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Abstract

During this quarter, impedance data were analyzed for oxygen reduction

process in molten carbonate electrolyte and a manuscript,"Impedance Analysis

for Oxygen Reduction in a Lithium Carbonate Melt: Effects of Partial Pressure

of Carbon Dioxide and Temperature," was prepared which will be submitted to

Journal of the Electrochemical Society for publication.
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OXYGEN ELECTRODE IN MOLTEN CARBONATE FUEL CELLS

Introduction

This project focuses on three area of research:

Task 1: Construction of High Temperature Equipment

Task 2: Microelectrode Study of Oxygen Reduction

Task 3: Computer Modeling of Reactions

This report summarizes the work carried out during the last quarter (May

1, 1990 - July 31, 1990) and the work plan for the next quarter.

Work Carried Out During the Reporting Period

Task 2" Microelectrode Study of Oxygen Reduction

During the last quarter, a paper on "Impedance Analysis for Oxygen Re-

duction in a Lithium CarboI)ate Melt: Effects of Partial Pressure of Carbon

Dioxide and Temperature," was prepared which will be submitted for publica-

tion to Journal of the Electrochemical Society (Appendix A).

PROPOSED WORK DURING NEXT QUARTER

The research project will be completed by September 1990 and the final

report will be prepared during the next quarter.
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Abstract

Effects of partial pressure of carbon dioxide and temperature on oxygen re-

duction kinetics in lithium carbonate melt were examined using electrochemical

impedance spectroscopic (EIS) and linear sweep voltammetric technique::_. The

impedance spectra were analyzed by a Complex Nonlinear Least Square (CNLS)

method, using the Randles-Ershler equivalent circuit model, to determine the

electrode kinetic and the mass transfer parameters such as the charge transfer

resistance and the Warburg coefficient. The cyclic voltammetric measurements

indicated that the oxygen reduction process in lithium carbonate melt is "re 2

1-_1/2versible" up to 200 mV/s. The product _'o Co determined by cyclic voltam-

metry agreed well with those estimated by the EIS method. The reaction order

with respect to carbon dioxide and the activation energy for the exchange cur-

rent density were determined to be -0.52 and 132 kJ/mol respectively. Also,

the reaction order with respect to carbon dioxide and the activation energy for

1/2 _,-_
D o t-,o were calculated to be -0.8 and 185 kJ/mol, respectively.



Introduction

The oxygen reduction reaction in molten alkali carbonate electrolytes has

been studied for the past quarter century because of its vital role in the perfor-

mance of the molten carbonate fuel cell. Borucka and Sugiyama (1,2) studied

the O2/CO2/Au electrode in a ternary (43.5 mol% Li • 31.5 moi% Na' 25.0

mol%)CO3 eutectic melt in the temperature range of 550-800 °C and concluded

the following: (i) the effects of the partial pressures of oxygen and carhon dioxide

on the equilibrium potential show that the over-Ml reaction at equilibrium is

1/2o,. + + co -

and the equilibrium potential obeys the corresponding Nernst equation

Eo_,co2/co__ = EO RT /_1/2Pco2 ) [2]02,c0_/c0_- + _ln \-02

(ii) the micropolarization tests at near-equilibrium indicate that the electrode

is under "mixed" control, due to the charge transfer and the mass transport

processes, even close to the equilibrium; and (iii) the exchange density for the

electrode reaction (Eqn. [1]) is about 0.1 mA cm -2. Appleby and Nicholson (3-

6) examined the oxygen reduction reaction in molten carbonates on a submerged

gold electrode using steady-state and potential-scan techniques. They observed

that oxygen reacts with carbonate ions and forms peroxide and/or superoxide

ions and the concentrations of these species depend on the cations present in

the melt. In a pure Li2CO3 or a Li-rich melt the peroxide species is dominant,

whereas in a K-rich melt the superoxide species is dominant. They proposed the

following reaction mechanism for oxygen reduction in pure lithium carbonate

melt:

