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The performance of a solid-state electrochemical system depends critically on the transport process in the bulk phases as well 
as the mass transfer and charge transfer across interfaces. The bulk transport process, such as diffusion under a chemical potential 
gradient and migration under an electric field, is relatively well-understood and properly characterized. The phenomena occurring 
at an interface, however, have received little attention due either to the lack of understanding of these processes or to the experi- 
mental difficulty with determination of the interfacial properties. Although interfacial phenomena are far more complex in nature 
than bulk transport processes, their effect on the system performance is becoming more and more important, particularly for 
systems involving thin-film electrolytes or for operation at low temperatures. In both cases, the kinetics of interfacial processes 
dominate the performance characteristics. This paper addresses considerations in analysis and characterization of interracial 
phenomena in solid-state electrochemical systems. The physical significance and characteristics of these processes are demon- 
strated in solid oxide fuel cells, oxygen sensors, and thermoelectric generators based on solid electrolytes. Furthermore, ap- 
proaches to improve the interfacial properties and to optimize system performance are also illustrated. 

I.  In troduct ion  

Solid electrolytes have found wide applications in 
energy storage and conversion, gas separation, elec- 
trosynthesis, sensing of chemical species, and other 
electrochemical processes [ 1 ]. For instance, chem- 
ical sensors based on solid electrolytes have been 
widely used in monitor ing various molecules (such 
as 02, CO, NOx, etc.) in gas streams, ionic species 
(Na ÷, Ca 2+, etc. ) in aqueous solutions or in molten 
salts or glass, and metal constituents (Na, Si, Ca, etc. ) 
in molten metals or alloys. 

In electrochemical systems involving liquid elec- 
trolytes, mass transport in the bulk phase or near the 
interface of the liquid electrolyte can be accurately 
controlled by hydrodynamic methods such as rotat- 
ing electrodes [2]. In addition, the overpotential 
across an interface can be readily monitored or mea- 
sured by posit ioning a Luggin capillary reference 
electrode to minimize  ohmic drop contributions.  In 
a solid-state electrochemical system, however, the 
transport process is less controllable and the inves- 
tigation of electrode kinetics at the interface of such 
a system is frequently complicated by the corre- 

sponding mass transfer to or away from the interface 
and by ohmic drop contributions.  

Recently, experimental isolation in performance 
of each individual  cell component  (anode, cathode, 
electrolyte, current collector, and interconnect ma- 
terials) has been successfully accomplished in our 
laboratory through unique test cell design, proper 
positioning of reference electrodes, together with ap- 
propriate electrochemical techniques, such as 4-probe 
impedance spectroscopy, the current- interruption 
method, potential sweep techniques, and galvano- 
static testing. 

The purpose of this paper is to emphasize the ex- 
istence of interracial resistance, the impact of inter- 
facial phenomena  on the performance of various 
solid-state electrochemical systems, and the meth- 
odology and procedures for characterization of such 
a system, including cell design, selection of experi- 
mental  conditions, and application of characteriza- 
tion techniques. In addition, these principles will be 
illustrated in the study of electrode kinetics and in 
investigation of characteristic performance of solid 
oxide fuel cells. 
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2. Interfacial phenomena 

2. l.Significance o f  interfacial phenomena 

The processes occuring at an interface, including 
adsorption-desorption, chemical reaction, surface 
diffusion, charge transfer, and mass transfer pro- 
cesses, play a very important  role in many solid-state 
electrochemical systems. 

In a potentiometric sensor, it is frequently ob- 
served that poor interfacial contact or slow electrode 
kinetics considerably delay the sensor response and 
develop potential errors [3].  In addition, it is the 
selectivity of  the catalytic materials at the surface 
which greatly influences the selectivity, sensitivity, 
speed of  response, reproducibility, and hence pre- 
cision and accuracy of  the sensing device. 

