [19,20]. Nevertheless, these melts have a
drawback which is their slight oxoacidity promoting a higher
cathode dissolution with respect to Li—Na and Li—K carbonate
eutectics; this negative aspect can be easily solved by adding a
small excess of lithium ions known to decrease NiO solubility.

In a recent paper, we have analysed oxygen reduction ki-
netics at a gold flag electrode in Li,CO3—K,CO3 (62/38 mol%)
with the addition of 5 mol% Cs,COs3 [21] and proven the ben-
efits of using such additive. It is evident that porous nickel has
to be tested to confirm the potential of Cs additive for MCFC
application. Hence, in the present study we further investigate
the benefits of Cs or Rb additions when using a commercial
porous Ni cathode by testing it in both Li—K and Li—Na eu-
tectics with and without 5 mol% of Cs or Rb additives and we
compare their performance. The general evolution of Ni
cathode in the different melts is analysed through its open-
circuit potential (OCP) over the time, which is a key param-
eter to understand how this cathode material is progressively
transformed in the carbonate melt and is a manner to qualify
equilibration of the media, an essential step to initiate the
concrete operation as a fuel cell. This equilibration is corre-
lated to the electrical/electrochemical parameters deduced
from electrochemical impedance spectroscopy. This study is
compulsory to decide whether or not Cs or Rb additives will be
part of the next generation MCFC electrolytes.

Materials and methods

Lithium, sodium and potassium carbonates, of high grade
purity >98% (Sigma—Aldrich®), were used. Li—K and Li—Na
eutectics were prepared by mixing the respective carbonates
in a proportion of 62:38 mol. % and 52:48 mol. %, respectively.
Cs,CO5 or Rb,CO; were added to a carbonate eutectic calcu-
lating the weight of the dried carbonate powder in order to add
5 mol % of the additive. The high-temperature electro-
chemical cell was a single-compartment crucible of di-
mensions 70 x 50 mm? contained in an alumina Al,O; reactor
of dimensions 250 x 60 mm? hermetically sealed by a stainless
steel cover with a Viton O-ring. The whole electrochemical

set-up has been fully described in previous papers [22,23].
Temperature was maintained constant at 650 °C by means of a
calibrated chromel/alumel thermocouple protected by an
alumina tube and a temperature controller. The standard
cathode atmosphere was a mixture of 0,/CO,/Ar (14:30:56
Atm. %) with a total flow of 50 mL min~. of high grade purity
gas (Air Liquide®) at a pressure of 1 atm. The electrochemical
experimental data was collected using a potentiostat/galva-
nostat (AutoLab® PGSTAT-302N with FRA module). A three-
electrode system was used, the working electrode being a
porous nickel plate (DOOSAN Korea) (10 x 10 x 0.8 mm), the
counter electrode was a gold wire and the reference electrode
a silver wire dipped into an Ag,SO,4 (107 mol kg™?) saturated
Li—K or Li—Na eutectic contained in an alumina tube sealed by
a porous alumina membrane. The parameters used for
impedance measurements were the following: scanning fre-
quencies set from 10° to 10~ Hz, with 11 points per decade,
and signal amplitude of 5 mV respecting the system linearity.
The fitting of the equivalent circuit was carried out with the
software Z-View®™ V3.3e. Open circuit potential (OCP) mea-
surements were carried out from the moment the electrode
was immersed in the molten carbonate eutectic until the po-
tential was stable around 0 V. OCP measurements were
interrupted periodically to run electrochemical impedance
spectroscopy tests from which charge transfer resistance (Rcy),
mass transport resistance (Rm) and total resistance (Reor) were
deduced.

Results and discussion
Open circuit potential (OCP) evolution over time

OCP evolution over the time is depicted in Fig. 1 for Li—K
molten carbonate eutectic, without or with addition of 5 mol.
% of Cs or Rb. As has been discussed in previous papers
[10—12,16], porous Ni follows a 2 step potential evolution
where the plateaus are denoted as I (= —0.68 V/(Ag/Ag™)), Il (=
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Fig. 1 — Open circuit potential (OCP) evolution over time of
porous Ni immersed into Li—K carbonate eutectic and
modified Li—K with added 5 mol % Cs,CO3; and Li—K with
added 5 mol % Rb,CO;. All the measures were taken at
650 °C.
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Fig. 2 — Open circuit potential (OCP) evolution over time of
porous Ni immersed in Li—Na eutectic and modified Li—Na
eutectic with added 5 mol % Cs,CO; both tests performed at
650 °C.

—0.37 V/(Ag/Ag")) and III (= 0 V/(Ag/Ag")). The three plateaus
corresponding to porous nickel in a non-modified electrolyte
are related to the modification of the porous Ni electrode into
LixNi; O, in a progressive way. The first plateau (I) from O to
98 h is ascribed to the in situ oxidation of metallic nickel, after
the first potential jump at 98 h, a second plateau (II) is reached
at a potential around —0.4 V/(Ag/Ag"). This plateau corre-
sponds to the in situ lithiation of NiO, [24—26]. At equilibrium,
lithium content in NiO cathode was estimated by nuclear
microprobe to be roughly of 0.2 at% [27]. After 182 h, the lith-
iation process is completed and the third plateau (III) at
—0.03 V/(Ag/Ag") corresponds to an equilibrium potential

between O,, CO, and carbonates. At this stage, the electrode
works as a stable cathode for oxygen reduction.

This behaviour is the same for a porous nickel cathode in a
non-modified Li—Na eutectic as shown in Fig. 2, the slight dif-
ference is related to the time of each stage of the cathode evo-
lution. In the case of Li—Na, the first potential jump occurs nearly
at the same time as in case of Li—K, the second plateau has a
shorter duration of 35 h, and the second potential jumps takes
place at 138 h, that is 44 h before Li—K eutectic, and reaches a
plateauat0.13Vat209h,0.11 Vhigher than Li—K at the duration.
Roughly, at the conditions of the experiment, Li—Na allows a
more rapid equilibration better than Li—K. Due to its oxoacidity,
caesium addition modifies the oxidation/lithiation process of
the porous Ni cathode. Cs influence in the case of Li—K electro-
lyte is evidenced in Fig. 1, where it can be observed that the first
potential jump occurs at 56 h, reaching a plateau around
—0.37 V/(Ag/Ag") similar to that of non-modified Li—K. The
second jump takes place at 93 h and reaches a potential of
—0.01 V/(Ag/Ag™), similar to pristine Li—K but 89 h earlier. Rb
addition also influences the OCP behaviour of porous Ni in Li—K
eutectics, the first plateau starts at a lower potential of —0.78 V/
(Ag/Ag*) and rapidly reaches a stable plateau potential around
—0.68 V/(Ag/Ag"), at 53 h the first potential jump appears and
reaches a plateau around —0.39 V/(Ag/Ag") that lasts for 36 h
until the second potential jump appears and reaches a potential
of —0.15 V/(Ag/Ag") that later decreases a little to a potential of
—0.16 V/(Ag/Ag") this behaviour is comparable to that of the
added Cs, even though the final potential is not as high as in
pristine Li—K or Cs modified Li—K, it can still perform as MCFC
cathode without problem. In the case of Cs added in Li—Na
electrolyte, the first potential jump occurs at 86 h, 16 h earlier
than pure Li—Na and reaches a potential of —0.32 V/(Ag/Ag*) that
increases slightly until the second potential jump occurs at
139 h, almost at the same time as non-modified Li—Na, reaching
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Fig. 3 — Electrochemical impedance spectroscopy data of porous Ni after being immersed in Li—K eutectic at 650 °C for 121 h.
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a final plateau at 0.08 V/(Ag/Ag*) that is comparable to bare Li—
Na eutectic. Itis clear that Cs addition has a positive influence in
the OCP evolution of porous Ni whatever the eutectic used;
nevertheless, a more significant effect is observed when added
to Li—K eutectic, reducing the time necessary to reach potential
equilibration.

