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Summary 

The effect  of  mixed anionic and n-type electronic conduct ion in solid 
electrolytes on the thermal efficiency of  a fuel cell system was  analyzed quan- 
titatively. The mixed conduct ion observed when electrolytes based on ceria 
are used in H2/air fuel cell applications lowers the maximum attainable cell 
thermal efficiency to below 40%. Neither the zirconia nor the ceria based 
solid oxide electrolytes studied to date can be used in a low temperature 
(700 °C) system that meets simultaneously the requirements of  power  densi- 
ty  and thermal efficiency for electric utility power plants. The material pro- 
perties required for an advanced fuel cell power plant solid electrolyte were 
derived in terms of  the ionic conductivity and the Schmalzried parameters 
Pe and Pe : aio~ > 0.033 (~2-cm) -1, Pe > 10 satm. , /~e < 10 -~a atm. at 700 °C. 

Introduct ion 

Many solid oxide systems have been considered for application as oxide 
ion conducting electrolytes in high temperature fuel cells. Solid electrolytes 
of  the doped zirconia type  have been shown to be suitable for certain fuel 
cell applications [1 - 3] .  They are purely ionic conductors  over wide ranges 
of  temperature and oxygen partial pressures bu t  high temperatures (?-900 °C) 
are required to obtain useful conductivities and the high temperatures seve- 
rely limit the materials which can be used in fuel cell fabrication. The doped 
cerium oxides have been shown to exhibit high ionic conductivities at lower 
temperatures (700 °C). However,  recent studies [4 - 6] have reported that  
doped cerias are reduced in low oxygen partial pressure atmospheres such 
as at the fuel cell anode and significant electronic (n-type) conduct ion may 
result when doped cerias are used as fuel cell electrolytes. One of  the conse- 
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Fig. 1. Equivalent circuit for mixed-conducting solid electrolyte.  

quences of  mixed conduction is consumption of  fuel even at zero total current 
to compensate for the current drain by  electronic conduction,  i .e . the cell effi- 
ciency will be reduced. The deleterious effect o f  mixed (ionic and electronic) 
conduction on the thermal efficiency of  a fuel cell system has not  been deter- 
mined quantitatively for any of  the ceria electrolytes. Calculation of  thermal 
efficiency will determine whether any of  the doped-cerias studied to date 
will meet  the Electric Power Research Institute (EPRI) heat rate for advanced 
power  plants, 7500 Btu/kWh [7 ] or an overall system thermal efficiency of  
45.5%. The thermal efficiency defined by  the power  generation industry is the 
ratio of  the power  delivered to the standard enthalpy of  combust ion of  the 
fuel and should be distinguished from the efficiency used by  electrochemists 
which is the voltage efficiency, usually defined as the ratio of  the power deli- 
vered to the  total  available Gibbs free energy in the fuel. 

In the present work,  we report  the calculations of  the performances and 
thermal efficiencies of  ceria-based solid electrolytes and determine their po- 
tential as electrolytes for advanced fuel cell power plants. The theory of  mixed 
conduction is also used to  establish the properties which a solid electrolyte 
must possess in order to meet the EPRI systems thermal efficiency. Following 
the analysis used by  Patterson [8] we have chosen to characterize these 
material properties by  the parameters introduced by  Schmalzried [9] ,  P~, the 
02 partial pressure at which the p- type electronic conductivity equals the 
ionic conductivity,  and Pc, the O2 partial pressure at which the n-type electron- 
ic conductivi ty equals the ionic conductivity.  