1/202 + CO_- _ 02- + C02 [31
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o_- + _- _ (o-) + o_- [4]

(o-) + co_ + _- _ col- [_]

o_- + co_ _ cog- [_]

_/2o_+ co_.+ 2_- _ co_- [71

where (O-) is a transient species. According to this reaction mechanism, Lhe first

charge transfer reaction (Eqn. [4])is the rate determining step for an immersed

electrode. Appleby and Nicholson also examined the oxygen reduction in binary

(47 m ol°_ Li: 53 tool% K and 43 tool% Na" 57 mol% K) and ternary (43.5 mol%

Li • 31.5 tool% Na • 25 tool% K) eutectics in the temperature range of 700-800

°(3 and concluded that: (i) the electroactive species is not the oxygen molecule;

(ii) both peroxide and superoxide ions are present and are reduced in the parallel

steps; and (iii) the neutralization of the oxide ions by carbon dioxide (Eqn. [6])

is slow. Andersen (7) carried out a thermodynamic study on the chemical equi-

libria in molten alkali carbonate electrolytes and demonstrated the presence of

peroxide ions in quenching experiments followed by chemical analyses. Appleby

and Van Drunen (8) determined the total solubility of oxygen (mainly in the form

of peroxide and superoxide ions) in molten carbonate electrolytes as a function

of temperature using quenching method. Vogel et al. (9) studied the (Li-K)CO3

eutectic melt at 650 °C, using a rotating gold wire and concluded that superoxide

is dominant in this melt and the concentration of molecular oxygen in the melt is

negligible. Smith et al. (10) determined the total solubility of oxygen in (Li-Na-

K)COs eutectic melt as a function of gas composition at 650 °C, using a chemical

method. They concluded that oxygen reacts with (Li-Na-K)CO3 melt at 650 °(3

to form superoxide ions and the concentration of physically dissolved, molecular,
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oxygen is negligible. Dunks and Stelman (11) studied t,he oxygen reduction in

pure sodium carbonate at 900 oC using cyclic voltammetric and computer-curve

fftf.ing and proposed the existence of percarbonate ions. They also confirmed

the presence of superoxide ion in frozen electrolyte by Electron Spin Resonance

(ESR) spectrum at 77 K. Lu (12) investigated the oxygen reduction process in

p_lre Li2CO3 and a Li-K (62 mo1%:38 tool%) carbonate eutectic mixture using

a potential step method. The exchange current density, determined by Lu (39

mA/cm 2 for 90% 02 and 10% CO2 at 750 °C in Li2CO3 melt), is two orders of

magnitude higher than that reported by Appleby and Nicholson (0.34 mA/cm 2)

who used the potential scan technique. But the dependence of oxygen reduction

kinetics on partial pressures of oxygen and carbon dioxide observed by Lu could

not, be explained by any of the mechanism proposed in the literature. Uchida

et ai. (13) determined the electrode kinetic parameters for oxygen reduction

in a (Li-K)CO3 (42.7 mo1%:57.3 tool%) eutectic melt on a gold electrode using

impedance analysis, potential step, and coulostatic relaxation techniques. They

found that the exchange current density was about the same order of magni-

tude as that of Lu. In addition, they concluded that of the three methods for

the determination of the electrode kinetic parameters for oxygen reduction in

molten carbonates the impedance analysis is the most reliable. Uchida e_ al.

(14) examined the oxygen reduction on a lithiated NiO film, deposited on gold,

and Sb-doped SnO2 electrodes in Li-K eutectic melt by impedance spectroscopy

and coulostatic relaxation techniques. They (15) also determined the tempera-

,__.e dependence of the electrode kinetic and mass transfer related parameters for

oxygen reduction on gold in (Li'K)COa. Adanuvor e_ al. (16) simulated the oxy-

gen reduction reaction in various alkali carbonate melts; the mathematical model



considered the simultaneous presence of peroxide and superoxide ions with slow

neutralization reaction. The simulation results indicate that the melts with high

Li-content would favor the kinetic rates. Ramaswami (17) used a rotating disk

electrode made of gold to study the oxygen reduction reaction in a pure lithium

carbonate melt at 800 °C, and determined the diffusion coefficient and peroxide

ion concentration as a function of partial pressure of oxygen.