In a system incorporating current flow, such as a 
fuel  cell, an oxygen pump, or a thermoelectric gen- 
erator, on the other hand, electrode polarization often 
contributes significantly to the loss of  efficiency and 
severely reduces the power output or productivity• 

In electrosynthesis, such as partial oxidation of  
methane, the efficiency and productivity depend 
critically on the catalytic activity of  the interface 
where the desired products or intermediate species 
are favorably produced. 

Furthermore, trends in solid-state electrochemical 
devices emphasize microfabricated thin-film devices 
and systems operated at low temperatures. Clearly, 
interfacial phenomena become more important  as 
the thickness of  the electrolyte is reduced and as the 
operating temperature is lowered• 

2.2. Existence o f  interfacial resistance 

Although interfacial phenomena are critical to 
many electrochemical systems, the kinetics of  inter- 
facial processes has been traditionally assumed to be 
sufficiently fast so that the interfacial resistance was 
typically ignored in the analysis of  a solid-state elec- 
trochemical system. The existence o f  an interfacial 
resistance is, in fact, evident from many impedance 
spectroscopy studies, polarization measurements, 
potential sweep measurements, as well as I - V  char- 
acteristics of  many solid-state ionic devices. 

Shown in fig. 1 are some typical impedance spec- 
tra of  automobile oxygen sensors based on yttria-sta- 
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Fig. 1. Impedance spectra of (automobile) oxygen sensors based 
on yttria-stabilized zirconia (YSZ) with platinum electrodes at 
350 °C in air. The sensing electrodes were prepared in the follow- 
ing manner: (a) thermal decomposition of PtC14 on a rough sur- 
face of YSZ, (b) thermal decomposition of PtCI4 on an un- 
treated surface (as sintered), (c) painting and firing of platinum 
slurry, and (d) sputtering of platinum. 

bilized zirconia (YSZ) and platinum electrodes. 
Since these impedance data were obtained from a 
two-electrode configuration, the intercept of  the 
impedance locus with the real axis at high frequen- 
cies corresponds to the resistance of  the electrolyte, 
either the total resistance of  the electrolyte (when 
the grain boundary resistance is negligible) or the re- 
sistance to bulk transport through grains (when the 
grain boundary resistance is significant). The spec- 
tra indicate that, although the impedances of  the 
electrolytes are relatively constant, the impedances 
of  the interfaces varied dramatically from sensor to 
sensor, illustrating the effect of  electrode processing 
on the interfacial impedance. Two observations can 
be made from the spectra: ( 1 ) the interfacial imped- 
ance dominates the overall impedance of  the sensor 
at low temperatures, and (2) the interfacial imped- 
ance depends critically on the manner in which the 
platinum was applied to the electrolyte, i.e. the pro- 
cessing of  the electrode. In addition, these sensors 
behaved very differently in performance; the sensors 
with higher impedance exhibited much slower re- 
sponse and more potential deviation from the ex- 
pected Nernst potential, particularly at low 
temperatures. 

Fig. 2 shows some typical impedance spectra of  the 
interfaces between YSZ and three different electrode 
materials exposed to air at 1000 ° C. Each impedance 
spectrum was obtained from a three-electrode con- 
figuration and the depressed semicircles correspond 
to the processes occuring at a single interface. These 
spectra clearly indicate that the interfacial imped- 
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Fig. 2. Impedance spectra of the cathode-electrolyte interfaces of 
solid oxide fuel cells at 1000 °C in air. The electrolyte was YSZ 
and the electrodes were (a) Lao.a9Sro.tMnO3_x, (b) 
Lao.s9Coo.lMnO3_x, and (c) Lao.sgSro.o3MnO3_x. The imped- 
ances were measured on cells as showing in fig. 7 with electrode 
area 0f25 cm 2. 

ance, or the catalytic activity of  the interface, is a 
strong function of  the compos i t ion  or stoichiometry 
of  electrode materials. Among the three materials 
evaluated, Lao.89Sro.loMnO3_ x exhibited the highest 
catalytic activity for oxygen reduction and evolution. 

