
Journal of Power Sources 500 (2021) 229949

A
0

•
•
•
•

Contents lists available at ScienceDirect

Journal of Power Sources

journal homepage: www.elsevier.com/locate/jpowsour

Microstructure and electrochemical behavior of layered cathodes for molten
carbonate fuel cell
K. Ćwieka a,∗, A. Lysik a, T. Wejrzanowski a, T. Norby b, W. Xing c

a Warsaw University of Technology, Faculty of Materials Science and Engineering, Woloska 141, 02-507 Warsaw, Poland
b Department of Chemistry, Centre for Materials Science and Nanotechnology, University of Oslo, NO-0318 Oslo, Norway
c SINTEF Materials and Chemistry, Sector for Sustainable Energy Technology, Forskningsveien 1, NO-0314 Oslo, Norway

H I G H L I G H T S

New layered MCFC cathodes were designed, manufactured and characterized.
Presence of porous silver layer decreases charge transfer resistance of MCFC cathode.
Presence of nickel foam decreases mass transfer resistance of MCFC cathode.
The combined effects of silver layer and nickel foam is demonstrated.
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A B S T R A C T

In the present paper, we demonstrate how modifications of the microstructure and the chemical composition
can influence the electrochemical behavior of cathodes for molten carbonate fuel cells (MCFCs). Based on our
experience, we designed new MCFC cathode microstructures combining layers made of porous silver, nickel
oxide or nickel foam to overcome common issues with the internal resistance of the cell. The microstructures
of the standard NiO cathode and manufactured cathodes were extensively investigated using scanning electron
microscopy (SEM) and porosity measurements. The electrochemical behavior and overall cell performance were
examined by means of electrochemical impedance spectroscopy and single-cell tests in operation conditions.
The results show that a porous silver layer tape cast onto standard NiO cathode and nickel foam used as
a support layer for tape cast NiO porous layer substantially decrease resistance components representing
charge transfer and mass transport phenomena, respectively. Therefore, it is beneficial to combine them into
a three-layer cathode since it facilitates separation of predominant physio-chemical processes of gas and ions
transport in respective layers ensuring high efficiency. The superiority of the three-layer cathode has been
proven by low impedance and high power density as compared to standard NiO cathode.
1. Introduction

Molten carbonate fuel cells (MCFCs), beside solid oxide fuel cells
(SOFCs), belong to the group of most promising high temperature and
high performance energy converters [1–7]. Fuel cells convert chemical
energy of the fuel (hydrogen, hydrogen-rich mixtures or hydrocarbons
including biofuels [8–10]) into electricity (and heat) with high effi-
ciency (even 60–80% in combination with e.g. steam turbines) thereby
making them prospective to serve as unconventional, distributed clean
energy sources [11,12]. As the researchers continuously investigate
physio-chemical processes governing the fuel cell performance in detail,
new modifications of cell components are proposed, particularly in
terms of the microstructure and the chemical composition of applied
materials.

∗ Corresponding author.
E-mail address: karol.cwieka@pw.edu.pl (K. Ćwieka).

A major part of published reports on the enhancement off MCFC
overall performance is focused on the cathode which is deemed the
most demanding cell compartment. The cathode catalyzes oxygen re-
duction and reaction of its activated species with carbon dioxide toward
formation of carbonate ions (CO2−

3 ) which are further transported
through the electrolyte melt toward the anode, where they oxidize the
fuel (hydrogen) and produce free electrons [13]. The cathode reaction
is commonly considered more complex and slower than anode reaction
due to oxygen reduction regarded as a rate determining step [14,15].
The most common material which the MCFC cathode is made of is
nickel, in situ oxidized and lithiated to Li𝑥Ni1−𝑥O which provides
sufficient catalytic activity at MCFC operating temperature (650 ◦C) as
vailable online 7 May 2021
378-7753/© 2021 The Authors. Published by Elsevier B.V. This is an open access a

https://doi.org/10.1016/j.jpowsour.2021.229949
Received 25 January 2021; Received in revised form 22 March 2021; Accepted 20
rticle under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

April 2021

http://www.elsevier.com/locate/jpowsour
http://www.elsevier.com/locate/jpowsour
mailto:karol.cwieka@pw.edu.pl
https://doi.org/10.1016/j.jpowsour.2021.229949
https://doi.org/10.1016/j.jpowsour.2021.229949
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jpowsour.2021.229949&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Journal of Power Sources 500 (2021) 229949K. Ćwieka et al.

t
t
f
e
t
s
e
W
h
t
s
t
t
e
s

c
m
r
o
c
o
a
p
t
o
a
r
a
I
a
s
a
m
c

r
N
t
o
v
A
a
h
N
s
b

c
o
c
m
o
i
m
o
t
o
5
c
i
b
t
R
r
c
f
i
a
p

c
c
t
t
o
(
c
m
o
m
a
t
i
t
m
T
i
c
m
i
a
m
o
i
l
s

2

2

well as electrical conductivity and chemical stability [13], and it is a
cheaper alternative to noble metals like gold or platinum.