The mechanism of oxygen reduction in molten carbonate is not well under-

stood and the results reported in the literature are not consistent. Moreover, oxy-

gen reduction in molten carbonate has fast kinetics, and even near-equilibrium

tests reported in the literature indicate mixed-control kinetics. The previous

studies show that the presence of physically dissolved molecular oxygen in molten

carbonate electrolyte is insignificant. Oxygen reacts with the molten alkali car-

bonates to form peroxide and/or superoxide ions; the concentrations of these

species depend on the cations present in the melt. Thermodynamic data (7) indi-

cate that equilibrium concentration of the superoxide ion deereazes with decrease

in the ionic radii of the alkali cations, i.e. Co_ is in the order K > Na > Li), and

ir_ a pure lithium carbonate melt the superoxide ion is unstable. Consequently,

in the present work, we have used pure lithium carbonate melt to avoid the

complexity of simultaneous formation of peroxide and superoxide ions. In the

previous work (17,18) we have reported the effects of partial pressure of oxygen

and temperature on electrode kinetics and mass transfer parameters for oxygen

reduction in pure lithium carbonate melt. In the present work the influence of

partial pressure of carbon dioxide on the oxygen reduction kinetics was investi-

gated by electrochemical impedance spectroscopy (EIS) and cyclic voltainmetry.

Also, the temperature dependence of oxygen reduction kinetic was examined.
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Experimental

The experimental setup for high temperature electrode kinetic study and

methodology are as described somewhere else (18). The working electrode was

made of a submerged gold flag (0.025 mm thick), with a geometrical area of one

square centimeter, connected to the gold current collector (0.5 mm diameter)

by a thin gold wire to minimize the meniscus effect (2,17,19). The counter

electrode was a large gold foil circumscribing the working electrode to ensure

uniform current distribution. The reference electrode was also made of a gold

foil, but encased in an alumina tube which was pressed against the bottom of the

electrochemical cell. The high purity (99.9%) gold foils and wires were obtained

from Johnson Matthey/_SAR Group.

Digital mass flow controllers/meters manufactured by Teledyne-Hastings

Raydist were used to provide the gas mixtures of the desired compositions (02,

C02 and Ar) with high precision (± 1% Full Scale). The high purity gases were

obtained from Matheson Gas Products and the traces of water were removed by

passing the blended gas through a column of 5/_ molecular sieves and Drierite

(Fisher Scientific). The gas mixture was bubbled into the melt in the vicinity of

the working electrode at a flow rate of 50 cm _ min -1 through a long alumina tube

with four holes. The composition of the gas mixture supplied _to the reference

electrode compartment was the same as the one used for the working electrode,

but at a lower flow rate (5 cm 3 rain-l). In this study, Pco2 was varied from 0.02

to 0.4 atm., while Po2 was maintained constant at 0.6 atm. The total pressure

was 1 atm., by varying the partial pressure of argon. The high purity (99.999%)

lithium carbonate (Alfa Products) was carefully weighed in an alumina crucible

(90 ml capacity)and the electrochemical cell was slowly heated (50°C/hr) to
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350°C in an inert environment. The electrochemical cell assembly was dried at

350°C in a carbon dioxide environment for 24 hours before heating to 800 °C.

