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Abstract Molten carbonate fuel cells (MCFCs) are

electrochemical devices directly converting chemical

energy of a redox reaction into electricity: compared with

energy conversion by combustion, it is significantly more

efficient and less polluting. This paper presents a pre-

liminary study exploring the possibilities of improving the

overall MCFC performances, by lowering the cathode

polarization. Tests were carried out on single cell systems:

these are devices able to simulate full-size plant operation

in its essential features. Single cells are constituted by an

assembly of porous and metallic components (anode,

cathode, matrix, anodic and cathodic current collectors)

enclosed by two steel shells. A particular numerical method

were used in order to discriminate between the different

contributions (anodic polarization, cathodic polarization,

internal resistance polarisation and Nernst losses) to the

cell’s performance reduction during its operation. This

method has been applied to specific single cell test, where

only cathode working conditions were changed and the

cell’s response (in terms of voltage changes) was recorded.

In this way the cathode’s contribution has been identified.

These tests have confirmed the possibility of performance

improvement possibilities by working on the cathode

polarization.
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List of symbols

K1 Equilibrium constant of Eq. 7

K2 Equilibrium constant of Eq. 9

r Warburg impedance under semi-infinite diffusion

(X cm2/s0.5)

R Gas constant (J/mol K)

T Temperature (K)

n Electron number per molecule

F Faraday constant (C/mol)

C Concentration (mol/cm3)

D Diffusion coefficient (cm2/s)

ZN Nernst impedance under finite diffusion (X cm2)

x Angular frequency (rad/s)

dN Nernst diffusion layer thickness

V Voltage (V)

E Equilibrium potential or open circuit voltage (V)

gne Nernst loss (V)

gir Ohmic overpotential drop (V)

ga Anode polarization (V)

gc Cathode polarization (V)

Eo Standard equilibrium potential (V)

p Partial pressure (atm)

RiR Internal resistance (X cm2)

Ra Anodic reaction resistance (X cm2)

Rc Cathodic reaction resistance (X cm2)

J Current density (A/cm2)

kiR Parameter connected to internal resistance (X cm2)

ka Parameter connected to anode reaction resistance

(X cm2 atm0.5)

kc1 Parameter connected to cathode reaction resistance

(X cm2 atm0.25)

kc2 Parameter connected to cathode reaction resistance

(X cm2 atm)
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1 Introduction

A fuel cell is an electrochemical system able to produce

electricity: the chemical energy released in a redox reaction

is directly converted into electrical energy. Generally, it

consists of two electrodes separated by a porous electrolyte

matrix; a gaseous fuel is sent to the anode side, where an

oxidation takes place, while the oxidant is reduced at the

cathode site. The reaction is possible only in the presence

of an electrolyte.

Molten-carbonate fuel cells (MCFCs) are high-temper-

ature fuel cells, working at 600–650 �C, adopting molten

carbonate salt (Li2CO3–K2CO3 or Li2CO3–Na2CO3 mix-

tures) as electrolyte. Molten electrolyte is retained in a

porous, chemically inert ceramic matrix. Typically, fuel

is hydrogen or reformed methane and the oxidant is

air. The electrochemical reactions occurring in a MCFC

involve:

• the formation of carbonate ions (CO3
=) at the cathode by

the combination of oxygen, carbon dioxide and two

electrons;

• the transport of carbonate ions to the anode through the

electrolyte in the matrix;

• the reaction between the carbonate ion and hydrogen at

the anode, producing water, carbon dioxide, and two

electrons:

Cathode Reaction:

CO2 þ 1=2O2 þ 2e� ! CO3
¼ ð1Þ

Anode Reaction:

H2 þ CO3
¼ ! H2Oþ CO2 þ 2e� ð2Þ

Overall:

H2 þ 1=2O2 ! H2O ð3Þ

For each hydrogen mole consumed in the anode compart-

ment, one mole of carbon dioxide and one mole of water

are produced.