Shown in fig. 3 are some  typical impedance spec- 
tra o f  a thermoelectric generator based on oxygen- 
anion conductors. The impedances  were measured 
across tabular cells with (CeO2)o.ss(CaO)o.~5 elec- 
trolyte and silver electrodes exposed to a mixture of  
N2 and 02 or to a mixture of  N2, 02,  H 2 0  and H2. 
These spectra clearly illustrate the effect o f  the at- 
mosphere on the interfacial impedance of  the device. 
It is evident from the spectra that the interracial 
impedance increases with the decrease in partial 
pressure of  oxygen whereas it decreases when a sup- 
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Fig. 3. Impedance spectra of oxygen heat engines at 603°C in 
three different partial pressures of oxygen: (a) Po2 = 6.7 X 10 - 3 
atm, (b) Po2 =2.14× 10 -4 arm, (c) Po2 =2.57X 10 -5 atm. The 
electrolyte was calcia-doped ceria and the electrodes were silver. 

porting medium,  a mixture o f  H 2 0  and H2, was in- 
troduced into the system. 

Fig. 4 shows the impedance spectra of  an oxygen 
sensor based on YSZ electrolyte and platinum elec- 
trode at three different temperatures. Clearly, the 
impedance of  the interface increased much faster 
than the impedance of  the bulk electrolyte as the 
temperature was reduced, indicating that the acti- 
vation energy for interfacial transport process is much 
greater than that for the bulk transport within the 
electrolyte. As a result, the interfacial impedance be- 
comes  more significant at low temperatures. 

Shown in fig. 5 is a typical cyclic vo l tammogram 
of  an L S M / Y S Z  interface in a 02  concentration cell. 
The non-linear behavior clearly indicates that the in- 
terfacial resistance contributes to the overall cell 
impedance.  In addition, it is worth noting that the 
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Fig. 4. Impedance spectra of a tubular oxygen sensor in air at different temperatures. The electrolyte was YSZ and platinum was used as 
electrode. 
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Fig. 5. A typical cyclic voltammogram of an LSM/YSZ interface 
at 900 °C in air. The potential sweep rate was 20 mV s-~. 

cathodic process is faster than the anodic  process un- 
der  the testing condit ions.  

2.3. Interfacial  degradation 

It is a common observat ion that  degradat ion in 
performance of  electrochemical  systems frequently 
or iginated from interfacial  phenomena,  such as 
chemical  reactions, physical  mixing or  interdiffusion 
[ 4 ], microstructural  changes (s inter ing) ,  mismatch 

in thermal  expansion [5 ], impur i ty  contaminat ion ,  
electrochemical  degradation,  physical delaminat ion,  
and other  unrecognized processes. 

Shown in fig. 6 are the impedance  spectra of  three 
oxygen sensors under  s imilar  operat ing condit ions.  
First  of  all, the impedances  of  the interfaces are a 
strong function of  the formulat ion of  the p la t inum 
slurries. Secondly, the resistances of  the interfaces 
increased significantly while the resistances of  the 
bulk electrolytes stayed relatively constant  during 
cont inuous operat ion.  Character izat ion of  sensor 
performance indicates that the increase in interfacial  
impedance  led to slower sensor response. In addi-  
tion, the sensor with electrode of  Pt-02 degraded 
much faster than the sensors with the other two plat- 
inum electrodes (Pt-01 and Pt-03) .  

Fur thermore ,  chemical  reactions between the elec- 
trolyte and electrode materials  during processing also 
cause deter iorat ion in system performance [6].  

3. Methodology 

The operat ion of  a solid-state electrochemical  sys- 
tem, in general, involves mass transport  through bulk 
phases as well as mass and charge transfer across in- 
terfaces. Accordingly,  the overall  response of  a cell 
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Fig. 6. Impedance spectra ofoxygen sensors at 750 “C in air. The 

electrolyte was YSZ and three types of platinum pastes (Pt.0 I, 
Pt-02 and Pt-03) were used as electrodes. 

under certain experimental or operational condi- 
tions typically reflects the complexity of these trans- 
port processes in the system and it is very difficult 
to extrapolate useful information about each indi- 
vidual process. Outlined below is a general proce- 
dure for analysis of a solid-state 
system. 