The data acquisition set-up consisting of a potentiostat/galvanostat (Model

273), lock-in-amplifier (Model 5301A), personal computer (IBM PS/2), and soft-

ware (Model 378) supplied by EG&G Princeton Applied Research was used

for the cyclic voltammetric and electrochemical impedance spectroscopic exper,

iments. For the EIS, measurements were made over a wide range of frequencies

(0.05 Hz to 10 khz) for the sinusoidal excitation signal, because the capacitive

effect, attributed to the double layer, is significant at high frequency, and the

diffusional (Warburg) impedance is dominant at low frequency. The impedance

measurements for frequencies higher than 5 Hz were carried out by the Phase

Sensitive Detection (PSD) technique using the lock-in-amplifier and the poten-

tiostat. For frequencies below 5 Hz, the cell impedance was measured by the

Fast Fourier Transform (FFT) technique using, the personal computer and po-

tentiostat. The results of low frequency measurements (below 5 Hz) represent

the average values of 15 data cycles, which was done to improve the accuracy of

the data by averaging out the noise interference. The amplitude of the excitation

signal was kept at 5 mV to ensure a linear electrochemical response.

Results and Discussion

Impedance Measurements and Analyses

The impedance spectra were obtained for oxygen reduction on the sub-

merged gold electrode in lithium carbonate melt at the equilibrium potential as

a function of Pco2 and temperature. As described in the previous work (17,18),

the absence of a semicircle in the complex plane impedance plot indicated fast
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oxygen reduction kinetics (20). In the region of low frequency, the complex plane

plot showed a linear behavior with a slope of 45* due to the V/arburg impedance

(21). The effect of partial pressure of carbon dioxide on the Bode plot, phase an-

gle vs. log w, at 800"C is shown in Fig. 1..in a high frequency regk n, the phase

angle approached 0* for ali plots, indicating a purely resistive behavior of the cell

impedance. The impedance at 0* phase angle is _:measure of the uncompensated

electrolyte resistance, 1_, between the working and the reference electrodes. At

frequencies below 30 Hz, the phase angle approached -45", indicating that the

diffusional impedance is significant. The influence of partial pressure of carbon

dioxide on oxygen reduction kinetics was evident at the intermediate frequencies,

showing the increased charge transfer resistance with an increase in Pco_. The

sharp deviations in the Bode plots at about 120 Hz (second harmonic frequency

of the line) cannot be explained a this time.

The impedance spectra were resolved by using the Randles-Ershler equiv-

alent circuit (22, 23) model shown in Fig. 2. The Randles-Ershler equivalent

circuit reflects two parallel process occurring at the electrode-electrolyte inter-

face, namely, the double layer charging and the faradaic reaction. The faradaic

impedance consists of the charge transfer resistance which is in series with the

Warburg (diffusional) impedance. The uncompensated electrolyte resistance be-

tween the working and reference electrodes, 1_, is connected in series with the

interfacial impedance. A Complex Nonlinear Least Square (CNLS) parameter es-

timation program (24-26), based on Levenberg-Marquardt algorithm, was used

to resolve the impedance spectra. In our antlysis, we found that the weight-

ing factor (inverse of the error variance) considerably influenced the accuracy of

the parameters estimated from the impedance data (18). Here, we have used
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the proportional and functional proportional weighting factors (27) to determine

the electrode kinetic and the mass transfer parameters This ana!ysis yields pa-

rameters such as the chargc tiansfer resistance_ double layer capacity, Warburg

coefficient, and t,ncompensated electrolyte resistance. The parameter estima-

tion by the complex nonlinear least square method also provides the standard

deviation of the estimated parameters.

The influence of partial pressure of carbon dioxide on real part of impedance

(Z) vs. inverse square root Gf angular frequency (w -1/2) for 800 *C temperature

is shown in Fig. 3. In a low frequency region, Z_ vs. w -1/2 plots showed a

linear behavior with a slope proportional to the Warburg Coefficient (a). As

demonstrated in Fig. 3, the Warburg coefficient increased with an increase in

Pco2, which was due to the decrease in the peroxide ion concentration (Eqn. [3]).

As shown in Fig. 3, the model impedance data, calculated using the estimated

parameters and the Randles-Ershler equivalent circuit model, agreed well with

the experimental data. The electrode kinetic and mass transfer parameters as

function of Pco, for temperatures 750, 800 and 850°C are presented in Tables

1-3 respectively. As shown irl these tables, for a decrease in Pco2 from 0.4 to 0.02

atm. caused a ten fold. decrease in the magnitude of the Warburg coefficient. A

similar trend was observed when temperature was increased from 750 to 850°C.