Electrochemical impedance spectroscopy data (EIS)

As shown in Fig. 3, impedance spectra were fitted by using an
equivalent circuit composed by an inductance (L1) in series
with a resistance (R.) accounting for the inductance of the
physical wiring form the potentiostat to the electrochemical
cell and the electrolyte resistance, respectively. Following, two
circuits in series each one composed by a resistance in parallel
with a constant phase element (CPE), the first component
accounts for the charge transfer resistance (R.;) and the dou-
ble layer capacitance (CPE,), the last element represents the
mass transfer resistance contribution (Ry,:) and a capacitance
associated with a finite diffusion regime (CPE,). The described
circuit was chosen since it is the simplest way to represent
closely the impedance diagrams of the porous Ni immersed in
the carbonate melts. Contrarily to our previous study [21],
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where Warburg and Gerischer elements were used for fitting
the impedance data obtained with a gold flag electrode; in this
case, porous Ni is well fitted by a simpler circuit. From the
fitting of impedance spectra taken over the duration of each
experiment, as shown in Fig. 3, for all the studied electrolytes
we have deduced the values of charge transfer resistance (Rc)
and total resistance (Riot = Re + Ret + Rme). Evolution of R and
Riot OVer time is depicted in Figs. 4 and 5 for Li—K and Li—Na
electrolytes, respectively. As shown in Fig. 4, pristine Li—K
presents a maximum resistance around 180 h of 5 Q and 422 Q
for Re; and Ryot, respectively, then at 224 h a value of 3 Q and
358 Qisreached. In the case of the modified Li—K molten salts,
Cs addition shows a different behaviour than pristine Li—K
eutectic: a significant increase in R, and Ry is evidenced at
70 h where the resistances are 90 @ and 392 Q, respectively,
then they decrease to reach a final value of 5 Q and 40 Q at
164 h. Rubidium addition to Li—K eutectic shows a R and Rior
with maximum values at 91 h of 5 Q and 284 Q, respectively,
that later decrease to 0.4 @ and 111 Q after 195 h of immersion.
In the overall scheme, it is clear that Cs and Rb reduce the total
resistance of the electrode, being Cs the best in terms of Ryt
due to the low contribution of the R,,,;, which indicates that Cs
addition favours mass transport at the electrode. This effect is
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Fig. 4 — Charge transfer resistance and total resistance evolution over time of the porous Ni electrode immersed in Li—K

molten eutectic with and without Cs or Rb addition.
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consistent with the results obtained in a study on oxygen ki-
netics where the addition of Cs allowed increasing the diffu-
sion coefficients Dco, and Do, [21]; nevertheless, Cs modified
Li—K shows a value of R.; 2 Q higher than pristine Li—K, which
can be considered acceptable in terms of MCFC electrode. Li—
K electrolyte with addition of Rb shows a low R. and a
favourable Ry and can be used as MCFC electrolyte; however,
a deeper kinetic study concerning addition of Rb is still
necessary. As shown in Fig. 5, Cs addition does not influence
significantly the behaviour of Li—Na electrolyte in terms of Ret
and R, both electrolytes have a maximum resistance around
123 h. Therefore, we can conclude that Cs addition to Li—Na
eutectic does not influence the behaviour of such eutectic and
appears not relevant as additive in this case.

Conclusions

The influence of 5 mol % Cs,CO3 and Rb,CO5 additives in Li—K
molten carbonate eutectic (and Li—Na for caesium only) on the
nickel cathode electrochemical behaviour was analysed. We
concluded that Li—K electrolyte with both additives present a
better performance than the non-modified one, which is evi-
denced by a faster OCP evolution, reaching the equilibrium
88 h before pristine Li—K and by a reduced total resistance 3
times lower in the case of Rb addition and almost 9 times for
Cs. Rb modified electrolyte shows a very good response that
requires further investigation. Contrarily, Cs addition to Li—Na
carbonate eutectic did not improve the electrochemical per-
formance, what makes it unlikely to be used as additive in Li—
Na electrolyte. In conclusion, Cs and Rb additions to the Li—K
eutectic have a positive influence on the electrochemical
behaviour of porous Ni electrode and are promising additives.
With respect to the application, the use of such additives
should lead to a better stack performance by increasing the
output power; however, tests in a single cell are compulsory
for determining the improvement of performance before
these additives could be used commercially.
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V. (CO, Reduction: study by
chronopotentiometry

“We build science from facts as we build a
house from stones; but an accumulation of facts
is no science, as a pile of stones is not a house.”

Henri Poincaré
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V.1. The importance of CO, reduction in molten carbonates

Carbon capture and valorization is a route increasingly discussed to reduce
greenhouse gases emissions. The objective of carbon capture is the long term
confinement of CO2, as for example in the case of geological sequestration [124]. In
addition, the captured CO2 can be recycled by selling it to the CO2 consuming industry.
However, the CO2 industrial demand projected to 2020 is only of 140 Mt per year while
the CO; produced by industry and available to capture will be of 500 Mt per year, being
the oil industry the biggest CO2 consumer for oil extraction [125]. If industrial CO;
demand is so limited, then the market for CO; as raw material is not big enough to
encourage the investment in CO; capture aside subsidies or penalizations by
governments. Hence, valorization of CO2 into more valuable products could be a way to

impulse CO; economy.

One of the paths foreseen for CO; valorization is its transformation into fuels,
which are value-added products with already a broad market. Reducing
electrochemically carbon dioxide is one of the possible ways to produce fuels [126,127].
Today, there are already advanced researches regarding high temperature Solid Oxide
Electrolysis Cells. Ceramatec, Utah [128], uses co-electrolysis of water and carbon
dioxide to produce syngas, which is further converted into fuels via the Fisher-Tropp
process. In molten carbonates, Licht et al [129] demonstrated the feasibility of the
electrolysis thanks to the so-called STEP process (Solar Thermal Electrochemical

Production), although there is no pilot plant yet.

Molten carbonates are of particular interest compared to other electrolytes [130].
They are advantageous from technological and economical viewpoints. First, they can be
used to capture COz molecule because of its high solubility rate of in molten carbonates
and, in a second step, to valorize it by an electrolysis process [131]. Therefore, gaseous
effluents from industry could be used without being pretreated to obtain a high degree
of purity. Second, increasing the temperature of the melts lowers the electrical power
required to perform the electrolysis [132]. Since process heat is easily recycled and is
cheaper than electricity, this would decrease the electrolysis cost. Consequently, molten
carbonate electrolysis cells could be more competitive than other conversion

technologies.
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V.2, Synthesis of previous works by cyclic voltammetry

Several studies [133-136] have been carried out on CO; reduction but its specific
mechanism in molten carbonate is not fully justified yet. It has been suggested that CO>
can be reduced indirectly through the reduction of carbonates and their regeneration by
absorption of CO2 [137-139]. Other authors studied the direct reduction of CO; into CO
via a radical CO; [140]. Peelen et al [141] have studied COz reduction in Li»CO3-K>CO3
(62:38 mol%), in the temperature range of 575-800°C via linear sweep voltammetry
and chronoamperometry. Their analysis and the calculation from Cottrell equation

suggested a one-electron transfer, diffusion-controlled mechanism:
CO, + e —» CO; (V.1)
2C0; - CO + C0%- (V.2)
The overall reaction being:
2C0, + 2e~ - CO + CO3~ (V.3)

According to a preliminary study by cyclic voltammetry, by our research team
[142], two phenomena occurring at -1.2 V vs Ag/Ag+ and at -0.8V vs Ag/Ag+,
respectively, have been identified. In Li-Na eutectic, two peaks instead of one have been
observed below -1 V vs Ag/Ag+ (Figure V.1). Analogously, the following two

mechanisms were suggested for the overall reduction [142]:

CO, + e~ = CO,~ (V.1)
CO,” +e™ = CO,*~ (V.4)
C0,%™ + €O, - CO + CO5*~ (V.5)
and:

CO, + e~ = CO,”~ (V.1)
2C0,~ — CO + CO3*~ (V.2)

84



Chapter V. CO; Reduction study by chronopotentiometry

25
2.0 L
1.5 L
1.0 L
0.5 L
0.0 L

-0.5 L
-1.0 L
-1.5 L
-2.0 L
-2.5 L
-3.0 L
-3.5 L

j/mA cm

% CO,-Ar

= = 20-80
—30-70 .

TR 1 . 1 . 1 . 1 . 1 . 1
-1.4 -1.2 -1.0 -0.8 -0.6 -0.4 -0.2

E/Vvs. Ag'/ Ag

Figure V.1- Cyclic voltammograms at a gold electrode in Li-Na carbonate eutectic at 600 °C, v=100 mV/s,
after a pre-electrolysis at -1,1 V vs Ag/Ag* during 360 s; (dashed line) P¢o,= 0.2 atm.; (solid line) P¢o,= 0.3
atm [142].

Most of the mechanistic studies on CO; electroreduction were based on cyclic
voltammetry at a gold electrode in the molten carbonate bulk [138, 141, 142]. Knowing
that the surface of gold is very sensitive to carbonates and is quite often passivated, it is
very difficult to obtain reproducible results; thus, it is important to acquire
independently other data by chronopotentiometry and current reversal

chronopotentiometry (CRC) that could confirm the mechanism followed by the reaction.