The cathode microstructure of open porous sinter should be prop-
erly designed and carefully controlled to facilitate physio-chemical pro-
cesses involved as well as achieving high performance of the cell. The
pore structure must be controlled since the MCFC operation strongly
depends on efficient gas transport and balance in capillary pressures
within the pores of electrodes and the electrolyte matrix [16–18].
Thus, the porous cathode should be permeable for the reacting gases
and not hinder their flow or access to the active sites on the catalyst
surface. According to the theoretical concept, an interface between
gas, electrode, and electrolyte, i.e. triple phase boundary (TPB) [19],
is the active site for electrochemical reactions in the fuel cell, and
the total length of the TPB within the electrode as well as access of
gases to the TPB should be optimized in order to improve electrode
performance [20–22].

The parameters being of the greatest importance for the efficient
mass transport are porosity, mean pore size, and pore size distribu-
tion. Based on our previous experimental results, we demonstrated the
higher porosity of the cathode, the better overall fuel cell performance
can be induced [23]. Intentional introduction of pore size variation
to the MCFC cathode, in turn, diversifies the transport pathways.
Larger pores enable efficient gas transport and, therefore, facilitate
permeability [24–26]. The smaller pores, flooded by the electrolyte via
capillary actions, constitute pathways for the ion conduction through
the carbonate melt. The fraction of smaller pores should have a size
near critical for capillary action maintaining proper electrolyte uptake
and immobilization [27,28]. Bi-modal pore structure of the MCFC
cathode also contributes to enhancement of the performance as it
determines other geometric factors that shapes catalytic active surface
and mass-transport pathways i.e. specific surface area (S𝑉 ) [17], tor-
uosity and constrictivity of the pore channels [29,30]. Increment of
he S𝑉 also increases the TPB length and the density of active sites
or electrode reactions which strongly promotes fuel cell operational
fficiency and performance [31]. In the article [32] we demonstrated
hat, beside the triple phase boundary density (TPBD), electrolyte
pecific surface area (ESSA) is the important factor determined by the
lectrode microstructure and affecting the overall MCFC performance.
e have also demonstrated a novel approach to structure ordering for

igh temperature fuel cell electrodes by investigating cathode including
wo layers characterized by different porosity, mean pore size and pore
ize variation. This microstructure is intended to sufficiently facilitate
he phenomena governing fuel cell performance due to separation of
hem between particular layers (conventional cathode layer for the
lectrolyte uptake, nickel foam as gas-diffusion layer and mechanical
upport) [33].

Beside the porous microstructure, also the tuning of the chemi-
al composition of the MCFC cathode were scrutinized toward the
aximization of the performance [13,34]. As mentioned before, no

eal alternative has been found to date for nickel powder (in situ
xidized and lithiated — Li𝑥Ni1−𝑥O) as a base material for MCFC
athode fabrication [13]. The chemical composition of the MCFC cath-
de is still the subject of interest for possible modifications through
dditives [35,36] or coatings [37–40] in order to increase both its
erformance and longevity (chemical stability). One of the most at-
ractive elements found to reduce resistance and enhance performance
f the cathode due to its high electrical conductivity and catalytic
ctivity toward reactions with oxygen is silver [41,42]. Moreover, it
emains thermodynamically stable in an oxygen-rich gas conditions
nd in the temperature range of MCFC operation i.e. 650–700 ◦C.
n the initial stage of MCFC development, silver cathodes were used
s reference electrodes during experimental testing [43,44]. Further
tudies of the Ag addition, improvement of the cathode polarization
nd enhancement of cell performance, via impedance spectroscopy,
ostly attributed these positive effects to the reduction of the electron
2

harge transfer resistance, and a significant improvement of the oxygen w
eduction activity (even for SOFCs [45–47]). Besides that, an Ag coated
iO cathode reported in [48] may operate efficiently at the reduced

emperature (between 600 and 620 ◦C) as well as the partial pressure of
xygen without affecting the performance. By comparison, in our pre-
ious study, the cathode has been fabricated by tape casting of porous
g layer onto conventional NiO layer. However, the effect was similar
nd was manifested in substantially lowered resistance components and
igher maximum power density of NiO+Ag cathode compared to the
iO counterpart [49]. The positive effect was intensified in our work

ince Ag onto NiO surface is not exposed to the electrolyte (cf. [48]),
ut is a separate layer not infiltrated by the electrolyte.