MCFCs offer many advantages with respect to other fuel

cells type:

• Working at high temperatures, MCFCs do not need

precious metals (i.e. their catalytic properties) for

electrodes realization. In this way electrodes production

is less expensive.

• Consequently, it is possible to feed MCFCs adopting a

wide range of fuels containing carbon monoxide (e.g.

coal gas, waste gas, biomass gas).

Moreover, CO itself can be used as a fuel according to

the water gas shift reaction:

CO þ H2O ¼ CO2 þ H2 ð4Þ

• High temperature exhausted gas can be used to feed

systems like gas or steam turbine in order to improve

overall efficiency (up to 85%).

• MCFCs might help to meet the emerging requirement

for the reduction of CO2 content in the atmosphere, by

their utilization as CO2 concentrators/separators: actu-

ally, many research efforts are focused on it.

Presently, MCFCs technology is in a pre-commercial

phase: one of the main questions still to solve is that of

durability, which is affected by factors like high working

temperatures and the corrosive behaviour of the electrolyte.

Research is concentrating itself both on new corrosion-

resistant components as well as new fuel cell designs that

increase cell life without decreasing performance. The

main goal for commercialization is a 40.000 h (more than

4 years) durability.

The other important problem to solve is cost reduction,

including components production and conditioning process

charges; it is also very important to increase the overall

MCFC performance, which depends on some main

parameters as working condition, internal, anodic and

cathodic polarization.

2 Cathode polarization

The electrochemical performance of single-cell can be

evaluated by studying a polarization curve.

Being the cathodic polarization the most significant

contribution to the cell polarization, it is necessary to

decrease its value in order to obtain a performance

increase.

In fact, while hydrogen diffusion into the carbonate melt

and its oxidation are simple and fast phenomena, the

cathodic reaction, involving diffusion and reduction of

oxygen, is slow and its mechanism complicated.

According to the cathodic reaction:

1=2O2 þ CO2 þ 2e� ! CO3
¼ ð5Þ

In order to explicate the influence of reactant gases on the

cathodic reaction resistance, the following simultaneous

diffusion mechanism of superoxide ions O2
- and CO2 in the

melt may be assumed [1]:

3O2 þ 2CO3
2� ¼ 4O2

� þ 2CO2 ð6Þ

O2
�½ � ¼ K1 � p0:75

O2
� p�0:5

CO2
ð7Þ

O2
� þ 2CO2 þ 3e� ¼ 2CO3

¼ ð8Þ

CO2½ � ¼ K2 � p1:0
CO2

ð9Þ

In a cynetical study [2–4] of the cathodic reaction, the

Warburg coefficient was determined by means of
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impedance measurements at a gold flag electrode:

simultaneous diffusion of O2
- and CO2 was the

dominant feature of mass transport associated with the

oxygen reduction, while the charge transfer resistance

associated with the effect of the activation process was

very small compared with the effect of diffusion (Warburg)

impedance.

The Warburg coefficient under condition of semi-infi-

nite diffusion is given as:

r ¼
X

i

RT

n2
i � F2 �

ffiffiffi
2
p � 1

Ci �
ffiffiffiffiffi
Di

p
� �

ð10Þ

Since electrode reaction occurs in porous sites partially

flooded by the electrolyte, the current associated with the

electrochemical reaction is concentrated in a film region,

thus reactant or product species diffuse in a finite layer

(Nernst diffusion).

Thus, the Nernst impedance, corresponding to the

Warburg impedance under finite diffusion, is expressed

as [5]:

Zn i½ � ¼ ri

1� jffiffiffiffi
x
p tanh dN

ffiffiffiffiffiffiffiffiffi
j � x
Di

r� �
ð11Þ

When x approaches 0, the only real term of Eq. 11 is:

Rd½i� ¼ lim
x!0

ZN½i� ¼
R � T � dN

n2
i � F2 � Ci � Di

ð12Þ

The kind of dependence of Rd on partial pressure

through the concentration term Ci, is the same one of the

Warburg coefficient.