3. I. Experimentaf design 

electrochemical 

The primary objective of experimental design is to 
isolate the performance of response of each com- 
ponent of an electrochemical cell under investiga- 
tion, including electrolyte, electrode, interconnect, 
current collector, as well as the interfaces between 
them. 

The experimental design can be accomplished 
through (i) appropriate cell design (ii) selection of 
suitable experimental conditions, and (iii) appli- 
cation of proper characterization techniques. The 
testing cell has to be so designed that each cell com- 

ponents can be monitored individually. Experimen- 
tal conditions, on the other hand, should be so cho- 
sen that the process to be studied can be emphasized, 
mathematical description of the process is simple, 
physical interpretation of the process is unique, and 
implications of the observations are fruitful. Char- 
acterization techniques should be able to distinguish 
the response of a single component from the re- 

sponse of the overall system. 
Successful isolation of each cell component and re- 

liable characterization of each individual process is 

crucially important to the identification of the lim- 
iting factor to the performance of a cell and hence to 

the effective improvement of cell performance. 

3.2. Identification qf critical process or component 

A critical process (or component ) is the process 
(or component) which contributes the most to the 
overall impedance of a system and hence limits the 
performance of the system. Once an appropriate ex- 
perimental design is identified, each and every cell 

component, interface or process has to be investi- 
gated individually. The confidence in determination 
of the response of each process or component can be 
validated by matching the sum of the individual re- 
sponse of each process with the overall response of 
the system. Comparison of the impedance of each 
component or process under various operational 
conditions will give valuable information on which 
components or process is the critical process or the 
rate-limiting step. 

3.3. Understanding of the critical process or 
component 

Once a process or a component is identified as the 
rate-limiting step for the overall process, a logical step 
forward is to understand the detailed mechanism of 
the process in order to improve the system perform- 
ance most effectively. 

If, for instance, the electrode kinetics is rate-lim- 
iting to the system performance, the kinetic details, 
including reaction pathway, reaction mechanism, and 
kinetics parameters, have to be investigated to 
achieve electrocatalysis. The electrode kinetics may 
further involve adsorption-desorption, surface dif- 
fusion, and electron transfer processes. If the charge 
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transfer step is rate-limiting while the other steps are 
relatively fast, one has to speed up the electron trans- 
l'er process. On the other hand, if the surface diffu- 
sion of electroactive species from an adsorption site 
to a reaction site limits the overall process, minim- 
ization of the surface diffusion path would effec- 
tively improve the electrode kinetics. Furthermore, 
the microstructure of the electrode materials and the 
interface also play a very important role in the elec- 
trode kinetics. The effects of the processing proce- 
dures and microstructure on the interfacial processes 
should be investigated as well. 

If, on the other hand, the bulk transport within the 
electrolyte is rate-limiting to the overall process, the 
transport mechanism has to be clarified so that a 
possible approach to achieve high conductivity can 
be proposed. If the conductivity cannot be improved 
considerably, however, reducing the thickness of the 
electrolyte could effectively reduce the impedance of 
the electrolyte. 

If other physical contact is rate-limiting, then bet- 
ter processing techniques should be sought to im- 
prove the contact of the interface. 

4. Experimental 

4.1. Cell design .for separation of cell component 

The design of a single cell will emphasize the iso- 
lation of the response of each component whereas 
the design of a system (e.g. a device with multi-layer 
stacking) will stress the isolation of the performance 
of each cell or component. 

Shown in fig. 7 is one of the cell configurations used 
routinely to separate the performance of the electro- 
lyte, the anode-electrolyte interface, and the cath- 
ode-electrolyte interface [7]. It is important, how- 
ever, to be aware of the existence of an ohmic 
resistance between a working electrode (a cathode or 
an anode) and a reference electrode, due to the phys- 
ical gap between them. The ohmic resistances be- 
tween each pair of electrodes for a given cell can be 
readily determined by impedance spectroscopy or the 
current-interruption method. 