Electrochemical impedance spectroscopy (EIS) is a powerful tool for
haracterization of energy conversion or storage devices like fuel cells
r batteries [50,51]. It is broadly utilized to measure impedance of the
ells, which can be further fitted to an equivalent circuit – a physical
odel of electric circuit of adequate impedance characteristics. Based

n the fitting, resistances can be calculated as well as capacitances,
nductances depending on the selection of circuit components which
ust be adequate physical representations of physio-chemical processes

ccurring in operando. The most common processes and phenomena
o be identified are e.g. formation of double layer(s), charge transfer,
hmic losses, ion diffusion, surface exchange and bulk diffusion [52,
3]. Quantitative analysis of the fittings to analogous equivalent cir-
uits enables comparison of analyzed materials and investigation of the
nfluence of varying material characteristics on their electrochemical
ehavior. In the paper [54], Authors reported the systematic study of
he current–voltage and extensive EIS measurements (using modified
andles equivalent circuit) for MCFC used for carbon dioxide sepa-
ator application. The measurements were performed in various gas
onditions (various concentrations of H2O, CO2 and O2 in the cathode
eeding gas mixture) corresponding to exhaust gaseous stream. The
nfluence of variances in concentration of each gas was investigated,
s well as the aspect of aging of the cell — degradation of output
arameters after long-term operation.

In the present paper, we demonstrate how simultaneous modifi-
ations of the microstructure and the chemical composition of MCFC
athode can determine its electrochemical behavior. As a reference,
he conventional, one-layer nickel oxide cathode has been used. Then,
wo bi-layer variants were investigated as combinations of this nickel
xide layer with porous silver layer tape cast onto it, and with metallic
nickel) foam as supporting layer. Finally, in the last studied variant, we
ombined them into novel, three-layer cathode including porous silver,
etallic foam and porous nickel oxide layers. The microstructures

f the cathodes were examined after firing using scanning electron
icroscopy (SEM) and porosity measurements. Voltage–current char-

cteristics were measured during the MCFC single-cell operation and
he resistance behavior was examined by means of electrochemical
mpedance spectroscopy (EIS). The analysis of EIS results enabled us
o attribute the changes in resistance components to the analyzed
icrostructure or chemical composition modifications of the cathodes.
herefore, porous silver layer tape cast onto conventional nickel ox-

de cathode as well as nickel foam used as a support layer for tape
ast nickel oxide porous layer particularly reduce charge-transfer and
ass-transport resistances, respectively. After combining these layers

nto cathode with three-layer structure, the lowest impedance char-
cteristics and the highest power density were obtained during the
easurements. The designed structure is proven beneficial in terms

f separation of the predominant physio-chemical processes (gas and
ons transport), which determine MCFC performance, in respective
ayers. This allows ensuring their high efficiency and avoiding their
elf-limitation.

. Materials and methods

.1. Materials preparation

All components of MCFC assembly (cathodes, anodes and matrices)

ere fabricated via tape casting of green tapes from a slurry [17,18].
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Fig. 1. Scheme of microstructure design of analyzed cathodes, their installation in the cell assembly and thicknesses of the layers. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)
Table 1
Composition of the cathode layers.

Constituent Layer

NiO Nickel foam Silver

Substance wt. % Substance wt. % Substance wt. %

Solvent Distilled water 44.0

n.a. n.a.

Distilled water 28.0

Binders CMC 1.0 CMC 1.0
Methocel 1.0 Methocel 1.0

Plasticizers PEG400 3.5 PEG400 3.5
Glycerol 4.5 Glycerol 5.0

Porogens Starch 5.5 Starch 10.0
PVB 1.5 PVB 0.0

Defoamer Agitan DF6420 0.5 Agitan DF6420 0.5
Base material Nickel powder 38.5 Nickel foam 100 Silver powder 50.5
Cathode and anode green tapes were also subjected to subsequent
firing and sintering processes. Electrolyte was applied as a mixture of
carbonate powders.

Beside the standard porous NiO cathode (hereinafter indicated as
N) [17], three new variants of MCFC cathode with layered microstruc-
ture were designed and manufactured. The cathodes are hereinafter
indicated as: NA (NiO layer + Ag layer) [49], NA (NiO layer + Ni foam
layer) [33], and NFA (NiO layer + Ni foam layer + Ag layer). The
particular layers are intended to facilitate adequate physio-chemical
processes during MCFC operation, thus they must be appropriately
mounted in the cell assembly with regard to the gasses and the elec-
trolyte — see Fig. 1. In the newly designed, layered cathodes (NA, NF,
NFA), the NiO layer always faces the electrolyte.

In the designed cathodes NiO and Ag layers were tape cast, and the
Ni foam layer was commercially available product (Gelon Lib Co. Ltd.,
0.5 mm thick, 100 ppi, surface density 250 g cm−2). The slurries for NiO
and silver layers were composed of solvent (distilled water), binders
(carboxymethyl cellulose — CMC, Alfa Aesar, and hydroxymethyl cel-
lulose — Methocel, CIECH), plasticizer (polyethylene glycol — PEG400
and glycerol), defoamer (AGITAN DF6420). The porogens, polyvinyl
butyral (PVB — Mowital B60H, Kuraray) and starch, were added to
shape the porosity and pore size variation of cathodes. Base powders
for NiO and Ag layer were nickel powder (purity 99.9%, APS 5–7 μm;
T255TM, Vale) and Ag powder (purity 99.9%, APS 4–7 μm; Alfa Aesar)
respectively — details in Table 1.