V.3. Chronopotentiometry on Gold and Graphite electrodes

All the common alkali carbonate eutectic mixtures were analyzed mainly by
chronopotentiometry and, in some cases, by CRC or chronoamperometry. The influence
of CO; pressures and temperatures were investigated in LiC03-Na2CO3 (52:48 mol%),
Li2C03-K2CO3 (62:38 mol%) and Li2C03-Na2C03-K2CO3 (43.5:31.5:25.0 mol%), and
Naz2COs3- K2C03 (58:42 mol%) using gold and graphite electrode materials.

V.3.1. Chronopotentiometric measurements

Chronopotentiograms corresponding to CO2 reduction in four alkali carbonate
eutectics, Li-Na, Li-K, Li-Na-K and Na-K are depicted in Figure V.2 (a-c). Even though
these curves can roughly be seen as similar, they differ by the potentials of the plateaus
and by their shape. In all cases, as expected, the transition time T, tends to decrease with

the absolute value of the imposed current (higher currents consuming more rapidly the
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electroactive species). Another general feature is that quarter time potentials E/4, in
most of the cases (Figure V.2 a,c,d) become slightly more negative as the absolute value
of the current increases, which indicates that the corresponding electrochemical
reaction is not fully reversible [143]. This phenomenon is quite clear in the case of Li-
Na-K at 600 °C (Figure V.2c), but less pronounced at higher temperatures, 650 °C in Li-
Na (Figure V.2a) and 750 °C in Na-K (Figure V.2c). In Li-Na (Figure V.2a), a first plateau
is observed at around -1.1 to -1.2 V vs Ag/Ag*, corresponding to the main reduction
peak of CO; observed at the same potential by cyclic voltammetry (CV) and that has
been attributed to the reduction of soluble CO2 into soluble CO [142].
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Figure V.2- Chronopotentiometry at a gold electrode in different carbonate eutectics: a) Li-Na at 650 °C
and P¢p, 0.5 atm.; b) Li-K at 650 °C and Py, 0.05 atm,; ¢) Li-Na-K 600 °C and P, 0.5 atm. and d) Na-K at
750 °Cand P¢o, 0.5 atm.

Another plateau at around -1.4 V vs Ag/Ag™ is due to the reduction of carbonates

from the electrolyte. A similar CO reduction plateau (II) is observed in Li-Na-K (Figure
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V.2c) but at slightly lower potentials, which is in accordance with a slower
electrochemical reaction (E./s+ potentials are more affected at higher currents). The
second plateau due to the reduction of carbonates, occurring at potentials values more
negative than -1.6 V vs Ag/Ag*, shows again that systems are less reversible in Li-Na-K
(600 °C) (Figure V.2c) than in Li-Na (650°C) (Figure V.2a), which is mainly an effect of
temperature. However, when zooming into lower currents of Li-Na-K
chronopotentiograms, we find small plateaus at around -0.75 V vs Ag/Ag*, which are
related to the CV peak observed at nearly the same potential in previous work [142].
Li-K (Figure V.2b), under a lower partial pressure of CO2 (P¢q, of 0.05 atm. instead of 0.5
atm.) shows clearly the same plateau, with a sharp shape probably due to adsorbed
species (E¢/s with a constant value). Another plateau follows at less than -1.2 V vs
Ag/Agt corresponding to the main CO; reduction peak observed by CV in previous work
[142]. The same tendency is observed for Na-K (Figure V.2d) at higher temperature but
with a slight slope for the first plateau. The plateau beginning at -0.8 V vs Ag/Ag* could

be due to the reduction of pre-adsorbed CO2, but without strong evidence.
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Figure V.3- Chronopotentiometry at Py, 0.5 atm of: a) gold electrode immersed in Li-Na eutectic at 700 °C
and b) graphite electrode immersed in Li-K eutectic at 650 °C.

In the case of Li-Na carbonate eutectic at 700 °C, at very low imposed currents, as
shown in Figure V.3a, chronopotentiograms display a new reduction plateau at around

-0.35 V vs Ag/Ag™*, which was hypothetically attributed in a previous paper [142] to the
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reduction of CO2a4s into COags. In effect, by CV in Na-K at 750 °C, a reduction peak clearly
appeared at a similar potential, associated to the reverse COa.qs oxidation peak. The
influence of temperature is evident when comparing Figure V.2a and Figure V.3a, the
plateau appearing at -1.2 V vs Ag/Ag* in Figure V.2a appears only from -6.0 to -7.0 mA in
the form of a poorly defined transition, which means the CO; at the electrode is depleted
faster at 700 °C than at 650 °C. Moreover, an equally poorly defined transition appears
between -0.6 and -1.0 V vs Ag/Ag+ between -4.5 and -5.5 mA that also disappears
rapidly at more negative currents. Finally, Figure V.3b shows the chronopotentiogram of
Li-K at 650 °C at a graphite electrode, two reduction plateaus can be observed: one at
around -0.95 V vs Ag/Ag* and the other at around -1.2 V vs Ag/Agt stable in the
practical conditions used. Since the reduction of carbonates under these conditions is
not observed until a potential between -1.6 and -2.0 V vs Ag/Ag* [147]. These two
plateaus probably correspond to reactions V.1 (around -0.95 V vs Ag/Ag*) and V.4 - V.5
(around -1.2 V vs Ag/Ag™), with two steps of one electron followed by the neutralization
of CO3~.

Figure V.4 (a-c) shows the transition time dependence on applied current as a
function of temperature, oxoacidity of the carbonate melt (P¢p,), nature of the
electrolyte and working electrode; the legends PI and PII correspond to the so called

Plateau I and Plateau II that are not always present under different conditions tested
herein. As already mentioned, the quarter potential E;/s+ tends to decrease with the

increase in the transition time (related to the decrease of the absolute value of current),
which indicates that the electrochemical systems involved are quasi-reversible, as
analyzed before by CV [142]. Figure V.4a (Li-Na with PCO2=O.5 atm. at a gold electrode)
shows the evolution of Er/4+ with temperature, and is related to different reduction
processes, as mentioned before; at around - 0.1 V vs. Ag/Ag* (plateaus I) and at around -
1.2 to -1.4 V vs Ag/Ag* (plateaus II). For plateau II, when increasing the temperature
from 600 to 650 °C, the transition time becomes larger, this is consistent with the fact
that both the solubility and the diffusion coefficient of CO; increase with the

temperature.
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Figure V.4- Transition time dependence on applied current in different conditions: a) gold electrode in Li-
Na at P¢p,= 0.5 atm. and different temperatures; b) gold electrode in Li-Na eutectic at 650 °C and different
Pco,, and c) graphite electrode in Li-K eutectic at Pcp,= 0.05 atm. and different temperatures. The small
numbers indicate the value of E./4 (quarter potential).

Another observation is that the potentials (E:/4) are more negative at lower
temperatures (Figure V.2c and Figure V.4a,c), which seems to be related to a slightly
slower kinetics. For plateaus I (Figure V.4a), the behavior is quite different at the two
studied temperatures, with a constant transition time at 600 °C, showing probably an
adsorption phenomenon that is not present at 700 °C. Thus, it is more difficult to
conclude about plateau I (Figure V.4a), but as we mentioned it could be related to
adsorbed species (COzads reduced into COags) [142]. Figure V.4b shows the influence of

P¢o, on the transition times in Li-Na at 650 °C. The four series displayed can be divided

in two groups; in the first one, the potentials belong to plateau I (PI) and are between -

89



Chapter V. CO; Reduction study by chronopotentiometry

0.75 and -0.8 V vs Ag/Ag* and, in the second, the potentials corresponds to plateau II
(PII) varying between -1 to -1.2 V vs Ag/Ag*. Transition times tends to increase with the
partial pressure of carbon dioxide in the case of plateau II which represents the
reduction of soluble CO: into soluble CO; this is in agreement with the fact that
increasing the amount of CO; requires higher currents for being entirely consumed.
Situation is more complex in the case of plateau I and we can just note that the transition
times are larger at CO2 0.1 atm. than at 1 atm., which is difficult to explain. Evolution of
the quarter time potentials is in favor of a quasi-reversible system. In the case of a
graphite electrode in Li-K eutectic at P¢o, = 0.05 atm. (Figure V.4c), the influence of
temperature for plateau Il (Et/4at around -1 V vs Ag/Ag*) is similar than in Figure V.4a:

with potentials lower at 600 °C and systems are quasi-reversible.