According to the above mentioned simultaneous

diffusion mechanism of superoxide ions O2
- and CO2,

the cathode reaction resistance can be represented as

follows:

RC ¼ Rd O2
�½ � þ Rd CO2½ � ¼ kc1 � p�0:75

O2
� p0:5

CO2
þ kc2 � p�1:0

CO2

ð13Þ

where kc1 and kc2 are constants including all the factors,

with the exception of partial pressure.

3 Potential balance

For each value of current density, the difference between

the open circuit voltage and the measured voltage can be

broken down in anodic, cathodic, internal polarization

and Nernst loss (due to gas dilution during the reaction)

[1, 6, 7]:

V ¼ E� gne � giR � ga � jgcj ð14Þ

where [8]

E ¼ E� þ R � T
2 � F ln

pH2
� p1=2

O2

pH2O

 !
þ R � T

2 � F ln
pCO2;c

pCO2;a

 !
ð15Þ

To describe the relation between the voltage and the

current density it’s possible [1, 6, 7] to rewrite (14) as:

V ¼ E� gne � RiR þ Ra þ Rcð Þ � J ð16Þ

where each polarization term is given as depending from

the associated resistance (Fig. 1)

The resistance indicated in (16) can be expressed as a

function of the reacting gases partial pressures and of

temperature [6].

RiR Tð Þ ¼ kiR Tð Þ ð17Þ

Ra Tð Þ ¼ ka Tð Þ � p�0:5
H2

ð18Þ

RcðTÞ ¼ kc1ðTÞ � p�0:75
O2

� p0:5
CO2
þ kc2ðTÞ � p�1:0

CO2
ð19Þ

Hence it is possible to rewrite (16) in the following way:

V ¼ E� gne � ½kiR Tð Þ þ ka Tð Þ � p�0:5
H2
þ kc1

Tð Þ � p�0:75
O2

� p0:5
CO2
þ kc2

Tð Þ � p�1:0
CO2
� � J

ð20Þ

In order to correctly evaluate the coefficients (each

connected with a resistance phenomenon), it is necessary to

study the local gas compositions and the distribution of

current density on the cell plane: for this purpose, it is

necessary to ideally divide the cell plane into many

different sections (of equal area), as showed in Fig. 2:

where in each tiny section the gas composition is assumed

constant and therefore the Nernst loss can be neglected.

Typically, in this kind of calculation, the cell plane is

divided in 100 sections.

So (16) becomes:

V ¼ E i, jð Þ � RiR þ Ra i, jð Þ þ Rc i, jð Þ½ � � J i, jð Þ ð21Þ

Fig. 1 Scheme of a MCFC and overall reactions occurring at the

electrodes
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and, consequently:

V ¼ E i, jð Þ �
h
kiR þ ka � p�0:5

H2
i, jð Þ þ kc1 � p�0:75

O2
i, jð Þ

� p0:5
CO2

i, jð Þ þ kc2 � p�1:0
CO2

i, jð Þ
i
� J i, jð Þ ð22Þ

where (i, j) are the coordinates of a single section; the

voltage term has no indexes because the current collec-

tors ensure the potential uniformity in the cell. The

temperature is considered homogeneous throughout the

cell plane.

Through the calculation of current density and reactants

partial pressure distribution, it is possible to determine the

value of electrode polarizations by measuring the cell

voltage under fixed current value and gas composition.

4 Experimental and results

The experimental data were collected using a small size

single-cell system, composed by porous and metallic

materials.

The porous components, cathode and anode, were con-

stituted by Ni-based materials, while the matrix were

LiAlO2; the electrolyte was a carbonate salts mixture.

The metallic components, cathodic current collector and

anodic current collector were constituted, respectively, by

AISI310S and Trilayer Ni/AISI310S/Ni.