Electrochemical cells used for mechanistic studies 
include specially-designed fuel cells ( O 2 / Y S Z / H 2 ) ,  

oxygen concentration cells (O2/YSZ/O2), and cells 
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Fig. 7. A schematic view of a test cell used for performance iso- 
lation of each cell component. 

incorporating interconnect materials. Similar cell 
configurations were also used to isolate the perform- 
ance of the interconnect materials, the anode-inter- 
connect interface, cathode-interconnect interface, 
and the bonding materials between two cell 
components. 

4.2. Materials 

Solid oxide fuel cell: Tape-cast yttria-stabilized zir- 
conia (YSZ, 8 tool% Y203) was used as electrolyte 
throughout the study. The electrode materials eval- 
uated in this study include modified 
La¢, ,~SrxMnO3 (LSM) and La(~ _ ~)Sr,-CoO3- 

(LSCo) for oxygen reduction and nickel-based (Ni/  
ZrO2) electrodes for fuel oxidation. A slurry of elec- 
trode materials was screen printed on the electrolyte 
discs and subsequently fired at high temperatures 
(1150-1350 °C). 

Oxygen sensors': Zirconia-based materials, such as 
( Z r O 2 ) 9 2 ( Y 2 0 3 )  8 and ( Z r O 2 ) 9 2 ( Y e O 3 ) 4 ( Y b 2 0 3 ) 4 ,  

were used as solid electrolyte for oxygen sensors. The 
electrode materials evaluated in this study include 
noble metals, mixed-conductive oxides, and com- 
posite materials. A slurry of electrode materials was 
brush painted onto electrolyte tubes or screen-printed 
onto discs. The sensors used for stability studies were 
operated at 750 °C with a continuous flow of sample 
gases. 

Thermoelectric generators: Electrolyte materials 
used for oxygen heat engines include zirconia-based 
and ceria-based materials. Electrode materials stud- 
ied for this application include perovskites (LSM, 
LSCo, etc. ), precious metals (Pt and Ag), and silver 
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alloys. The partial pressure of oxygen was controlled 
either by an electrochemical oxygen pump based on 
YSZ or by introduction of a H2/H20 mixture into 
the system [8 ]. 

Current collector: The electronic conductivity of 
electrode materials can dramatically influence the 
uniformity of potential and current distribution on 
the electrodes. When the electronic conductivity of 
an electrode material is inadequate, a current col- 
lector with sufficient electronic conductivity should 
be used to ensure that the current and potential are 
distributed uniformly throughout the working elec- 
trode. In general, non-uniform distribution will com- 
plicate experimental observation and the interpre- 
tation of the results. Platinum or silver, either in the 
form of mesh or porous layer, was used as current 
collector throughout the study. 

4. 3. Electroanalytical techniques 

Unless otherwise stated, a perturbation input sig- 
nal was always applied to a whole cell while the re- 
sponse was monitored across only a single interface 
or a single cell component with the appropriate po- 
sitioning of two reference electrodes. Thus, the ob- 
served response (impedance, overpotential, etc.) 
observed depends only on a single component or in- 
terface rather than on the overall cell. Accordingly, 
the complications associated with multi-interface or 
multi-time-constant processes were effectively min- 
imized or eliminated and the interpretation of ex- 
perimental results was dramatically simplified. 

Four-probe impedance spectroscopy has been suc- 
cessfully employed to investigate the processes oc- 
curring at electrode-electrolyte interfaces, to eluci- 
date the reaction mechanism, to determine the kinetic 
parameters, and also to identify effective catalysts 
for oxygen reduction and evolution. Solartron 1255 
(frequency response analyzer)and 1286 (electro- 
chemical interface) impedance analysis systems, in- 
terfaced with an IBM PC/386, were used to measure 
the impedance of solid-state electrochemical cells in 
the frequency range from mHz to MHz. 