V.3.2.  Current reversal chronopotentiometry (CRC)

Current reversal chronopotentiometry (CRC) tests were carried out for exploring
the reversibility and the characteristics of the reduction product. CRC graphs at a gold
electrode in Li-K eutectic at 650°C, P¢o,= 0.1 atm,, displayed in Figure V.5a, show that
two plateaus are successively observed in reduction (P I and P II), as well as in re-
oxidation (P Il and P IV). However, when a reversal current is applied immediately after
P I, no reverse plateau is observed and P I appears to correspond to an irreversible
reaction. Since the potential continues to decrease after P II (Figure V.5a), it is possible
that P Il (Figure V.5a inset) corresponds to the re-oxidation of the last product
generated between 0.5 and 1 s and P IV to the re-oxidation of product P II; thus, it seems
that P IIl and P IV are both linked to P II. The observation of two reverse plateaus when
P II is re-oxidized may correspond to a quasi-reversible two-step oxidation reaction, or
to the oxidation of soluble CO and adsorbed CO as proposed by Chery et al [142].
Another CRC at a gold electrode in Li-Na at 650 °C, P¢o,= 0.1 atm., shown in Figure V.5b,

displays a well-defined plateau in reduction, corresponding to the potential of P II, and

another one in oxidation P III. The transition times ratio is Z—Z = 0.28 =~ g : the reduction
1

product is soluble, which confirms that P III corresponds to the oxidation of soluble CO.
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Figure V.5- Current reversal chronopotentiometry performed at a gold electrode: a) Li-K eutectic at
650 °C, Pco,= 0.1 atm,, initial current of -8 mA during 1 s, then 8 mA during 1 s; b) in Li-Na eutectic at
650 °C, Pc02=0-5 atm; initial current of -10 mA during 6 s, then 10 mA during 2 s.

V.3.3. Transition time analysis

Transition time 7, for a reversible electron transfer, is linked to the current by

Sand’s law [144]:

1/2 _ m/?*nFAcoDy"?
N 2i

T (V.7)

If the reaction presents adsorption steps involving more than one
electrochemical species, T expression will extend beyond Sand’s law relation. To take
into account adsorption phenomena, the relations listed in Table V.1 are considered for
elucidating the predominant reaction mechanism and the number of electrons n

transferred in each step [143,145].

It is important to keep in mind that in order to determine n, accurate values of

CODé/ ? are required as well as careful measurements. For the analysis of T we have
considered the chronopotentiograms taken at a graphite electrode immersed in Li-K

eutectic at 650 °C and P, of 1, 0.5 and 0.2; (e.g. Figure V.2b) as well as those taken at a
gold electrode immersed in Li-Na-K electrolyte at P, of 0.5 atm. at 550 and 600 °C (e.g.

Figure V.2c). These data were the most reliable chronopotentiometric measurements

among the experiments performed, in the sense that T shows a clear linearity with one
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or more of the proposed models. Each series of plateaus were analyzed for each of the
four proposed mechanisms by plotting different combinations of the data as shown in
Table V.1. If any of the plots results in a straight line, the mechanism represented by that

plot is dominant.

Table V.1- t relations for electrochemical reactions including one adsorption step

Mechanism Plotting Equation
Simultaneous reduction of diffusing o 12
SR electroactive species in solution and i-Tvs Tl/2 it = nAFT + nAFCo (Do)
of adsorbed electroactive species 2
Reduction of adsorbed species . . . (nFCY)?D,mA
RA-RD previously to diffusing species iTvs1/i it =nAFT + 4i
Reduction of diffusing species nAFC3(D,m)Y/?
- i-T)1/2 i1/2 \1/2 1/2 o\~o
RD-RA previously to adsorbed species (r)/2vs 1/i (ir)/* = nFT/* + 2i1/2
Equilibrium mechanism (rapid
aui (rap _ 72T nAFCY’ (Dym)Y?
FE equilibrium between adsorbed and C-tl/2vs C2/i Cyt/% = 7z -
diffusing species) 2D 2

From the linear regression with the best linearity, we can deduce the possible
mechanism and from the slope, the value of n. In the case of Li-K at 650 °C, we took the
value of D¢o,from Meléndez-Ceballos et al [146] (1.1x106¢ cm?2-s1) and the
concentration C3 was calculated from the solubility obtained in previous research [147]:
13.5 mol-L-1-atm-1. We also used other values given by Nishina et al [23], but the results
were impossible to interpret, proving the necessity of counting on new sets of
experimental data. In the case of Li-Na-K eutectic, as we did not have values from our
own, the values of D¢, and C§ for each temperature were calculated directly from
Nishina et al. [23]. Table V.2 summarizes the results of the linear regression for the four
mechanisms described and the number of electrons n obtained. Based on the linearity of
the linear regressions, Li-K seems to change from the mechanism of simultaneous
reduction of the species (SR) to the rapid equilibrium mechanism (FE) when decreasing
P¢o,- The value of nwas found to be 1 electron for high concentrations and around 2 for
lower Pq,. However, at very low concentration, the linearity is not so good and the
error in n increases. For Li-Na-K at 550 °C, SR is the dominant mechanism with a

number of electrons close to 2 for both reactions. When increasing the temperature and
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P¢o,, the phenomena seems to be mixed between the SR and FE mechanisms, and the

computed n decreases.

Table V.2- Transition time analysis of the four cases proposed in Table V.1 for Li-K on graphite electrode
and Li-Na-K on gold electrode at different temperatures and atmospheres.

Li-K Pco,
650 °C 1 atm. 0.5 atm. 0.2 atm.
Mechanism | R? n Rz n R2 n
SR|] 098 | 1.0 | 093 | 1.3 | 0.89 | 4.0
RA-RD| 0.89 | 25 | 0.79 | 3.5 | 0.84 | 7.6
RD-RA| 0.89 | 0.5 | 0.79 | 0.5 | 0.83 | 1.0
FE| 096 | 1.8 | 095 | 25 | 097 | 5.6
Li-Na-K 0.5 atm.
550°C Plateau I Plateau II
Mechanism R2 n R2 n
SR 0.99 15 0.98 2.0
RA-RD 0.94 4.3 0.69 5.0
RD-RA 091 4.7 0.69 4.5
FE 0.96 3.3 0.87 3.6
Li-Na-K 1 atm.
600 °C Plateau I Plateau II
Mechanism R2 n R2 n
SR 0.97 1.0 0.93 1.8
RA-RD 0.82 2.5 0.82 5.0
RD-RA 0.83 1.7 0.79 2.7
FE 0.96 1.7 0.96 3.6

V4. Chronoamperometry

In order to confirm our hypothesis on CO; reduction mechanism, we performed
chronoamperometric measurements. Two kinds of curves were obtained with specific
shapes according to the imposed potential. In the first one, displayed in Figure V.6a, we
can observe at around -0.9 V vs Ag/Ag* a distortion of the /t plot with respect to a
Cottrell behavior, which most probably indicates an adsorption step and is in agreement
with the results obtained by chronopotentiometry. For the second one at around -1.2 V

vs Ag/Agt (Figure V.6b), current decreases abruptly and then slowly until reaching the
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residual current. Cottrell plots (j vs 1/t%/?) did not give strictly a straight line, which is
supposed to be the case for a diffusion-controlled reaction. However, many parameters
may influence the recording of the current (e.g. possible agitation by convection,
electrode vibration due to convection, non-perfectly stationary system), so that the
hypothesis of a diffusion-controlled mechanism should not be discarded. Therefore,
according to chronoamperometry, we conclude that CO; undergoes two reduction
mechanisms. The first one at the higher potential is irreversible, as no reverse plateau
(chronopotentiometry) or peak (by CV [142]) were observed, and is not diffusion-
controlled. As this system is not always clearly observed, it might be due to the
reduction of adsorbed CO2, in specific adsorption sites, into CO,, which is unstable and,
therefore, its oxidation cannot be observed. For the second at the lower potential, the
reaction is quasi-reversible. The present study does not contradict previous hypothesis
of a reaction involving two diffusing species, with a soluble product. This reaction
corresponds, as also seen by chronopotentiometry and CV [142], to the reduction of

soluble COz into CO, but with different complex steps including adsorption phenomena.
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Figure V.6. Chronoamperometry performed at a gold electrode in Li-K eutectic at 650°C; a) P¢o,= 0.05
atm., E=-0.9 Vvs Ag/Ag*; b) Pco,= 0. 1 atm,, E= -1.2 V vs Ag/Ag*