The charge transfer resistance also decreased with an increase in temperature

and a decrease in partial pressure of carbon dioxide. The double layer capacity

observed for the smooth gold electrode in a pure lithium carbonate melt was much

higher than that observed for a smooth electrode in an aqueous electrolytes.

Also the double layer capacity increased with the decrease in Pco2 and this

increase was more significant at higher temperature. This dependencc of capacity
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on temperature and Pco_ cannot be explained completely at this point, but it

may have been due to the formation of solid oxide layer on the electrode. The

change in the u_mompensated electrolyte resistance with temperature and Pco,

waz negligible. The effect of partial pressure of carbon dioxide on log IZ I vs.

log w plot is shown in Fig. 4. The log IZI vs. log w plot converged to the

value of uncompensated electrolyte resistance at high frequencies. In the low

frequency region, complete relaxation due to the charge transfer process was not

observed due to the diffusional impedance. Also, it is evident from Fig. 4 that the

experimental dat;_ concurred with the model data for the entire frequency range

of the experiment. Since impedance measurements were obtained at the rest

potential, the following expressions can be used for the charge transfer resistance

and the Warburg coefficient (28):

RT
Rc,= [7]

nFio

RT 1 1

a = n2F2Av/_2_( +. ) [8]D_)/2Co D_t/2CR

ForperoxidereductioninLi2CO3 melt,Co ismuch smallerthan CR becausethe

finalproductiscarbonateion.Therefore1/DIR/2CRisnegligiblecompared with

I/D0/2C0. Thus Eqn. [8]can be approximatedby thefollowingexpression:

RT ( 1 ) [9]
a= n2F2Av_ Do/2Co

hl/2 IThe calculated values of the exchange current density and product _o Co,

as a function of Pco2 and temperature are given in Tables I-3. The increase

in partial pressure of carbon dioxide, decreased the electrode kinetics, e.g. the

exchange current density decreased more than five ,Coldswhen the partial pressure

of carbon dio×ide was increased from 0.02 tO 0.4 atm. As shown in Fig. 5, plot
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of log i0 vs. log Pco2 for different temperatures showed a linear behavior and

the carbon dioxide reaction order was determined to be about -0.52. As shown

in Table 5, the theoretical reaction order is -1.25 when the first charge transfer

step (Eqn. [4]) is considered to be the rate determining s_,_p and the symmetry

factor fl is 0.5. The reaction order of the exchange current density with respect

to carbon dioxide did not agree with the theoretical reaction order value. This

discrepancy in the carbon dioxide reaction order may have been due to slow

kinetics of a homogeneous recombination reaction (Eqn. [6]). The Arrhenius

plots for the exchange current density are shown in Fig. 6 for different partial

pressures of carbon dioxide and the activation energy was calculated to be 131.8

kJ/mol; this value is consistent with the value obtained in the previous work

r_1/2(18). The plots of log "-'o Co vs. log Pco2 for three different temperatures

are shown in Fig. 7 and the value of the reaction order with respect to carbon

dioxide calculated from these plots is -0.8. As shown in Table 5, the estimated

reaction order for peroxide ions agreed well with the theoretical dependence of

peroxide concentration on partial pressure of carbon dioxide. The Arrhenius

plots for D_/2Co for four partial pressures of carbon dioxide are shown in Fig.

8; the average value of the apparent activation energy was determined to be 185

k J/tool.