The ohmic resistance of a single interface was val- 
idated using current-interruption techniques. In ad- 
dition, the potential decay in a current-interruption 
experiment also carries valuable information on the 
electrode kinetics [ 9 ]. The step-current signals, gen- 

crated by a Galvanostat (Solartron 1286), were ap- 
plied to a cell under test while the corresponding po- 
tential response during current interruption was 
monitored and recorded using a Tektronix 50 MHz 
storage oscilloscope. 

Potential (or current) sweep or step methods were 
further used to confirm the current-interruption and 
impedance measurements. The I - V  characteristics 
of fuel cells were determined using galvanostatic, po- 
tentiostatic, and load testing methods. Two types of 
potentiostat/galvanostat (Princeton Applied Re- 
search EG&G 273 and Solartron 1286) were used to 
control the potential or current with a three- or four- 
electrode configuration. 

Experimental error brought about by inappro- 
priate cell design and characterization techniques 
often has a considerable impact on data interpreta- 
tion. For instance, investigation of electrode kinetics 
using large-amplitude controlled-current or con- 
trolled-potential techniques typically introduce error 
due to mass transport limitations or ohmic drop 
across the working electrode and the reference elec- 
trode [ 10]. The effect of mass transport on the ki- 
netics can be eliminated effectively by perturbation 
techniques, such as impedance spectroscopy, whereas 
the ohmic polarization has to be compensated ac- 
cordingly. The IR compensation usually involves the 
determination of the ohmic resistance of an interface 
using impedance spectroscopy or current-interrup- 
tion technique. Shown in fig. 8 is a typical potential 
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Fig. 8. Potential response in a current-interruption measurement 
at the anode-electrolyte interface of a fuel cell: H2 with 3% H20, 
Ni/YSZ/Lao 89Sro.1MnO3_,., air at 1000 ° C. (The electrode area 
was 2.5 cm2; the applied steady state current was 1.0 ~. ) 
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response after a steady current was interrupted. The 
ohmic resistance of a component or an interface can 
be uniquely determined. 

5. Illustrative examples 

5.1. Perflormance isolation of cell components 

Some typical impedance spectra of a Ni/YSZ/ 
LSM cell at 1000 °C are shown in fig. 9. Spectrum 
(a) is the total impedance of the cell, which was ob- 
tained from a two-electrode configuration. This 
spectrum represents two or more processes occurring 
simultaneously in the cell during the measurement. 
Clearly, the intercept of the locus with the real axis 
at high frequencies corresponds to the impedance of 
the electrolyte, the resistance to transport of O-" 
across the grains of the electrolyte (since the grain 
boundary, resistance is negligible at 1000 °C). Dif- 
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Fig. 9. Impedance  spectra of a cell (H 2 with 3% H20,  N i / Y S Z /  

Lao s,Sro ~ M nO3 _ ,, a i r )  at 1000 ° C: ( a )  the total  impedance  of 
the cell, (b)  the impedance  of  the anode-e lec t ro ly te  interface, 
and (c)  the impedance  of  the ca thode-e lec t ro ly te  interface. The 
numbers  by the da ta  points  represent  the frequency in Hertz.  The 
working electrode area was 2.5 cm 2. 

ficulties associated with the interpretation of the rest 
of the spectrum, however, include determining how 
many processes contributed to the total impedance 
as well as identifying which physical process corre- 
sponds to which specific portion of the spectrum. The 
electrochemical processes accountable for the total 
impedance include oxygen reduction at the cathode- 
electrolyte interface and hydrogen oxidation at the 
anode-electrolyte interface. In addition, the elec- 
trode reactions, both oxygen reduction and hydro- 
gen oxidation, could involve more than one step, each 
step having its own characteristic time constant. Per- 
haps the most confusing situation in interpretation 
of impedance data is the case of overlapping of pro- 
cesses with similar time constants. 