V.S. Conclusions

Reduction of CO2 in molten carbonates at gold or graphite electrodes is complex

and depends on many factors. As the hypotheses proposed from cyclic voltammetry data
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were far for being fully proven, the challenge of the present work was quite important
and delicate: using complementary electrochemical tools, such as chronopotentiometry,
reversal current chronopotentiometry and chronoamperometry, delicate, not only to
confirm but to get a new insight on the mechanisms. According to the experimental
conditions, which means nature of electrodes, temperature, partial pressure of CO2 and
electrochemical parameters (potentials or currents imposed, procedure, etc.), significant

results were obtained, showing in synthesis the following facts:

a- There is a main CO; reduction phenomenon yielding the formation of CO (reaction
V.5) atroughly -1.2 V vs Ag/Ag* (value that also depends on the temperature, nature
of the eutectic, etc.). This transformation, involving soluble species and most
probably adsorbed and instable intermediates, occurs in two one-electron steps or in
two-electron unique step. The most probable intermediate species are CO; (in all
cases one or two steps) and CO3~, only observed in a second reduction step when
sufficiently stable. At high and intermediate P¢,,, a one-electron step is surely the
unique step and we only identified a two-electron steps at low P¢(, under specific
conditions (e.g. gold electrode in Li-K eutectic at 650 °C, P¢o,= 0.1 atm.), meaning
that COZ™ is in general too instable to provoke its own reduction step. The number of
electrons according to the most reliable results obtained by transition time analysis
seems to evolve from a one-electron to a two-electron step from high to low values of
Pco,, and in the same way from the mechanism of simultaneous reduction of the
species (SR) to the rapid equilibrium mechanism between adsorbed and diffusing
species (FE). It should be added that measurements at high Py, were easier to
interpret. The re-oxidation phenomenon due to soluble CO and identified by reversal
current chronopotentiometry is harder to be observed due to the low solubility of CO

in molten carbonates [147].

b- A pre-reduction phenomenon also occurs at roughly in some specific conditions (e.g.
gold electrode in Li-Na-K at 600 °C and Py, 0.5 atm.) and appears to be due to
adsorbed CO; species on specific adsorption sites of the working electrode. This
phenomenon is found around -0.8 V vs Ag/Ag*, and produces very low intensity

peaks by cyclic voltammetry [142].
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c- Finally, CO2 can be reduced to CO at around -0.35 V vs Ag/Ag* with both species in
an adsorbed form. CO oxidation was identified by reversal current

chronopotentiometry. A full analysis of this system is impossible at this stage.

For concluding, we have succeed in proving some previous results and identify
some mechanistic approaches, defining whether the systems are diffusion-controlled or
not, soluble or insoluble, in one or two steps and according to what kind of mechanism
with a mixed diffusion-adsorption phenomenon. Anyhow at high P¢,, the mechanism of
simultaneous reduction of the species (SR) was found to be dominant. To complete our
understanding, fine in situ analyses of the electrode surfaces would be necessary but

delicate to realize.

V.6. Scientific papers

From the results obtained in this section, one scientific paper has been accepted

for publication in the Journal of the Electrochemical Society on February 20th, 2017.
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Carbon capture and valorization is a way increasingly discussed to calculation from Cottrell equation suggested a one-electron transfer,
reduce greenhouse gases emissions. The regulatory framework emerg- diffusion-controlled mechanism:
ing for that purpose will bring large amounts of carbon dioxide to the _ -
market, with various degrees of purity and concentrations. One of the CO+e” = CO; (1]
paths foreseen for CO, valorization is its transformation into fuels,
which are value-added products with already broad market. Reducing 200; > CO +CO> 2]

carbon dioxide electrochemically is one of the possible ways to pro-
duce fuels.!? Today, there are already advanced studies regarding high
temperature Solid Oxide Electrolysis Cells. Ceramatec, Utah,? uses
co-electrolysis of water and carbon dioxide to produce syngas, which 2C0,+2¢e~—CO +CO;” [3]
is further converted into fuels via the Fisher-Tropp process. In molten
carbonates, Licht et al.* demonstrated the feasibility of the electrolysis
thanks to the so-called STEP process (Solar Thermal Electrochemical
Production), although there is no pilot plant yet.

Molten carbonates are of particular interest compared to other
electrolytes.’ They are advantageous from technological and econom-
ical viewpoints. First, they can be used to capture CO, molecule thanks
to its high solubility rate in molten carbonates and, second, it could CO,+e —CO,” 1]
be valorized by an electrolysis process.® Therefore, gaseous effluents
from industry could be used without being pretreated to obtain a high
degree of purity. Second, increasing the temperature of the melts low- CO,” +e” — CO2 [4]
ers the electrical power required to perform the electrolysis.” Since
process heat is easily recycled and is cheaper than electricity, this
would decrease the electrolysis cost. Consequently, molten carbonate CO> +C0,— CO+COs* [5]
electrolysis cells could be more competitive than other conversion
technologies such as hydrogenation and electrochemical reduction in and:
chlorides or ionic liquids.?

The overall reaction being:

According to a preliminary study by cyclic voltammetry, by our
research team,'® two phenomena occurring at —1.2 V vs Ag/Ag*
and at —0.8 V vs Ag/Ag™, respectively, have been identified. In Li-
Na carbonate eutectic, two peaks instead of one have been observed
below —1 V vs Ag/Ag™ (Figure 1). Analogously, the following two
mechanisms were suggested for the overall reduction:'®

Several studies®'? have been carried out on CO, reduction but COrte > COy (1]
its specific mechanism in molten carbonate is not fully justified yet.
It has been suggested that CO, can be reduced indirectly through 200, = CO + CO- 2]

the reduction of carbonates and their regeneration by absorption of
CO,.">15 Other authors studied the direct reduction of CO, into CO
via a radical CO*~.1

Peelen et al.'” have studied CO, reduction in Li,CO3-K,COs
(62:38 mol%), in the temperature range of 575-800°C via linear
sweep voltammetry and chronoamperometry. Their analysis and the

The few mechanistic studies on CO, electroreduction were based
on cyclic voltammetry at a gold electrode in the molten carbon-
ate bulk.!*!”"!8 Knowing that the surface of gold is very sensitive
to carbonates and is quite often passivated, it is very difficult to
obtain reproducible results;!® thus, it is important to perform other
measurements, e.g. by normal and current reversal chronopotentiom-
?E-mail: michel-cassir@ens.chimie-paristech.fr etry (CRC), enabling the observation of successive potential steps

Downloaded on 2017-05-10 to IP 193.51.253.127 address. Redistribution subject to ECS terms of use (see ecsdl.org/site/terms_use) unless CC License in place (see abstract).
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“Concentrate all your thoughts upon the work at
hand. The sun's rays do not burn until brought
to a focus.”

Alexander Graham Bell
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VI.1. General concepts

Molten carbonate fuel cells as any other fuel cells are governed by the
electrochemistry occurring at the triple phase boundary. Thus, in this section, a
description of the reactions taking place at the electrodes, as well as some useful

formulations used in MCFC characterization are presented.

VI.1.1. MCFC operated with hydrogen and CO

According to reactions 1.4, 1.5 and 1.16, emf (electromotive force) of the cell can

be defined by the equation:

0, RT, [PHy Po)?\ | BT (Pco, (CAT)
emf =emf" + —In ———=2 |+ —In (—) (VL.1)

PH,0 2F Pco,an)

It can be seen that the partial pressures of CO2 at the cathode and anode have an
influence on the total potential. If CO2 partial pressures are equal, then the potential will

depend only on the partial pressure of hydrogen, oxygen and water.

Contrarily to low temperature fuel cells, in which CO is a poisoning agent, this

species can be used as fuel in MCFC, the reaction being as follows:
CO + CO5~ - 2C0, + 2e~ (VL.2)

This is the case when reformed methane is used as the fuel. The methane

reforming reaction is:
CH, + H,0 —» CO + 3H, (Iv.3)

However, Ni is a good catalyst for the water gas shift reaction and most of the CO

reacts with water at the anode to form more hydrogen:
CO+ H,0 < C0, +H, (Iv.4)

Operating with CO and H; produces almost the same power. In both cases, the
same amount of electrons are transferred in reactions [.4 and VI.2 and the free Gibbs

enthalpy AG; of H, and CO at 650 °C are very close (-197 and -201 KkJ-mol,
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respectively), thus, the value of emf° = % will be of 1.02 for Hz and 1.04 V for CO

[148].

For a MCFC operating with H», fuel and oxygen utilization, as well as outlet flow

and water production have to be considered.

Oxygen utilization will be given by the number of transferred electrons per mole

of oxygen according to reaction 1.4, thus we can define this term as:
Uo,) = 41—F moles-s1 (VL5)

For having a more practical formula for fuel cell parameter adjustment, this ratio
can be converted from moles-s! to volume flow in standard cubic centimeters per
minute (sccm). For that, we can use the volume occupied by one mole of ideal gas
(22.4139 L-mole’?) at standard temperature and pressure (STP = 273.15 K at 1 atm.)

and changing time base time from seconds to minutes as follows:

U0,y = =25 924130961 x 102 5™ x 60—

(02) = 4F ' mole L min

Leading to:

U(0,) = 3.48457 - I sccm (VL6)

If air is used to supply oxygen, we have to consider the amount of oxygen
contained in air, which is 21 %; then, the airflow necessary to supply the strict minimum
amount of oxygen for the reaction is U(0,) = 16.6 - [ sccm. However, by supplying this
amount of air will lead to a completely depleted oxygen stream at the cathode outlet,
which is impractical for MCFC operation; typically, airflow should be at least two times
the stoichiometric coefficient, so we should consider the “more-than-stoichiometry”

factor in the infeed gas calculation as a variable §, thus, the infeed flow rate will be:
Fd(0,) = 3.48457 -6 - I sccm (VL7)
Fd(Air) = 16.6- 6 - I sccm (VL.8)

The outlet gas flow of the oxygen-poor stream will be given by:
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Outlet flow = inletflow — U(0,)
Where the inlet flowis Fd(0,) or Fd(Air) of eq. VL.7 or VL.8.