A single-cell test facility allows to control the tem-

perature through heating plates, the gas flows through

mass flow controllers, the current supply through a elec-

tric load.

Moreover, a test facility allows to monitor, control and

acquire the most important cell parameters, like voltage,

current, temperature, gas flows and differential pressures.

Single-cell tests, through comparative analysis of their

results, allow to evaluate the performance change associ-

ated with different cathodic gas compositions.

In order to evaluate the electrode polarizations by means

of numerical analysis of the potential balance, it is neces-

sary to measure the cell voltage variations associated with

changes of the reactants partial pressures and utilization

factors at fixed value of current density; besides, the

measurement of internal resistance is also required. To

carry out this kind of measurement, which quantifies the

electrolyte and contact resistance, a milliohmeter, pro-

cessesing the current response under a fixed voltage fre-

quency signal, was connected to the cell.

Two types of tests (from here on called ‘‘A’’ and ‘‘B’’)

were carried out: in both, a stoichiometric quantity of

reactants was provided for the reaction; the used utilization

factors of anodic hydrogen and cathodic carbon dioxide

and oxygen were the same.

The test A was carried out under the following

conditions:

• temperature: 650 �C;

• absolute pressure: 1 atm;

• composition of anodic gas: H2 64%, CO2 16%, H2O

20%;

• composition of cathodic gas: O2 33%, CO2 67%.

The measured value of iR was 12.3 mX while the dif-

ferential pressure between anode inlet and cathode inlet

was about 0 mbar.

The test was run at three different values of current

density (50, 100 and 150 mA/cm2) and the electrode

polarizations, obtained through the above explained anal-

ysis, are shown in the Fig. 3.

It is possible to notice that the cathodic polarization

value is only slightly affected by a current density increase,

so that the relative iR free voltage remains high.

The test B was carried out under the following

conditions:

• temperature: 650 �C;

• absolute pressure: 1 atm;

• composition of anodic gas: H2 64%, CO2 16%, H2O

20%;

• composition of cathodic gas: Air 70%, CO2 30%.

The measured value of iR was 13.3 mX while the dif-

ferential pressure between anode inlet and cathode inlet

was about -0,5 mbar.

The differential pressure influence on the result of both

test A and B, was considered negligible.

The test was run at three different values of current

density (50, 100 and 150 mA/cm2) and the electrode

polarizations, obtained through the above explained anal-

ysis, are shown in the Fig. 4.

 ANODE  
IN

CATHODE OUT

CATHODE IN

ANODE  
OUT(i,j)

Fig. 2 Representation of section (i, j) on the cell plane

2126 J Appl Electrochem (2009) 39:2123–2128

123



As can be seen in Fig. 4, the cathodic polarizations

obtained in test B were not only of higher magnitude than

those previously obtained in test A, but showed a percep-

tible rise with the current density increase, so that the

resulting output iR free voltage reduction was considerable.

To help interpret the obtained results, the values of

output voltage measured in both tests at different current

densities are shown in Fig. 5.

The translation of the two curves is due to a different

open circuit voltage (which is, as shown in Eq. 15, function

of the reagents partial pressure), while the slope difference

is due to the changes in polarization.

To better appreciate the improvement of performance

due to a cathodic polarization decrease, the output voltage

measured has been corrected: such correction is due to an

internal resistance value increase in test B (the anodic

polarization being similar); so the iR Free Voltage curves

are shown in Fig. 6: in this case, the slope difference is due

only to the change in cathodic polarizations.