With two additional reference electrodes, how- 
ever, the impedance of the interface between anode 
and electrolyte or between cathode and electrolyte 
was obtained, as shown in fig. 9 (b) and (c), re- 
spectively. The interpretation of these impedance 
spectra is straightforward. In spectrum (b), for in- 
stance, the intercept of the impedance locus with the 
real axis at high frequencies corresponds to the ohmic 
resistance between the anode and the reference elec- 
trode, due to the physical gap between the two elec- 
trodes, while the depressed semicircle represents the 
interfacial processes occurring at the interface, from 
which the charge transfer resistance for hydrogen ox- 
idation can be readily determined. Similarly, the 
ohmic resistance between the cathode and the ref- 
erence electrode and the charge transfer resistance 
for oxygen reduction can be determined from spec- 
trum (c). 

5.2. Identification o/limiting /ilctors to cell 
per/brmance 

Shown in fig. 10 is a summary of the performance 
of each cell component and the overall cell. The total 
potential loss was split into three parts, the potential 
drop across the electrolyte (1R drop), the anodic 
overpotential (across the anode-electrolyte inter- 
face), and the cathodic overpotential (across the 
cathode-electrolyte interface). For this specific cell, 
the ohmic drop across the electrolyte clearly con- 
tributes most to the overall polarization loss at high 
operating current (above 500 mA). In this case, im- 
provement in electrolyte conductivity will most ef- 
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Fig. 10. Current-potential characteristics of a fuel cell. The total 
overpotential of the cell at various operating currents was di- 
vided into three contributions: the IR drop across the electrolyte, 
the anodic overpotential, and the cathodic overpotential. 

fectively improve the overall cell performance. At low 
operating current (below 100 mA), however, each 
cell component makes similar contribution to the 
overall polarization loss. Therefore, the successful 
separation in performance of each cell component 
clearly identifies the rate-limiting factor to a specific 
cell or process and hence provides valuable infor- 
mation for most effective improvement of  the cell 
performance. 

5.3. Understanding the critical processes 

In this section, investigation of electrode kinetics 
for oxygen reduction and evolution will be taken as 
an example. Understanding of the reaction pathway 
and reaction mechanism will provide valuable in- 
tbrmation for achieving electrocatalysis. 

The overall reaction for oxygen reduction and 
evolution in a solid-state electrochemical system can 
be generally described as 

:}02(g) +Vo" + 2 e -  = 0 ~  . 

This reaction is typically accomplished in a num- 
ber of  elemental steps, depending on the nature of  
the electrode, the electrolyte and the interface, as well 
as the operating conditions. For instance, at the in- 
terface between an electronic conductor (electrode) 
and an ionic conductor (electrolyte), the reduction 
of an oxygen molecule to oxygen anions involves at 

least four elemental steps: ( 1 ) adsorption of gas ox- 
ygen molecules at the interface, (2) dissociation of 
the adsorbed oxygen molecules into oxygen atoms, 
(3) surface diffusion of the oxygen atoms from the 
adsorption sites to the triple phase points or bound- 
aries, and (4) reduction of the oxygen atoms to ox- 
ygen anions. Furthermore, the last step, charge trans- 
fer, could consist of two consecutive steps, each 
involving a single electron transfer. 

When a mixed conductor is used as electrode ma- 
terial, there are two clear advantages. First of  all, the 
electrochemically active sites increase from a one-di- 
mensional line to a two-dimensional surface, which 
has been recognized in the literature [ 11 ]. Secondly, 
the overall reaction involves no surface diffusion of 
adsorbed oxygen atoms or molecules because all ad- 
sorption sites are triple phase boundaries as well, 
where adsorption , dissociation and reduction can 
proceed simultaneously. Thus, at the interface be- 
tween a mixed conductor (electrode) and an ionic 
or mixed conductor (electrolyte), the reduction of 
oxygen involves fewer elemental steps. 