For calculating hydrogen utilization rate, we follow the same approach, except
that the number of electrons transferred is two in this case. Thus, equations VI.5 and

VI.6 become:
U(H,) = é moles-s1 (VL9)
U(H;) = 6.96914 - [ sccm (VI.10)

This fuel utilization rate only applies for hydrogen fuelled MCFC.

Now, for calculating the CO; utilization factor, we have to consider that for every

mole of H, used at the anode, a mole of CO; is needed at the cathode, hence:
U(H,) = U(CO,) = 6.96914 - [ sccm (VI.11)

Finally, water production at the anode, as per equation I.4, will be of one mole of
water for every two electrons; similarly to hydrogen, the flow of water produced within

the cell will be given by:
Pr(H,0) = — moles-s! (V1.12)

Considering that a mole of water is 18.02 Kg-mole-1, we can obtain a rate of water
production in terms of mass. This is more pertinent here since the volumetric flow of
water vapor is not constant since it depends on the temperature at the measuring point,

hence:
Pr(H,0) = 5.6 X 107° Kg-min-1 (VL.13)

With equations VI.1 to VI.13, an estimation of the flow rates which have to be

delivered to the fuel cell were obtained, as well as the estimated outlet flow.
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VI.1.2. MCEC for CO; reduction

If molten carbonate electrolyzer can be used to perform CO; electrolysis then, the

overall reaction and the reactions occurring at the electrodes will be as follows:
Overall reaction:
2C0,+ CO5~ - 2C0 + 0, (VI.14)
Cathode reaction:
2C0,+ 2e~ - CO + CO5~ (VI.15)
Anode reaction:
CO3~ > 20, + CO, + 2e~ (V1.16)

The voltage that should be supplied to the electrolyser with respect to the partial

pressure of the reactants and products will be given by the Nernst equation as follows:

2F Pco 2F Pco,(AN)

RT Pyl RT, (Pco; cam
E=EQ, /o +—=In[—%|+—In (—) (VL.17)

Gas utilization rates for these reactions can be calculated following the scheme
proposed for the fuel cell working on hydrogen and based on equations VI.14 to VI.16, so
they will not be listed herein.

VIL.2. Cell assembly and operation

The fuel cell test bench by Fiaxell Sarl, originally designed for SOFCs, was
modified by adding some components that allowed us operating as a MCFC. In this
section, a brief description of the modifications will be shown as well as the procedure
followed to fabricate the electrolyte layers along with the carbonate to matrix ratio. The

materials used for the MCFC cell, supplied by ENEA, are listed in Table VI.1.
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Table VI.1. Characteristics of fuel cell components employed.

Anode
Thickness (mm) 0.69
Porosity 55-60%
Material Ni + 5%wt Al
Cathode
Thickness (mm) 0.7
Porosity 60-65%
Material Lithiated NiO
Electrolyte
Material Li-K (62-38 mole %)
Fabrication Tape cast
Matrix
Material v-LiAlO2
Thickness (mm) 2x0.3

VI.2.1. The gas recovery flange concept and design modification

Originally, the “ Fiaxell SOFC flange concept” capable of recovering the outlet gas,
consists of two parallel metal plates that hold the cell in between by means of applied
pressure. The sealing between the plates and the fuel cell ceramics is achieved by
utilizing a non-conductive soft vermiculite mica gasket. The current collectors at each
side of the cell are mounted at the end of a ceramic tube that compresses the cell and
feeds the reactant gases. This tube is inserted into a bigger metallic tube welded to the
flange; the sealing between the two tubes is achieved using Swagelok® type fittings.
After passing through the cell, the remaining stream exits the assembly through the

space between the ceramic and metallic tube where it can be recovered.

This system was modified to be adapted to MCFC testing by adding two “cell
holder cups” that hold the cell within them. Sealing between the MCFC electrolyte and
the cell holder cups is achieved thanks to the wet sealing action of molten carbonates,
while the sealing between the cups and the metal plates is achieved by using the same
soft vermiculite mica gasket. In this way, the contact between the mica sealing and the
carbonates is avoided, the pressure on the cell is maintained regularly over the entire

surface and proper contact is achieved thanks to gold mesh current collectors. An
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illustration of the modified cell assembly is shown in Figure VI.1 where the flow of gases
enters the cell through the blue area, passes by the electrodes through the orange area

and leaves the cell through the red areas.

SONNNNNN

A

N

CELL HOLDER CUP
ROTATED 45 DEG

[

CELL HOLDER CUP

Figure VI.1. Detail of the fuel cell assembly with two identical cell holder cups, electrolyte is in light yellow,
anode is in dark green and cathode is in gray.

The electrode compartment of the cell holder is 16 mm diameter and 0.8 mm
deep, the contact surface between the electrolyte impregnated matrix and the cell holder
cup is 5 mm around the cup, which ensures proper sealing between the cell holder and

the electrolyte.

VI.2.2. Tape-cast of carbonate eutectic

Tape cast slurry was prepared following the recipe in Table VI.2 and the mixing
procedure shown in Figure VI.2. The resulting slurry is then tape casted in a homemade
doctor-blade tape cast table with a blade gap of 1mm and a speed of 5 mm-s-1. After
drying, the flexible laminate is 0.33 mm thick. It should be noted that the carbonates are

hydrophilic and the resulting tape should be kept in a dry environment upon utilization.
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Table VI.2. Slurry composition for tape casting of eutectic carbonate mixture of Li-K (62-38 mol%).

Slurry Component | Weight (g)
Total mass 50
Carbonates 18.3

Ethanol 23.6
PVB 4.55

DBP 2.9
Zetasperse 2300 0.55
Surfinol DF-75 0.25

Ball milling is performed in a glass jar with 5 mm alumina grinding media in 1:1
slurry to grinding media relation. The jar is rotated to a speed of 10 rpm for the
indicated time in the diagram of Figure VI.2. Degasification by vacuum directly made in
the jar is necessary until all the ethanol is evaporated and the slurry acquires the high
viscosity required for tape cast. After tape cast is finished the tape is left to dry at

ambient temperature for 30 min., then it is removed from the tape cast Teflon® bed.

Ethanol

Carbonates ¢ Sl SRR T

Surfinol

24h

Zetasperse

48h

Degasifying

5 - 10 mins

Tape Casting

Figure VI.2. Slurry preparation for tape cast forming of Li-K laminates.
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The TGA-DSC analysis of the produced tape shown in Figure V1.3 was performed
to verify the fusion temperature of the carbonates (488 °C), the deviation of this
parameter is an indication that the eutectic relation was changed during the tape cast
process. This should be checked in case the solvent is substituted due to possible

potassium migration [149,150] causing the eutectic proportion to be lost.

The onset temperature of 480 °C is the fusion point of the carbonates contained
in the slurry. According to the calculations, the total mass loss of the slurry if ethanol is
completely evaporated will be 31%; however, the mass loss of the slurry is around

34 %, which is not far from the expected value.

T: 62.04 and S60.02 (°C)

_ t: 4333 and 6,211.1 (5) =
g &m (mg) 27473 Heat - 39.103 (o -=img) s
o /| &m (%) -34.397 T 460.30 and 534,59 (°C) a
&) _154 R_emalnlng hiazs 516827 (mo) t: 50071 and 5,903.8 (3) -
F [ \Tint : 268 23 (°C), 2,751 7 (3) Pesk Maximurm : 495335 (°C) £ 5,456.5 (=) =

T | Peak Height : -13.32 (pv) T

Onset: 480859 (°C) f 5,259,319 ()
Offset: 504116 (°C) £ 5,544.003 (s)
Baseline Type : Linear -8
_704 Mass Used : 79 mg (initial)

-2584
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Sample Temperature (°C)

Figure VI.3. TGA-DSC analysis of tape casted laminate of Li-K eutectic mixture.