Cyclic Voltammetry

Cyclic voltammetric measurements were made for oxygen reduction on gold

electrode in quiescent Li2CO3 melt as a function of scan rate, temperature, and

P co2. The working electrode potential was scanned betweer_ the rest potential

and -0.5 V vs. the potential of the reference electrode; the s zan rate was varied
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from 10 to 200 mV/s. The effect of Pco2 on the cyclic voltammogram, recorded

at the scan rate of 100 mV/s at 800 °C temperature is shown in Fig. 9. During

the forward scan, a diffusion-limited peak followed by a limiting plateau was

observed. The peak potential (Ep) was found to be independent of the scan

rate (up to 200 mV/s) and the position of this peak corresponded with R.T/2F

negative to the rest potential, indicating that two electrons are involved in the

oxygen reduction in a pure lithium carbonate melt. As shown in Fig. 9, an

increase in partial pressure of carbon dioxide, decreased the cathodic peak current

density. The current densities in the reverse scan were less cathodic than those

obtained in the forward sweep. At the end of the sweep, a large anodic current

was observed which subsided slowly and reached zero in a few minutes. This

phenomenon is attributed to the local accumulation of the unneutralized oxide

ions which shifts the reversible electrode potential in negative direction (29).

The effects of Pco_ on the peak current density (ip) vs. square root, of the scan

rate (vi/2) plot at 800 °C are shown in Fig. 10. A linear behavior of ip vs.

v 1/2 and invariance of Ep with respect to the scan rate indicate that oxygen

reduction in Li2CO3 melt is "reversible" up to 200 mV/s (30). An increase in

partial pressure of carbon dioxide decreased the slope of ip vs. v 1/2 plot, which is

nl/2
directly proportional to "-'o Co, where Do is the diffusion coefficient and Co is

the bulk concentration of the diffusion limiting reactant species. As suggested by

Appleby and Nicholson (2), the diffusion-limited peak for 02 reduction in Li2C03

can be described by the theory developed by Berzins and Delahay (31) for the

reversible diffusion controlled peak where the product activity is considered to

be invariant and equal to unity (e.g. metal deposition). According to Berzins
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and Delahay, the peak current density is given by the following expression:

ip = 0.61(nF/RT)I/2nFDo/2C_v '/2 [91

The transport parameter, D_/2Co, was calculated from the slope of ip vs. v 1/2

plot using Eqn. [9]. The calculated values of the transport parameter for various

Pco2 and temperatures are compared with those estimated by the electrochem-

ical impedance spectroscopy. An increase in partial pressure of carbon dioxide

r_l/2Co, which is mainly due to the decrease in peroxidedecreased the product_ "-'o

ion concentration. Temperature has a significant effect on the product, D_/2 Co,

e.g. for 0.02 atm. partial pressure of carbon dioxide, more than an eight fold

increase i_ Do/2Co was observed when temperature was increased from 750 to

850°C. However, the influence of temperature on D_/2Co was less significant at

higher Pco2. The reaction order and apparent activation energy for D_/2Co,

estimated by cyclic voltammetry technique concurred with those obtained by

impedance analysis.

Conclusions

The kinetic and mass transfer related parameters for the oxygen reduction

in pure Li2CO3 were determined as a function of Pco, and temperature by elec-

trochemical impedance spectroscopy and cyclic voltammetry. 3:'he impedance

spectra were analyzed by the Randles-Ershler equivalent circuit model using a

complex nonlinear least square parameter estimation technique. The impedance

data analysis determined the electrode kinetic and mass transfer parameters such

the charge transfer resistance, Warburg coefficient, double layer capacitance, and

uncompensated solution resistance. The influence of carbon dioxide on the War-

burg coefficient was examined and the reaction order was estimated to be about
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-0.8 which was consistent with the theoretical value of-1.0 for the formation

of peroxide species (Eqn. [3]). The diffusion parameters D_/2Co obtained by

impedance analysis and by cyclic voltammetry showed an excellent agreement.