Analysis [ 12] indicates that the dependence of the 
exchange current density on partial pressure of ox- 
ygen can be expressed as 

Jo oC P1/22 

if the adsorption-desorption or dissociation-recom- 
bination step is rate-limiting, and 

Jo oc P~)/~ 

if the charge-transfer step is rate-limiting. 
The impedance spectra of an LSM/YSZ interface 

are shown in fig. l l. Similar impedance data were 
also obtained at different temperatures. An imme- 
diate observation is that both the Nyquist and the 
Bode plots clearly indicated that the electrochemical 
process occurring at the interface was predominantly 
a one-time-constant process. Again, the intercepts of 
the impedance locus with the real axis at high fre- 
quencies in the Nyquist plot represent the ohmic re- 
sistance between the cathode and the reference elec- 
trode, which is not of  interest in this study. The 
analysis of these impedance data is entirely focused 
on the interpretation of the depressed semicircles, 
which carry valuable information on the electrode 
kinetics. The charge transfer resistance of the inter- 
face was estimated directly from the spectra. 



12 M. Liu, A. Khandkar / Sohd-state electrochemical systems 

E 12  

g 
~ 8 
NI  

ia) 

. .  . a 

d 
/ 

.u + 

L '  

IC 

: ,oh o×y~en  

- 21% oxyge. -  

'> " 03°° c x y g e -  

:- 9 0 0  C 

7. 

E 

2 23 

Re { Z }- , ohm 

E 

N 

I 

I 0  ] 10' 101 lO ) 10 s 

Frequency, Hz 

Fig. 11. (a) Nyquist and (b) Bode presentation of the imped- 
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The calculated exchange currents are shown in fig. 
12 as a function of  the oxygen partial pressure. The 
slopes of  these linear plots are in the neighborhood 
of  0.25, suggesting that the rate-determining step in 
the oxygen reduct ion/evolut ion process is the charge 
transfer step while the adsorption/desorption of  ox- 
ygen molecules and the dissociation of  the adsorbed 
oxygen molecules are at equilibrium. 

The dependence of  exchange currents on temper- 
ature is shown in fig. 13. It appears that the acti- 
vation energies varied slightly with the partial pres- 
sure of  oxygen. This is probably because the catalytic 
activity of  LSM depends on the partial pressure of  
oxygen as well. 

Alternatively, Tafel polarization measurements at 
a single interface, as shown in fig. 14, give the ex- 
change currents directly. Analysis o f  these data in- 
dicate that the exchange currents determined from 
impedance spectroscopy closely match the values de- 
termined from polarization measurements. 

6. S u m m a r y  and  conclusions 

The existence of  interfacial resistance and its ef- 
fect on the performance of  a solid-state electrochem- 
ical system has been demonstrated in oxygen sen- 
sors, thermoelectric generators, and solid oxide fuel 
cells. Even at 1000 °C, the interfacial resistances in 
a cell of  N i / Y S Z / L S M  are still significant. In ad- 
dition, the degradation of  an electrochemical system 
frequently originates from the interfaces. Accord- 
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Fig. 12. Dependence of the exchange currents on the oxygen par- 
tial pressure (determined from impedance spectra similar to fig. 
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Fig. 13. Dependence of the activation energies for electrode ki- 
netics on the oxygen partial pressure ( determined from imped- 
ance spectra similar to fig. 11 ). 
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Fig. 14. Tafel polarization measurements of  a cathode-electro- 
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ments were made on a three-electrode cell with YSZ as electro- 
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ingly, the interfacial phenomena and interfacial re- 
sistance have to be taken into consideration in anal- 
ysis of a solid-state electrochemical system [ 13,14 ]. 

Successful isolation of the performance of each cell 
component is critical to a fundamental understand- 
ing of the individual processes occurring in a solid- 
state electrochemical system, such as the electrode 
kinetics or transport processes. Careful identifica- 
tion of the critical component or critical process, 
which contributes the most to the cell impedance un- 
der given conditions, will locate the critical problem 
in a system, indicating where attention should be fo- 
cused. A detailed understanding of the mechanism 
of the critical process in a system will furnish valu- 
able information on effective improvement of the 
process and hence of the overall performance. 

Appropriate cell design, experimental conditions, 
and characterization techniques have been intro- 
duced and demonstrated in solid-state electrochem- 
ical systems to achieve isolation in performance of 
cell components, identification of critical processes, 
investigation of critical steps, and effective improve- 
ment of system performance. 
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