VI1.2.3. Calculating the carbonate/matrix ratio

The weight content of carbonates in the cell should be properly calculated to
ensure adequate filling of the matrix and electrodes. For this purpose, BET analysis or
mercury intrusion porosimetry should be performed on matrix prior to calculations. In

our case, our collaborators at ENEA supplied cathode, anode and matrix materials and
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the porosimetry of the matrix is known. In any case, whatever the porosimetry of
cathode and anode, the MCFC requirements demand an anode flooding of 20 %, cathode

flooding of 40 % and matrix flooding of 100 %.

To achieve this, the void volume to be filled by carbonates in each component
must be calculated as follows: the area, thickness and weight of the components to be
used in the cell are measured. From this information, we can obtain first the volume V
and the apparent density by the formula pgy,, = %, then the porosity of the material is

Papp

determined by P,,, = 1 — , where ¢ is the bulk density of the material. Now, the void

volume has to be calculated uding the following expression: V,4;q = Vix) X P, To know
the amount of carbonates to be added, knowing the flooding ratio f,(,), we can calculate
Vearbx) = Vwoiax) X frex), Where (x) represent the anode (a), cathode (¢) and matrix
(m). The amount of carbonates in the matrix will be given by Vg pm) = Vinarix X 0.628.

Since the porosity of the matrix is known. The total amount of carbonates that should be

added in the cell will be given by Veorp tor = Vearna) + Vearne) T Vearnmy-

The carbonate to matrix ratio is obtained by dividing the weight of the carbonates
to be added by the weight of the matrix and it should always be more than 100 %, a

typical value of this ratio is 120 % in our type of cell.

V1.3. Electrochemical measurements on reference cell

Herein, we will present the electrochemical measurements on the first MCFC
single cell test performed in our team. The setup has still to be improved to ensure that
the measurements can be comparable with literature, specially the reference electrodes.
The geometrical area of the electrodes used is 2.01 cm? each; the gas composition was
H2/CO2/H20 (64/16/20 %) at the anode side and 02/CO2/N2 (15/30/55 %) at the
cathode side. Flowrate at both sides was of 150 sccm, fuel cell temperature was of
650 °C.

107



Chapter VI. Single-cell tests in fuel cell mode

V1.3.1. OCP

Figure V1.4 shows the OCP recorded during the initial 6 hours after changing to
the working atmosphere. Stabilization of the cell reaches a potential value of

980 mV, corresponding to the emf.
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Figure VI.4. OCP of a MCFC single cell over 6 hours after changing to the working atmosphere of
H,/CO2/H,0 (64/16/20 %) at the anode and of 02/CO2/N (15/30/55 %) at the cathode.

The small bump in the graph was caused by the introduction of water in the

anode stream, it stabilized after 2 h.

VI1.3.2. I-E curves and fuel cell output power

After cell stabilization, current-potential curves were obtained in Figure VI.5. The
output current density of the cell was of 142 mA-cm? at 700 mV and a power density of
99.4 mW-cm2. The maximum power density output of 127 mW-cm? is reached at 504
mV, a current density of 252 mA-cm?2. Small perturbations in the curves is probably due
to non-homogenous reactant flow over the electrodes surface. This problem might be

corrected by changing the dimensions of the flow channels in the cell holder cups.
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Figure VL.5. I-E and Power curve taken after cell stabilization at 10 mV-s-! from 980mV to 400 mV, at
650 °C, and atmospheres of H,/CO,/H,0 (64/16/20 %) at the anode and of 0,/C0O,/N; (15/30/55 %) at

VI1.3.3.

EIS

the cathode.

EIS data were obtained at 650 °C

under Hz/CO2/H20 (of 64/16/20 %) at the

anode side and of 02/CO2/N2 (15/30/55 %) at the cathode side, in a frequency range

between 100 kH and 0.5 Hz (Figure VL.6).
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Figure VI1.6. Nyquist diagram of MCFC cell at 650 °C
at the anode side and 02/C02/N; (15/30/55 %)

and working atmosphere H,/C0,/H,0 (64/16/20 %)
at the cathode, numbers indicate Log of frequency.
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Figure VL.7. Kramers-Kronig test of data set shown in Figure VI.6.

Figure V1.7 shows the Kramers-Kronig test performed on the EIS data shown in
Figure VI.6. As can be noted, the error % of the acquired data is under +0.5 % which
means that the system was stable and EIS data is valid. Controversial interpretation of
EIS data concerning MCFC devices are found in the literature; nevertheless, according to
some authors EIS data can be divided in three major features: the internal resistance
contribution (intersection point of data with Z’ axis), a high frequency arc between 10
kHz and 5 Hz and a low frequency arc between 5 Hz and 10 mHz. The first arc is
composed of the resistances corresponding to both polarization of the oxygen reduction
at the cathode and hydrogen oxidation at the anode. The second arc is related to gas-
liquid interphase and varies with the flow rate and composition of the fuel stream [151-
155]. DRT curves deduced from EIS data (Figure VI.8) were obtained in order to clarify
the number of phenomena present. As shown in the graph, four peaks appear with
different relaxation times. However, we cannot assign from this brief analysis the
phenomena corresponding to each peak and a more detailed study have to be performed

by changing the anode and cathode atmospheres to elucidate their influence on the DRT.
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Figure VI.8. DRT of EIS data collected by using DRTools [82], parameters were: regularization 1E-4,
fitted w/o inductance, 15t order regularization derivative and shape factor 1.

V1.4. Conclusions

In this part of the research carried out during this Ph.D., the parameters for tape
casting the electrolyte of the MCFC were optimized and, for the first time in our
laboratory, a MCFC test was possible. Changes on the original concept of the testing
system were necessary and conduced to an acceptable performance of the first cell
tested. OCP showed that the emf was around the expected value of 1 V after stabilization
for some hours. I-E curves confirmed that the cell was able to output a decent power
density of about 100 mW-cm?2 at 700 mV and a current density of 142 mA-cm?2 which is
not so far from the 160 mA-cm? reported in the literature for this types of button cells.
EIS first analysis showed that the measurements performed on the system in a
symmetric cell configuration have a small error of +5 % and can be assumed as valid.
Further analysis by DRT suggests the existence of four contributions that could not be

attributed in this study due to the lack of experimental data.

DRT is arising as a powerful tool to analyze electrode kinetics and difficult

overlapped EIS spectra. Up to now, there is still a discrepancy in the literature
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concerning the attributions of the phenomena reflected by EIS and, as far as we know,
there are no DRT studies carried out for MCFCs. Hence, a deeper analysis by DRT of the

contributions found in EIS data should be carried out.
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In the last ten years, a revival of molten carbonate science and technology has
been observed through a significant number of new applications, such as metal
extraction and recycling, DCFC (direct carbon fuel cell), hybrid fuel cells combining
carbonates and oxides and carbon capture and storage. It is not our aim here to develop
again this open and promising field related to such molten salt electrolytes, but to
emphasize on the results obtained through this thesis in two major directions. The first
part, which was developed in chapters IIl and IV, concerned the optimization of the well-
known MCFC application with two main objectives: (i) cathode modification to extend
MCEFC lifetime without affecting the electrochemical performance and (ii) modification
of the electrolyte to enhance the performance of the MCFC. The second part in view of
CCS application (chapter V) was focused on the study of the CO; reduction reaction by
means of chronopotentiometry and chronoamperometry, which complemented and
clarified a previous PhD. study in our research group. Finally, the last part (chapter VI),
was dedicated to single-cell set-up optimization intended to test the findings of the

previous chapters.

The results obtained in Chapter III conduced to a better understanding of the role
played by ultra-thin ALD-processed layers, being TiO; and CeO; the most promising
materials for cathode modification since both oxides deposited in thicknesses of 50 and
27 nm, respectively, behaved electrochemically in a very close way to the state-of-the-
art Ni cathode. Ni solubility was reduced almost in half by employing such fine layers
which is very advantageous considering that the actual technology has a lifetime of 4-5
years in optimal conditions; thus, reducing the dissolution rate by half could represents
at least a few years lifetime increase. Even though ALD remains expensive compared to
other deposition techniques such as electrodeposition or sol-gel, the advantage of
depositing a nanometer scale highly dense layer with a homogenous covering of the
electrode surface has an important role in reducing cathode solubility while keeping
high the electrochemical performances. This increase in lifetime will represent a
considerable reduction in costs per kW of MCFC that could justify the ALD expenses.

However, ALD technology has been advancing and improving in the last years which led
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to a reduction in costs and increase in the size of substrates that can be employed
reaching now up to square meter sizes as in spatial ALD. Nevertheless, work has still to
be done to reach the maximum potential of ALD-processed layers since in this work only
single oxides were used to modify the cathode and ALD allows very precise control on
thicknesses of multilayered structures and dopant compositions of up to three different
type of oxides. This will open the variety and properties of the materials that can be
deposited allowing not only to protect the cathode from corrosion but also to improve
the oxygen reduction kinetics by depositing materials such as yttria-doped ceria or

niobium-doped cobalt.