The slurries were homogenized using Planetary Centrifugal Vacuum
Mixer THINKY ARV-930TWIN. The as-prepared slurries were formed
onto a flat surface or directly onto another layer (tape cast NiO or Ni
foam) and dried at ambient temperature for 24 h to obtain green tapes.

Finally, the green tapes were subjected to a three-stage heat treat-
ment (1) annealing at 200 ◦C for 2 hours in order to remove volatile
compounds, then (2) heating at 400 ◦C for another 2 hours to burn
out the organic compounds (polymeric binders), and (3) sintering at
800 ◦C for 1 hour to form final porous backbones due to powder
sintering. Steps 1 and 2 of the heat treatment process were carried out
in an atmosphere of air, and step 3 — in a reducing atmosphere of
a N /5% H mixture.
3

2 2
2.2. Materials characterization

At the first stage of the materials preparation, particle size distri-
butions (PSD) of nickel and silver powders were measured using laser
diffraction analysis (HORIBA LA-950).

Scanning electron microscope (SEM; SU8000) observations in sec-
ondary electrons (SE) mode revealed the morphology of powders,
microstructures of Ni foam and cathodes in pristine condition (after
firing). Backscattered electrons (BSE) mode, in turn, was applied to
observe the differences in the chemical composition of particular layers
using phase contrast. Porosity was measured based on the Archimedes’
principle (according to ASTM B962 13).

2.3. Single-cell tests and electrochemical impedance spectroscopy

To evaluate the influence of the microstructure on the electro-
chemical behavior of the cathodes, experimental investigations using
single-cell tests and electrochemical impedance spectroscopy measure-
ments have been conducted. Both measurements have been performed
for each cathode in the ProboStat (Norwegian Electro Ceramics AS;
norecs.com) sample holder (scheme depicted in Fig. 2a).

The assemblies for single-cell performance tests with an effective
electrode area of 1 cm2 were arranged by stacking the green sheets
of matrix (𝛾-LiAlO2) and electrolyte (lithium and potassium carbonate
(Li2CO3)62/(K2CO3)38% mixture) between the sintered nickel anode
and cathode (N, NA, NF or NFA) covered with current collectors
(gold wire mesh) — see Fig. 2b. The scheme of the cathodes and
detailed configuration of cell assembly for single-cell tests are depicted
in Figs. 1 and 2b, respectively. The component assembly was then
placed between gold covered plates (316 stainless steel) equipped with
gas channels. In a first stage, ‘‘cell conditioning’’ was conducted to
provide removal of organic binders by thermal decomposition. The cell
was heated to 550 ◦C at the rate of 3 ◦C min−1 in an atmosphere of
10% CO2/20% O2 balanced by N2 (flow rate of 50 ml min−1) at the
cathode side and anode side. At about 500 ◦C the ceramic matrix and
electrodes were soaked with carbonate electrolyte to the desired extent.
After the conditioning process the measurements were performed at
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Fig. 2. Scheme of cell setup in the ProboStat sample holder (a); detailed cell
configuration for single-cell performance test (b) and EIS measurements (c). (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)

650 ◦C. During the testing procedure fuel gas (H2)80/(CO2)20% and
oxidant gas (air)70/(CO2)30% were fed in, and reactant utilization
factor was below 20%. Under the stable conditions, cell voltage and
current were directly measured at the two electrodes. The single-cell
testing materials and conditions are listed in Table 1. Cell voltage
and current density were measured directly at the two electrodes. The
performance of the cathode was evaluated based on the maximum
power density (p𝑚𝑎𝑥) generated in each cell.

Cathode polarization and resistance characteristics were investi-
gated by means of an electrochemical impedance spectroscopy (EIS).
The circular-shaped cells were assembled in a symmetrical manner
(cathodes on both sides) with an area of 1 cm2 each, separated by
the 𝛾-LiAlO matrix and (Li /K ) CO electrolyte, and mounted in
4

2 0.62 0.38 2 3
the ProboStat sample holder (setup depicted in Fig. 2a and c. Electrode
current collectors (golden mesh) were adjacent to separator plates with
gas channels (stainless steel covered with gold layer). Each plate was
connected to electrode during the measurement. Analyzed cathodes
were supplied with a gas flow rate identical to the cathodes used in
the performance tests (see Table 2).

Measurements were performed for symmetrical single cells at open
circuit voltage (OCV) using the GAMRY Reference 3000 potentiostat
with the frequency ranging from 10−2 to 104 Hz at a temperature of
650 ◦C. Temperature control processes were conducted with use of the
EUROTHERM 2408f controller. The gas mixtures applied during EIS
measurements were composed of 10, 20 or 30% CO2 corresponding to
a partial pressure of pCO2 = 0.1, 0.2 or 0.3 bar respectively, and various
oxygen concentrations %O2 = 10, 15, 20 or 30% (pO2 = 0.1, 0.15,
0.2 or 0.3 bar respectively). The mixtures were balanced by nitrogen
to maintain the mass flow as in the performance test. The conditions
of %O2 = 15% (pO2 = 0.15 bar) and %CO2 = 30% (pO2 = 0.3 bar)
corresponds to the single-cell performance tests. The EIS results are
indicated by semi-circles representing ohmic (R𝑜), charge transfer (R𝑐𝑡)
as well as mass transfer (R𝑚𝑡) resistance related to specific frequency
ranges. Based on the EIS analysis, polarization components such as
internal ohmic resistance (R𝑜), charge transfer resistance (R𝑜), and mass
transfer resistance (R𝑚𝑡) were calculated from the equivalent circuit.