Theory 

The reduction of  solid electrolytes results in the generation of  excess 
electrons by  

1 
0 2- = - -  O2(g) + V0 = +2e- (1) 

2 

where V 0 = is the concentration of  oxygen anion vacancies in the lattice. The 
electrons created by cation reduction are easily promoted to the conduct ion 
band and electronic conduct ion results. The solid electrolyte can be writ ten 
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as an equivalent circuit as shown in Fig. 1. Wagner's theory  of  mixed conduc- 
tion [10] can be used to derive equations which describe the voltage, current,  
power and efficiency characteristics of  the cell shown in Fig. 1. For the pur- 
poses of  this study, only losses within the electrolyte will be considered. 
Therefore, the anode and cathode will be assumed reversible. Also, the ter- 
minal voltage, VT, is assumed to be equal to the difference in the electro- 
chemical potential of  the electrons at the cathode (73') and at the anode (7~): 

tt  f 

F V T  = 73 - -  73 (2) 
In Wagner's general theory,  the local charge flux of species i is: 

I~ = - - A ( o i / Z i F ) V 7 t ; i  = 1, 2, 3 (3) 

where ai is the partial conductivity,  Zi is the valence, and VTt isthe electro- 
chemical potential gradient of  i. In order to obtain 71 (cations) and 72 (anions), 
which are not  experimentally measurable in terms of 73 (electrons) and ~o2, 
the chemical potential of  molecular oxygen in the gas phase, further assump- 
tions must be made. Local equilibrium is assumed between neutral atoms, 
ions, and electrons. Virtual stoichiometry is assumed and the Gibbs-Duhem 
relation between neutral metal atoms and oxygen anions in the electrolyte 
is applied. Under these conditions, eqn. (3) reduced to: 

/ion = --A Oion(VPO 2 / 2 Z 2 F  + V 7 3 / Z 3 F )  (4) 

where 

~on -'- I1 + 12 and Oion = e l  -t- 0 2 

Also, 

Ie = I3 = - - A o 3 V T s / Z 3 F  (5) 

The system is further assumed to be at steady state so that  all currents 
are independent  of location in the electrolyte. Following Choudhury and 
Patterson [11] we define a current parameter, r, also independent  of  loca- 
tion in the electrolyte,  

r ==- IionlIe (6) 

At fixed values of  ~'o2, Po2, each value of  r defines a unique set of  VT and 
Iex t. With the assumptions of steady state and only electrolyte polarization, 
expressions for V T and Iext can be writ ten in terms of  r, the conductivities, 
and the chemical potentials. Combining eqns. (2), (4), (5), (6) with Z s = --1 
results in 

o2 Oio. d~o2 (7)  VT ? 
3, ra 3 - -  Oio n 2 Z 2 F  
f lo  2 

The external current  Ie~t is simply the sum of/ion and Ie, so eqns. (4), (5) and 
(6) are used to obtain: 
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--A ~5~ [1 + r] OionOa dpo~ 
Iext = ~ J., (ro3 - -  Gion) 2Z2F (8) 

bLO 2 

where ( t /A)  is the thickness to area ratio (cell geometric factor) of  the elec- 
trolyte. Equations (7) and (8) have analytical solutions if aion and o3 are 
writ ten in terms of Po2. For an ideal gas, the chemical potential is related 
to the partial pressure by: 

~o~ = R T  In Po~ (9) 

For a mixed conductor  exhibiting only excess electronic conduction and no 
hole conduction,  the ionic and electronic conductivities are related by: 

Oto n = as ( Po JP® ) TM (10) 

where Pe is the Schmalzried parameter for electronic conduction and corres- 
ponds to the oxygen partial pressure at which the  ionic transference number,  
ti, is equal to one-haft, where: 

(7 ion 
t~ = (11) 

ffion + @3 

Substitution of  eqns. (9) and (10) into eqns. (7) and (8) allows integration 
of VT and Iext. The final results are: 

2RT [r--(P'o,,,IPo) '14 ] 
V T - Z2F In [ r -  (Po, IPo)ll4J (12) 

and 

(A) 
Iext----"--Oion t ( Y T - - Z t h )  ( 1 3 )  

where Eth is the theoretical open circuit potential in the absence c f  mixed 
conduction:  

R T  P'  
E t  h _ in o~ (14) 

2Z2F Pg2 
The fuel cell power, P, is simply the product  of  the voltage and the current: 

P = (VT)(lext) (15) 

The voltage efficiency, (~N), is based on the total Gibbs free energy of the 
fuel, equivalent to/ion times Eth. Therefore, 

~v (Eth)(/ion) E~h 

The thermal efficiency, (~T), of the cell is based on the standard enthalpy of 
combustion of the fuel: 