In our research for an improved electrolyte, we explored in chapter IV the
influence of Cs in the kinetics of oxygen reduction by developing a testing method based
on Nishina’s reaction order analysis that served to compare the modified and non-
modified electrolyte kinetic behavior and allowed us to deduce the CO: diffusion
coefficient. By using this approach, we showed that adding 5 mol. % of Cs doubled the
value of CO: diffusion coefficient compared to the non-modified electrolyte, favoring the
oxygen reduction reaction and a higher power output, since it is the oxygen reduction
which limits the MCFC overall reaction. We also proved that the state-of-the-art Ni
cathode behaved well after Cs and Rb additions shortening the cathode stabilization
time, reducing the charge transfer resistance and overall resistance. From these
outcomes, we can assert that Cs is the most interesting additive to be used in Li-K
carbonate melts. Even though adding Cs or Rb increases slightly the oxoacidity of the
molten carbonates which will lead to a small increase in the Ni dissolution rate; thus,
cathode protection by ALD as shown in chapter III could be one of the solutions to avoid
reducing the MCFC lifetime. Nevertheless, this approach has still to be proven by testing

Ni dissolution of a modified cathode in molten carbonate eutectics containing Cs or Rb.

As has already been mentioned, CCS is gaining a great interest as a route for
reducing carbon emissions from industry; in this field, molten carbonates may have an
interesting upcoming role in CO2 valorization by its electrochemical reduction into CO.
In chapter V, CO2 reduction was analyzed by chronopotentiometry and
chronoamperometry to obtain complementary information on such reaction, confirming
that it involves adsorbed and instable species and occurs according to a mechanism of

simultaneous reduction of adsorbed and soluble species (SR) in a two one-electron step
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or two-electron unique step depending on the partial pressure of CO2, which confirms
some of the hypotheses formulated in previous studies of our research group. We also
showed that obtaining more information from chronopotentiometry, such as the
number of electrons transferred is possible, but has to be considered carefully, since the
electrochemical measurements are very complicated in molten salts. To further
investigate the CO2 reduction mechanism, experiments could be conducted in a single-
cell with gold or Ni electrodes in a symmetrical configuration where probably more

reliable data could be obtained by EIS or chronopotentiometry.

Finally, chapter VI presents the first MCFC single cell test carried out in our
laboratory. Although time was not enough to fulfill the objective of testing a modified
cell, a procedure to fabricate the electrolyte by tape casting and assembling the cell was
successfully developed, along with the control and parameters necessary to operate the
MCFC. We also analyzed the electrochemical performance of this first cell obtaining
acceptable results that could be further improved by making small adjustments in the
cell holder cups, which will allow establishing rigorous electrochemical measurements

to be used as a reference for future tests with modified MCFC components.

The results exposed in this work could lead to the following improvements in

MCFC and CCS applications.

MCFC APPLICATION CCS APPLICATION

Cathode Electrolyte Single-Cell testing Better understanding
stability obntimization Capability of CO, reduction

Using MCEC technology
for CO, reduction
Increase CO, capturing
capacity

e Increasing lifetime of
MCFC
e Increasing output power
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Chapters III and IV evidenced the route for increasing MCFC lifetime and output
power by protecting the cathode from corrosion and by optimizing the composition of
the carbonate electrolyte. Chapter V complemented our knowledge on the feasibility of
CO2 reduction in molten carbonates, showing some mechanistic hypotheses. However,
the possibility of using MCEC for water and CO; co-electrolysis to produce Hz and CO to
form syngas, appears as less evident. This seems especially difficult since water and CO
will be produced at the Ni cathode of the MCEC, and the water shift reaction between CO
and H;0 forming H> and CO2 may occur, even though in a moderate rate at 650°C. One
possibility to obtain both Hz and CO in the same cell avoiding the water shift reaction
problem would be operating in a divided-cathode electrolyzer stack. In this concept, a
section of stack cathodes will be fed only with CO2 to produce CO, while another section
will be fed by H20 to produce Hz. Both outlet streams could then be combined for

delivering syngas.

In brief, we have made some progress in two significant areas, MCFC optimization
and better understanding of CO2 reduction reaction. Both areas have very interesting
applications that could conduce to cost reduction for clean energy production (MCFC)
and contribute to reduce CO2 emissions through CO2 capture and valorization into fuels

(MCEC).
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Adequacy of new electrolyte compositions and nanostructured protective layers for the
cathode of molten carbonate fuel cells

Abstract:

In this work, we develop two major research routes related to molten carbonates. The first one is the
molten carbonate fuel cell optimization, with two approaches: (i) cathode lifetime improvement through
ultra-thin layers of metal oxides deposited by atomic layer deposition; (i) Li-K and Li-Na electrolyte
modification by Cs or Rb additions. The second one is dedicated to CO: valorization through its
electrochemical reduction in molten carbonate electrolytes, where we analyze CO; reduction by means of
chronopotentiometry and chronoamperometry. Finally, in order to test some of the component
modifications described in the two first parts, we installed and adapted a single-cell setup coupled to gas
chromatography. We obtained some significant results in all the approaches; concerning point (i), we
found that TiO; and CeO: are suitable for cathode corrosion protection without affecting the
electrochemical properties of the electrode and reducing almost by half the dissolution of Ni. The results
obtained from point (i) are also fruitful, since we established a method for comparing two different
electrolytes and obtained the diffusion coefficients of the superoxides and carbon dioxide. We also
compared the performance of the state-of-the-art NiO cathode in Cs and Rb modified electrolytes. From
these studies, we found that Cs addition improves significantly the CO diffusion coefficient and reduces
the charge transfer and total resistance at the electrode, being a promising additive. Regarding CO»
reduction, after all the tests performed, we found that the reaction involves adsorbed and instable species
and occurs in two one-electron steps or in two-electron unique step; thus, it follows most probably a
mechanism of simultaneous reduction of the adsorbed and dissolved species. Finally, we performed the
tirst MCFC single-cell tests in our laboratory obtaining an acceptable cell performance and output power.
However, small improvements are still necessaty to be able to test MCFC modified components.

Adéquation de nouvelles compositions d’électrolytes et de revé€tements protecteurs
nanostructurés de la cathode pour les piles a combustible a carbonates fondus

Abstract:

Dans ce travail, nous développons deux grands axes de recherche liés aux carbonates fondus. Le premier
est l'optimisation des piles 2 combustible 2 base de catbonates fondus, avec deux approches : (i)
I'amélioration de la durée de vie de la cathode griace a des couches ultra-minces d'oxydes métalliques
élaborés par la technique de dépot de couches atomiques; (if) la modification des électrolytes Li-K et Li-
Na par addition de Cs ou de Rb. Le second est consacré a la valorisation du COz par sa réduction
électrochimique dans les électrolytes a carbonates fondus, ou nous analysons la réduction du CO; par
chronopotentiométrie et chronoamperométrie. Finalement, afin de tester les modifications subies par
certains des composants analysés dans les deux premicres parties, nous avons installé et adapté une
configuration de cellule compléte couplée a la chromatographie en phase gazeuse. Nous avons obtenu
quelques résultats significatifs dans ’ensemble des approches abordées ; en ce qui concerne le point (i),
nous avons constaté que TiOz et CeOz sont appropriés pour protéger la cathode contre la corrosion sans
affecter ses propriétés électrochimiques en réduisant presque de moitié la dissolution du Ni. Les résultats
obtenus pour le point (ii) sont également fructueux, car nous avons établi une méthode pour comparer
deux électrolytes différents en déterminant les coefficients de diffusion des ions superoxyde et du dioxyde
de carbone. Nous avons également comparé les performances de la cathode de NiO dans les électrolytes
modifiés avec Cs et Rb. De ces études, nous avons constaté que l'addition de Cs améliore
significativement le coefficient de diffusion de CO2 en réduisant la résistance de transfert de charge et la
résistance totale a l'électrode, étant 1'additif le plus prometteur testé ici. En ce qui concerne la réduction du
COa, nous avons constaté que la réaction implique des espéces adsorbées et instables et se produit en deux
étapes a un électron ou une étape a deux électrons ; ainsi, il s’agit tres probablement d’un mécanisme de
réduction simultanée d’especes adsorbées et dissoutes. Finalement, nous avons effectué les premiers tests
sur cellule complete MCFC dans notre laboratoire, obtenant une performance et une puissance
acceptables. Cependant, de petites améliorations sont encore nécessaires pour pouvoir tester les
composants modifiés de cellule MCFC.

Keywords : [MCFC, MCEC, molten carbonates, impedance, chronoamperometry, cathode dissolution, cathode
protection, electrolyte improvement, carbon capture, CO; reduction, CO; valorization]