The equivalent circuit L × R𝑜(R𝑐𝑡-CPE𝑐𝑡) × (R𝑚𝑡-CPE𝑚𝑡), depicted
in Fig. 7, contained an inductor L, representing the inductance of
the cell and parasitic inductance of instrumentation and wiring, in
series with a resistor R𝑜, representing ohmic resistance, in series with
two parallel combinations of: resistor R𝑐𝑡 representing charge transfer
resistance and a constant phase element CPE𝑐𝑡 corresponding to the
surface roughness of porous electrodes and accounting for double layer
capacitance, and a resistor R𝑚𝑡 representing mass transfer resistance
and a constant phase element CPE𝑚𝑡 for the capacitance associated with
a diffusion. This equivalent circuit is commonly chosen to represent the
impedance behavior of the porous electrodes immersed in the molten
carbonates [55,56].

3. Results and discussion

3.1. Microstructure characterization

The mean particle sizes of silver and nickel powders used for
porous layers tape casting route were similar, approx. 8 and 12 μm,
respectively, but the final microstructures of the silver and nickel oxide
layers differ — see Fig. 3.

Due to lower melting point (≈962 ◦C) of silver, during the sintering
process conducted at 800 ◦C, mass transport processes are more inten-
sive than in the case of Ni (melting point ≈1455 ◦C), and consequently
a lower porosity of the silver layer was obtained (Table 3).

3.2. Single-cell performance

The MCFC performance tests were carried out for single cells with
the standard nickel oxide cathode, and new layered cathodes NA (NiO
layer+Ag layer), NF (NiO layer+Ni foam layer), and NFA (NiO layer+Ni
foam layer+Ag layer). During testing, the cathode was the only vari-
able component, and the other materials (anode, matrix, electrolyte,
current collectors), and conditions remained unchanged. As a result,
the voltage–current density and power density-current density charac-
teristics were obtained and presented in Fig. 4a and b, respectively.

The OCV values varied between the analyzed cathodes and for the
N and NA are about 1 V which is the commonly achieved value for
fuel cells, particularly MCFC, while for the NF cathode (1.21 V) they
were higher, closer to theoretical value (1.23 V). The OCV obtained for
the NFA (0.87 V) was the lowest amongst all analyzed cathodes but
its decay was close to linear and not steep under loading which indi-
cates better operational stability. Moreover, the NFA cathode generated
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Table 2
Materials and operating conditions of single cells.

Cell component Material Area Gas conditions
(cm2)

Current collector Gold wire mesh 1.0 –

Cathode

N NiO

1.0NA NiO + Ag Mole ratio of fuel gas (air:CO2) 70:30
NF NiO + Ni foam Total flow rate (cm3 min−1) 50
NFA NiO + Ni foam + Ag

Electrolyte (Li0.62/K0.38)2CO3 n.a. –

Matrix LiAlO2 1.3 –

Anode Ni 1.0 Mole ratio of fuel gas (H2:CO2) 80:20
Total flow rate (cm3 min−1) 50

Current collector Gold wire mesh 1.0 –
Fig. 3. Microstructure of the cathodes before operation (a) N, (b) NA, (c) NF, (d) NFA. (For interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)
higher voltage above the current density of 0.4 A cm−2 in comparison
to the other cathodes. In our studies, mica sealant was used which is
a layered structure material and cannot ensure a perfect sealing. It can
be concluded that the differences in OCV reflect how close the cell is
to perfect sealing. The cells with NF and NFA cathodes achieved the
5

highest and the lowest OCV thus it might be a reflection of their best
and worst sealing, respectively. Even though the cell with the NFA cath-
ode achieved the lowest OCV, it outperformed the other ones at high
current density, which supports our conclusion of the best performance
of the NFA cathode. Another reason may be the composition of the gas



Journal of Power Sources 500 (2021) 229949K. Ćwieka et al.
Table 3
Porosity of cathode layers before operation.