(VT)(Iex,) 
~T = ~ of fuel electrochemically converted 
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9.53 × I0-4 

where MW is the molecular weight of the fuel (in pounds), n is the number of  
electrons in the oxidation step, and HHV is the higher heating value of the 
fuel. If only hydrogen is converted electrochemically, then: 

Performance characteristics for a mixed-conducting solid electrolyte can 
be calculated from eqns. (12) - (15) and (17), given values for Po and Oion, by 
allowing r to take on all values from --1 to - -~ .  Alternatively, the equations 
can be used to determine the value of the Schmalzried parameter, Po, required 
to yield the desired value of HI. 

Results 

As mentioned above, the EPRI goal for a solid oxide electrolyte fuel 
cell is a total  system heat rate of  7500 Btu/kWh which is equivalent to an 
overall thermal efficiency of  45.5% In order to evaluate the required proper- 
ties of  the electrolyte, the efficiency of the electrochemical cell alone must 
be separated from the total  system efficiency. This separation will depend 
in general on the overall system design, but  it is possible to establish a separa- 
t ion that  is reasonably general. We assume a hydrocarbon fuel cell application 
which may: (a) oxidize the hydrocarbon directly in the fuel cell anode; (b) 
reform the hydrocarbon to hydrogen and carbon monoxide which is electro- 
chemically oxidized. For the latter case, we define a reformer efficiency as: 

AH ° of H 2 and CO consumed 

Ha AI4 ° of fuel into reformer (18) 

This definition of  the reformer efficiency takes into account the degree of  
utilization of  the H2 and CO in the anode. Then the electrochemical cell 
thermal efficiency is defined as: 

d.c. power delivered by cell 

HT AH°of H2and COconsumed (19) 

and the inverter efficiency is, as usual, 

a.c. power out  
H~ = (20) 

d.c. power delivered by ceU 

The overall efficiency, H, is then ~TRHTHI- 
Equations (18) and (19) are easily modified for the direct hydrocarbon 

fuel cell. In this Ha represents the product  of  the mole fraction of the hydro- 
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Fig. 2. Performance  characterist ics  o f  (CeO2)o .82(Gd2Os)a l  s w i t h  m i x e d  c o n d u c t i o n  at 
7 0 0  °C, air at ca thode  and PH~o/PH~ = 4 at anode ,  Oion = 0 . 0 3 3  ( o h m - c m )  - 1 .  
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Fig. 3. Performance  characterist ics  o f  (ZrO2)ct93(Y2Os)~o 7 wi th  m i x e d  c o n d u c t i o n  at 
8 2 0  °C, air at ca thode  and PH20/PH2 = 4 at anode ,  Oio n = 0 . 0 3 3  ( o h m - c m )  - 1 .  

carbon that can be electrochemically converted and the degree o f  utilization 
of  the fuel, or: 

AH ° o f  hydrocarbon consumed 

~R = AH ° of  fuel into system (21) 

Using reasonable values for ~R and ~h and W = 45.5% the required value for 
WT is at least 50% even for a direct hydrocarbon oxidation fuel cell. 

For the sake of  convenience,  and comparison with experiment, pure H2 
will be used as the fuel. Since reversibility is assumed for the electrodes, the 
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System Ref. T (°C) P® (atm.) P" (t/A) ~7T(%) 
(W/cm) 

(ZrO2)(193(Y203)(~07 12, 13 820  7 X i0  - ~  
(CeO2)o.s2(Gd203)O.lS 4 700  3.16 x 10 -19 
(CeO2)o.67(La203)0.33 16 1040 3.91 x 10 -15  
(CeO2)0.95(CaO)o.05 6 800  1.00 x 10 - 1 4  
(CeO2)o.95(Y203)0.05 5 842  1.13 x 10 - 1 3  