The effects of partial pressure of carbon dioxide on the electrode kinetics of oxy..

gen reduction showed a decrease in the exchange current density with an increase

in partial pressure of carbon dioxide, which is due to the decrease in the con-

centration of peroxide ions with an increase in the partial pressure of carbon

dioxide (Eqn. [3]). The carbon dioxide reaction order for the exchange current

density was determined to be -0.52. This value of the reaction order did not

agree with the theoretical reaction order of-1.25 f0r the first charge transfer

step (Eqn. [4]) to be the rate determining. This inconsistency in the reaction

order may have been due to slow neutralization kinetics (Eqn. [5]), since the

partial pressure of carbon dioxide was as low as 0.02 atm. The activation energy

for the exchange current density was de_ermined to be about 132 kJ/mol. Also,

the reaction order with respect to carbon dioxide and the activation energy for

r_1/2Co were calculated to be -0.8 and 185 kJ/mol respectively.r O

The study of diffusion-controlled peak indicated that the oxygen reduction

reaction is "reversible" up to 200 mV/s since the peak potential was found to

be independent of the scan rate and tile peak current density was proportional

to the square root of the scan rate. Since the peak potential was observed to be

RT/2F negative of the equilibrium potential, the oxygen reduction involved two

electron transfer. The carbon dioxide dependence of the diffusion-controlled peak

was determined to be -0.8. The dependence of the diffusion-controlled peak on

partial pressure of oxygen was determined to be +0.5 by cyclic voltammetry and

EIS techniques in the previous work (17). These results clearly incticated that
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the oxygen reduction reaction on a submerged gold electrode in a pure lithium

carbonate is diffusion controlled and the peroxide is the diffusing species. The

temperature dependence of the diffusion-controlled peak was also examined and

the activation energy was calculated to be about 176.6 kJ mol-1; this activation

energy value concurred with that obtained from EIS data.
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List of Symbols

A electrode area, cm 2

Cdl double layer capacitance, pF/cre 2

Cj bulk concentration of species j, tool/cre 3

Dj bulk diffusion coefficient of species j, cm 2/s

F Faraday's constant, 96,487 C/equiv.

i current density, A/cm 2

ic charging current density, A/cm 2

ir faradaic current density, A/cm 2

io exchange current density, A/cm 2

ip peak current density, A/cm 2

n number of electrons transferred in electrode reaction

P pressurei atm.

lZ universal gas constant, 8.3143 J mo1-1 K -1

t:_ct charge transfer resistance, f_ cm 2

Rs solution resistance, F/cm 2

T temperature, K

v scan rate, V/s

Z impedance, f/cm 2

]ZI modulus of impedance, f/cm 2

Creek letters

a Warburg coefficient, f_ cm 2 s -1/2

¢ phase angle

co angular frequency, radian/s
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Superscripts

real part

" imaginary part

Subscripts

o peroxide or superoxide ions

rt carbonate ions
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List of Figure Captions

Fig. 1. Phase angle vs. log w plot as a function of Pco2 for O_ reduction on gold

electrode in Li2CO3 melt at 0.6 atm. Po2 and 800°C.

Fig. 2. The Randles-Ershler equivalent circuit model to represent the interfacial

impedance for oxygen reduction on gold in lithium carbonate melt.

Fig. 3. Effect of Pco2 on Z' vs. w -1/2 plot for 02 reduction on gold electrode in

Li_CO3 melt at 0.6 atm. Po2 and 800°C; symbols: experimental data; lines:

regression data.

Fig. 4. Effect of Pco2 on log [Z[ vs. log w plot for 02 reduction on gold electrode

in Li2CO3 melt at 0.6 atm. Po2 and 800°C; symbols: experimental data;

lines: regression data.

Fig. 5. Plots of log i0 vs. log Pco2 for CO2 reaction orders determinati.on at 0.6

atm. Po_;symbols: experimental data; lines: regression data.

Fig. 6. Plots of log i0 vs. T -1 for determination of activation energy at 0.6 atm.

Po2;symbols: experimental data; lines: regression data.

Fig. 7. Plots of log (D_/2Co) vs. log (Po2) for 02 reaction orders determination at

0.2 atm. Pco_; Do/2Co estimated by impedance analysis; symbols: experi-

mental data; lines: regression data.