Cathode Layer Porosity (%)

N NiO 68.2

NA NiO 69.8
Ag 60.9

NF NiO 68.8
Ni foam 89.0

NFA
NiO 68.1
Ni foam 89.0
Ag 60.2

mixture at the anode side — consisting H2 and CO2. In such conditions
the Ni anode can promote formation of CO and C, and in this case the
OCV can be higher than 1 V (see [57]), unlike when only hydrogen
is used. Commonly, the parameter used to describe the operational
performance of electrodes is rather the maximum power density (p𝑚𝑎𝑥)
reached under operation conditions. The maximum power density for
MCFCs with cathodes N, NA, NF, and NFA were p𝑚𝑎𝑥 = 151, 231, 231,
and 249 mW cm−2 respectively (Fig. 4c). In order to better understand
6

the extraordinary properties of the new cathodes, more extensive EIS
studies have been performed, which enabled us to separate the contri-
bution of electronic conductivity, charge transfer and gas diffusion to
overall performance of MCFCs.

3.3. Electrochemical impedance spectroscopy measurements

The polarization of symmetric cells operated with analyzed cathodes
were examined using electrochemical impedance spectroscopy (EIS)
measurements. Generally, the impedance curve of porous electrodes
contains two semi-circles (arcs): the high frequency arc related to
charge-transfer resistance R𝑐𝑡 (electrode reaction kinetics) and the low
frequency arc related to the mass-transfer resistance R𝑚𝑡 (gas diffusion
in pore space or gas solubility and diffusion into molten carbonate
electrolyte) [58]. The semi-circles may be overlapped in the frequency
ranges in which certain processes with similar time constants have
various contributions. The Nyquist plots show EIS data and the fit-
ting for analyzed cathodes operated under different gas conditions —
constant partial pressures of O2 (various pCO2; Fig. 5) or CO2 (pO2;
Fig. 6) respectively. Three values of pCO2 = 0.1, 0.2 or 0.3 bar, and
four values of pO = 0.1, 0.15, 0.2 or 0.3 bar were applied during the
2
Table 4
Quantification of cell resistance components (R𝑜, R𝑐𝑡 and R𝑚𝑡) as a function of chemical composition of the cathode and
composition of gas mixture (balanced by N2).

Cathode Gas mixture Resistance components

%O2 pO2 %CO2 pCO2 R𝑜 R𝑐𝑡 R𝑚𝑡
(%) (bar) (%) (bar) (Ω) (Ω) (Ω)

N
(NiO)

10 0.1
10 0.1 0.90 4.64 7.94
20 0.2 0.83 4.60 5.03
30 0.3 0.78 4.19 4.10

15 0.15 30 0.3 0.70 2.83 3.21

20 0.2
10 0.1 0.64 2.16 3.43
20 0.2 0.63 2.11 3.31
30 0.3 0.62 2.10 3.22

30 0.3
10 0.1 0.61 2.04 2.80
20 0.2 0.58 1.91 2.74
30 0.3 0.57 1.76 2.69

NA
(NiO + Ag)

10 0.1
10 0.1 0.24 0.10 5.51
20 0.2 0.22 0.08 5.38
30 0.3 0.21 0.07 5.21

15 0.15 30 0.3 0.21 0.07 4.15

20 0.2
10 0.1 0.23 0.09 3.87
20 0.2 0.22 0.08 3.73
30 0.3 0.21 0.07 3.75

30 0.3
10 0.1 0.23 0.10 3.27
20 0.2 0.21 0.08 3.17
30 0.3 0.20 0.07 3.08

NF
(NiO + Ni foam)

10 0.1
10 0.1 0.20 0.09 4.03
20 0.2 0.21 0.09 5.03
30 0.3 0.20 0.07 5.97

15 0.15 30 0.3 0.18 0.10 4.34

20 0.2
10 0.1 0.15 0.13 3.00
20 0.2 0.18 0.13 3.42
30 0.3 0.20 0.07 4.24

30 0.3
10 0.1 0.16 0.10 2.56
20 0.2 0.18 0.08 2.66
30 0.3 0.18 0.07 2.84

NFA
(NiO + Ni foam + Ag)

10 0.1
10 0.1 0.14 0.46 0.73
20 0.2 0.14 0.44 0.82
30 0.3 0.14 0.39 0.81

15 0.15 30 0.3 0.14 0.29 0.69

20 0.2
10 0.1 0.13 0.36 0.52
20 0.2 0.13 0.35 0.53
30 0.3 0.13 0.32 0.61

30 0.3
10 0.1 0.13 0.32 0.41
20 0.2 0.13 0.24 0.44
30 0.3 0.13 0.21 0.47
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Fig. 4. Results of single-cell performance tests for the analyzed cathodes at operation
temperature (650 ◦C): E-i curves (a), p-i curves (b). (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)

measurements. The values of the resistance components, R𝑜, R𝑐𝑡 and
R𝑚𝑡, calculated after fitting to the equivalent circuit are summarized in
Table 4 and depicted in Fig. 7.

The cell operated with commonly used MCFC cathode, herein N,
composed of nickel (nickel oxide in operando) is a reference for other
analyzed variants (NA, NF, NFA). Based on the Nyquist plots showing
fitted EIS data – in Figs. 5 and 6 – it may be quantitatively inferred that:
(i) all analyzed MCFC cathodes showed similar electrochemical behav-
ior, (ii) the analyzed modifications of the cathode microstructure and
7

chemical composition as well as varying gas conditions significantly
affect the resistance components (R𝑜, R𝑐𝑡 and R𝑚𝑡).