5 Conclusions

Tests performed on a single-cell have confirmed the pos-

sibility of improving the performance working on the

600

700

800

900

1000

1100

1200

1300

1400

50 100 150

Current Density [mA/cm2]

V
ol

ta
ge

 [m
V

]

V iR Free ηc ηa ηne

Anode:  H2/CO2/H2O = 64/16/20

Cathode: Air/CO2 = 70/30

Temperature = 650°C Pressure = 1 atm

Fig. 4 Test B—Analysis of cell performance under different values

of current density

600

700

800

900

1000

1100

1200

30 50 70 90 110 130 150 170

Current Density [mA/cm2]

V
ol

ta
ge

 [
m

V
]

Test B - Cathode: O2/CO2 = 33/67

Test A - Cathode: Air/CO2 = 70/30

Fig. 5 Performance curves under different cathode conditions

800

900

1000

1100

30 50 70 90 110 130 150 170

Current Density [mA/cm2]

V
ol

ta
ge

 iR
 F

re
e 

[m
V

]
Test B - Cathode: O2/CO2 = 33/67

Test A - Cathode: Air/CO2 = 70/30

Fig. 6 Performance curves iR Free under different cathode

conditions

600

700

800

900

1000

1100

1200

1300

1400

50 100 150

Current Density [mA/cm2]

V
ol

ta
ge

 [m
V

]

V iR Free ηc ηa ηne

Anode:  H2/CO2/H2O = 64/16/20

Cathode: O2/CO2 = 33/67

Temperature = 650°C Pressure = 1 atm

Fig. 3 Test A—Analysis of cell performance under different values

of current density

J Appl Electrochem (2009) 39:2123–2128 2127

123



cathode polarization. Indeed, cathodic polarization is, at

the electrode level, the main cause of decreasing output

voltage under current load.

According to the test results, it could be suggested that

cathode polarization may be reduced adopting a cathodic

gas devoid of nitrogen: gas dilution, due to the ratio O2/N2

in the air, has an effect on cell performance reduction. It

should be taken in account that, since oxygen and carbon

dioxide utilization factors in tests A and B were the same, an

important role is also played by the reactant gases partial

pressures (0.67 and 0.33 atm in test A, 0.30 and 0.15 atm in

test B for carbon dioxide and oxygen, respectively).

Besides, according to the results, while in test A the

value of cathodic polarization was apparently just slightly

depending on the current density value, in test B each

variation of current density was accompanied by a signif-

icant variation of cathodic polarization: probably, this fact

is due to the presence of an inert gas (not involved in the

reaction) in the cathodic feed: increasing the current den-

sity, reactants are consequently increasingly consumed,

therefore the quantity of available oxygen and carbon

dioxide in the cell decreases, and dilution becomes

increasingly important. This because the presence of the

diluting inert gas negatively affects the diffusion process of

the reactants in the molten carbonate film region and the

relative polarization grows.

References

1. Morita H, Mugikura Y, Izaki Y, Watanabe T, Abe T (1998) Model

of cathode reaction resistance in molten carbonate fuel cells.

J Electrochem Soc 145(5):1511–1517

2. Yamada K, Nishina T, Uchida I, Selman JR (1993) Electrochim

Acta 38:2405

3. Nishina T, Uchida I, Selman JR (1994) J Electrochem Soc

141:1191

4. Yamada K, Nishina T, Uchida I (1995) Electrochim Acta 40:1927

5. Drossbach P, Schulz J (1964) Electrochim Acta 9:1391

6. Morita H, Komodab M, Mugikuraa Y, Izakia Y, Watanabea T,

Masudac Y, Matsuyamac T (2002) Performance analysis of molten

carbonate fuel cell using a Li/Na electrolyte. J Power Sources

112:509–518

7. Mugikura I, Abe T, Watanabe T, Izaki I (1991) Development of a

correlation equation for the performance of MCFC. Central

Research Institute of the Electric Power Industry-EW91 002

8. EG&G Technical Services, Inc., Science Applications Interna-

tional Corporation (2002) Fuel cell handbook, 6th edn

2128 J Appl Electrochem (2009) 39:2123–2128

123


	Molten carbonate fuel cell performance under different �cathode conditions
	Abstract
	Introduction
	Cathode polarization
	Potential balance
	Experimental and results
	Conclusions
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