Fig. 8. Plots of log (Do/2Co) vs. T -1 for determination of activation energy at C.6

atm. Po2; Do/2Co estimated by impedance analysis, symbols: experimental

data; lines: regression data.

Fig. 9. Effect of Pco_ on cyclic voltammogram for 02 reduction at 0.6 atm. Po2;

reference and working gases have same composition.

Fig. 10. Effect of P co_ on ip vs. vi/2 plot for O2 reduction on gold electrode in

Li2CO3 melt at 0.6 atm. Po2 and 800°C; symbols' experimental data; lines:
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regr_sion data.
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Table 1. Electrode Kinetic and Mass Transfer Related Parameters Estimated

by Electrochemical Impedance Spectroscopic technique at 750 °C Temperature

and 0.6 atm. PO2.

i iii i

Pc,o7 a Pet io x 103 C-,dx 106 Rs
atm. fl cm 2 s-1/2 _ cm 2 A, cm "2 F cm "2 f'/cm 2

0.02 27.2__+0.66 0.535-0.06 85.5+19.3 550.5-27.6 0.51

0.04 47.15-0.85 0.65__+0.08 70.1+17.2 395.5.15.9 0.50

0.08 82.9+__.2.52 1.07__+0.26 43.45-20.5 313__.+17.0 0.38

0.20 156.5-9.35 2.67+1.03 17.45-13.1 271&18.5 0.36



Table 2. Electrode Kinetic and Mass Transfer Related Parameters Estimated

by Electrochemical Impedance Spectroscopic technique at 800 °C Temperature

and 0.6 atm. PO2.

PCO2 o" Ret io x 103 Cdl X 106 Rs
atm. ft cm2s-1/2 12cm2 A cm"2 F cm"2 ft cm2

0.02 10.35:0.34 0.25_+0.06 187_'!:46.2 12505:83.4 0.50

0.04 18.35:0.52 0.42._.09 111._+_24.7 729-3:41.5 0.53

0.08 31.7+1.06 0.58_+0.18 79.4+_24.6 509+_31.6 0.37

0.20 63.2.+.1.37 0.84+0.25 55.35:16.8 330.5:14.1 0.37

0.40 100_.+4.56 1.435:0.91 32.35:20.5 282.+19.3 0.40



Table 3. Electrode Kinetic and Mass Transfer Related Parameters Estimated

by Electrochemical Impedance Spectroscopic technique at 850 °C Temperature

and 0.6 atm. PO2.

ii ,,i, i i i .

PCO,, o" Ret io× 103 Cdl X 106 Rs
atm. _ cm2s-I/2 _ cm 2 A cm2 F cm"2 f_cm2

0.02 4.31+0.16 0.1a__+0.02 337-+75.1 3220..+_225. 0.51

0.04 6.88__-/-0.23 0.18__+0.02 265-+62.3 1880.__+132. 0.59

0.08 13.3__+0.30 0.27:k0.03 177.+32.5 891.+48.1 0.39

0.20 27.0-!-__0.57 0.475.-0.05 103.+__20.1 411.-+23.8 0.37

0.40 46.2+1.65 0.71__+0.11 67.8+__20.3 390..-+19.3 0.40





Table 5. The reaction order with respect to carbon dioxide for the

exchange current density and D_2Co" estimated by cyclic voltammetric and
electrochemical impedance spectroscopic techniques

i

Estimated Theoretical
Temperature

Parameter Technique oC 02 Reaction 02 Reaction
Order Order

750 - 0.77-_k-0.08
Electrochemical

Impedance 800 -0.77:t.-0.04

Spectroscopy ....
850 -0.805.-0.06

D 1/2Co_ ,......... 1.00
750 -0.7 l:k-0.06

i i iii

Cyclic
800 -0.78+0.05

Voltammetry

850 -0.81_+0.08
41 I '

750 -0.50+_0.28
Electrochemical ...........

i0 Impedance 800 --0.55:k0.13 - 1.25

Spectroscopy -'
850 -0.52-!-0.09
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