First, the influence of variation in CO2 partial pressure will be
discussed. Based on the EIS data in Fig. 5c,f,i,l it may be concluded
that under pO2 = 0.3 bar, the pCO2 ranging from 0.1 to 0.3 bar
does not affect the resistance behavior of cells operated with analyzed
cathodes. The pCO2 has clear impact on the impedance of N and NF
cathodes under pO2 = 0.1 bar (Fig. 5a and g, respectively) as well as
NF cathode under pO2 = 0.2 bar (Fig. 5h). In these cases, mass-transfer
resistance components (R𝑚𝑡) are significantly affected. For N cathode
(nickel oxide), tested under pO2 = 0.1 bar, all resistance components
R𝑜, R𝑐𝑡 and R𝑚𝑡 decreases with increasing pCO2. R𝑜 dropped from 0.90
to 0.78 Ω, R𝑐𝑡 from 4.64 to 4.19 Ω, and R𝑚𝑡 from 7.94 to 4.10 Ω. For NF
cathode (nickel oxide onto nickel foam layer), tested under pO2 = 0.1
and 0.2 bar that relationship for R𝑚𝑡 is reverse — it increases (from 4.03
to 5.97 Ω and from 3.00 to 4.24 Ω respectively) with increasing pCO2.
Impedance spectra of cathodes denoted as NA (silver onto nickel oxide
layer) and NFA (nickel oxide+nickel foam+silver layer) remain almost
unaffected by the partial pressure of carbon dioxide.

The EIS results were also summarized in Fig. 6 to show the influence
of various pO2 on the resistance behavior of analyzed cathodes, when
pCO2 was kept constant at 0.1, 0.2, and 0.3 bar. This configuration
of results renders possible the demonstration of significant dependence
of the impedance on the partial pressure of oxygen for all cathodes.
Internal ohmic resistance, R𝑜, calculated for NA, NF, and NFA cathodes
have similar values for each pCO2, is negligibly affected by the oxygen
partial pressure variations. Moreover, the values of R𝑜 components for
NA, NF (both between 0.15 and 0.24 Ω), and for NFA (approx. 0.14 Ω)
cathodes were up to 4 times lower than those calculated for N cathode
(between 0.57 and 0.90 Ω). The substantial drops in R𝑜 of N cathode
can be observed between pO2 = 0.1 and 0.2 bar (25–30%), and are
larger than those between 0.2 and 0.3 bar. Thus, the cell operated
with N cathode has distinctly higher resistance in oxygen lean gas
mixtures (pO2 = 0.1 bar). For all abovementioned gas conditions, the R𝑜
components always reaches the lowest values for three layer electrode
— NFA.

The conventional cathode (N) has similar charge-transfer and
mass-transport resistance characteristics as for R𝑜 resistance compo-
nent. R𝑐𝑡 and R𝑚𝑡 also drops down substantially (over 50 and 25–50%
respectively) between pO2 = 0.1 and 0.2 bar, and the drops are larger
than those between 0.2 and 0.3 bar. All calculated charge-transfer
resistance components, R𝑐𝑡, were substantially reduced for NA, NF, and
NFA cathodes compared to the N one. At pO2 = 0.1 bar, the reduction
reaches even 40 times for NA as well as NF, and 10 times for NFA
cathodes. In the case of R𝑐𝑡, the lowest values were calculated for NA
and NF, while the highest — for N conventional nickel oxide cathode.
It can be noticed that mass-transport resistances, R𝑚𝑡, calculated for
the N and NA cathode are decreasing, and for the NF — increasing
when partial pressure of carbon dioxide increases from 0.1 to 0.3 bar.
The R𝑚𝑡 for the N, NA and NF cathodes are almost equal at pCO2 =
0.2 bar in whole range of pO2. When partial pressure of carbon dioxide
is equal to 0.3 bar, the R𝑚𝑡 calculated for the N cathode is lower than
those calculated for the NF and NA cathodes. For all analyzed gas
conditions, in turn, mass-transport resistance components calculated for
NFA cathode are the lowest and reduced substantially compared to the
N, NA and NF cathodes.

4. Summary and conclusions

Summing up, conventional nickel oxide cathode (N) has the highest
resistance among analyzed cathodes and achieved the lowest per-
formance in operation conditions measured by the maximum power
density (p𝑚𝑎𝑥). All resistance components are substantially lower for
the higher partial pressure of oxygen, without being affected by the
partial pressure of carbon dioxide to a similar extent. For the conven-
tional cathode, made of nickel oxide, this effect might be attributed
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Fig. 5. EIS results for analyzed cathodes operated in symmetric cells at 650 ◦C under constant O2 and various CO2 partial pressures (pCO2 = 0.1, 0.2, 0.3 bar). (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)
to the oxygen reduction reaction. Therefore, it is considered as a rate
determining step for the overall cathode reaction, it is promoted by the
high oxygen partial pressure, and its activation energy decreases with
increasing oxygen partial pressure [48,59–61].

The tape casting of the silver layer onto the nickel oxide layer
(NA cathode) greatly reduces ohmic and charge-transfer resistance
components comparing to the pure nickel oxide (N) cathode operated
in analyzed gas conditions. Mass transport remains slightly affected,
with the exception of pCO2 = 0.1 bar and pO2 = 0.1 bar. For this
gas conditions, R𝑚𝑡 is reduced of approx. 25%. Moreover, the results
of operation tests show that the presence of the tape cast silver layer in
the cathode enhances MCFC performance. The reduction of R𝑐𝑡 may be
attributed to lower contact resistance between the cathode and current
collector after introducing the silver layer due to its very low resistivity
(1.49 × 10−8 Ω m), and its stability in the oxidizing atmosphere as
compared to nickel which is in situ oxidized and lithiated to LiNiO2
during the cell operation [62,63]. The rate of the formation of the
carbonate ion (CO2−

3 ), via recombination of the activated oxygen and
carbon dioxide, is also considered slow, and may be enhanced by Ag
catalyst [64,65]. Thus, the NiO+Ag (NA) cathode can possibly operate
8

well in oxygen-lean conditions — partial pressure of oxygen lower than
0.15 bar as it is commonly applied.

Cathode structure composed of conventional nickel oxide layer tape
cast onto nickel foam (NF) also provides substantial reduction of ohmic
resistance of the cell as well as charge transfer resistance compared
to the pure nickel oxide (N) cathode. The behavior of NF cathode
is comparable to NA in terms of performance (p𝑚𝑎𝑥) measured in
single-cell tests as well as R𝑜 and R𝑐𝑡 components in the whole range
of applied partial pressures of oxygen and carbon dioxide. Low internal
resistance of the cell may result from the high electrical conductivity
of nickel foam layer adjacent to current collectors and its lower suscep-
tibility to in situ oxidation than the porous sinter made of fine nickel
powder. Large pores in the foam layer (50 to 250 μm in diameter) are
not soaked by the molten electrolyte so they remain permeable for
gases which can be delivered sufficiently to the active reaction sites
in the nickel oxide layer (triple phase boundaries). Surprisingly, the
mass-transport resistance is growing for the NF cathode with increasing
partial pressure of carbon dioxide what is an opposite effect to the other
cathodes. Higher resistance of the cathode may result from the negative
order of the oxygen reduction reaction in MCFC for carbon dioxide and,
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Fig. 6. EIS results for analyzed cathodes operated in symmetric cells at 650 ◦C under constant CO2 and various O2 partial pressures (pO2 = 0.1, 0.2, 0.3 bar). (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)
therefore, from its dependence on gas partial pressure. Oxide formation,
oxygen reduction and carbonate ion formation are promoted by the
high oxygen partial pressure and low carbon dioxide partial pressure.
During the performance tests, NF cathode achieved the same maximum
power density as the NA cathode.

The NFA cathode constitutes a conjunction of all positive charac-
teristics of NA and NF cathodes. All calculated resistance components
are greatly reduced compared to the conventional nickel oxide cathode
(N), and beside R𝑐𝑡 the lowest for all gas conditions. Nevertheless, the
R𝑐𝑡 of the NFA cathode is still very similar to the NA and NF. Also, the
maximum power density measured in the operation conditions is the
highest for the NFA cathode. Therefore, the NFA cathode combines im-
proved electrical conductivity and lower contact resistance (Ag layer),
permeability for gases (nickel foam layer), high catalytic activity (Ag
and NiO layers), and sufficient interaction with the electrolyte (NiO
layer).

General trends in layered electrode development may be distin-
guished also for SOFCs [66–68]. Particular layers are introduced mainly
for improvement of current collection, ionic/electronic conductivity or
compatibility with the electrolyte. Bi-layered LaMnO /Co O coating
9

3 3 4
electrodeposited on metallic wire network [69] has been reported as
improving the power density and durability of a tubular SOFC by
stabilizing the surface of the metallic wire network used as a cathode
current collector. Layers designed for facile mixed ionic/electronic
conduction are commonly composed of a mixture of Ni(O) and ion
conductive ceramics like LSM, LSCo or YSZ [66,70] or CGO [71]. To
substantially reduce the cell degradation in electrolysis mode and avoid
the electrode delamination, ScSZ (Sc2O3 stabilized ZrO2) interlayer on
the cathode side was introduced [71]. As it may be inferred based on
the recent literature reports, the main goal for SOFCs is particularly
lowering the operation temperature to intermediate temperatures –
IT-SOFCs or increasing stability in electrolysis mode, while for MCFCs –
improvement of the power density up to SOFC level. These similarities
in electrode design for MCFCs and SOFCs are inspiring and appear to
reflect the mutual goals to develop hybrid MCFC–SOFC solutions.
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