0 .0028  50.0 
0 .0048  40.0  
0 .0030  36.5 
0 .0051  30.0 
0 .0050  28.0  

use of  H 2 rather than a hydrocarbon changes only the open circuit potential 
and the value of  Po2 at the anode. It will be shown that these changes are rela- 
tively small and do not  affect  the conclusions made using H2 as the fuel. Kudo 
and Obayashi [4] have presented a complete analysis of  cation reduction and 
the resulting ion-electron mixed conduct ion for Cel-xGdxO2-<x/2). For the 
composit ion described by  x = 0.3, Oio, = 0.033 (ohm-cm) -1 and P® = 3.16 × 
10 -19 atm. at 700 °C [4] .  Figure 2 is a graphical representation of  eqns. (12), 
(13), (15) and (17) for this system with air at the cathode and PH20/PH2 = 4 
at the anode (equivalent to 80% hydrogen utilization). The curves have 
been plot ted using Iext ( t /A)  so that  they  are independent  of  geometry. For 
comparison, Fig. 3 has been calculated for (ZrO2)0.93(Y203)0.OT, at a tempe- 
ra ture  (820 °C) at which the conductivity of  yttria-zirconia is the same as 
the ionic conductivity of  gadolinia-ceria at 700 °C. 

One characteristic of  mixed conduct ion in oxide electrolytes, as Figs. 
2 and 3 clearly demonstrate,  is that the efficiency passes through a maxi- 
mum with increasing current density, the maximum being located often at 
very high current density. The performances and thermal efficiencies of  
fuel cells using different electrolytes can be compared using two different 
bases: (1) at constant  conductivity,  and (2) at constant temperature.  The 
comparison at constant  conductivity normalizes the electrochemical cells 
to the same power density in the absence of  any electronic conduct ion in 
the electrolyte.  Since the capital cost of  the fuel cell system is scaled by  the 
power  density,  the comparison of  different oxide electrolytes at constant  
conductivity is equivalent to  an approximately constant  capital cost basis. 
Based on present technology for fabricating thin (~100 pm), impervious, 
ceramic layers, 0.033 (ohm-cm) -1 is a minimum conductivity needed to  
provide adequate power  density (>200 mW/cm 2) and reasonable capital 
cost [14] .  Table 1 gives a comparison of  the results at constant conductivity 
for several doped cerias against yttria-zirconia and demonstrates clearly that  
in H2/air fuel cell applications, none of  the doped cerias can provide thermal 
efficiencies greater than 40%. Table 2 shows the constant  temperature com- 
parison at an advanced power plant temperature of  700 °C. While lanthana 
doped ceria has a maximum efficiency close to 50%, the power density is 
too low to be of  interest, and the efficiencies of  the other  ceria cells are far 
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TABLE 2 

Maximum thermal efficiencies at constant temperature (700 °C) 

System Ref. Oion (ohm-cm) -1  Po (atm.) P ° ( t / A )  ~T(%) 
(W/cm) 

(ZrO2)o.93(Y203)o.07 12, 13 0.0127 1.00 × 10 -44 0.0015 50.2 
(CeO2)o~2(Gd203)o.18 4 0.033 3.16 × 10 -19 0.0048 40.0 
(CeO2)o.67(La203)0.33 16 0.0014 1.34 × 10 -26 0.00017 49.5 
(CeO2)o.95(CaO)o.05 6 0.014 1.00 × 10 -17 0.0021 35.7 
(CeO2)o.95(Y203)O.05 5 0.0103 5.31 X 10 -18 0.0017 36.5 
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Fig. 4. Comparison of calculated and experimental performance characteristics for a 
gadolinia-ceria electrolyte at 715 °C, air at cathode and PH20/PHz = 0.03 at anode, aio n = 
0.0672 (ohm-cm) -1. 

b e l o w  50%. The  compar i sons  in Tables  I and  2 o f  t he  p e r f o r m a n c e s  o f  the  
y t t r i a - z i r c o n i a  cell w i th  t he  d o p e d ~ e r i a  cells c lear ly  i l lustrate  the  severe 
e f f i c i ency  p e n a l t y  f r o m  the  degree  o f  e lec t ron ic  c o n d u c t i o n  occurr ing  in 
d o p e d  cerias in H2/a i r  fuel  cell appl ica t ions .  

One  can  l eg i t ima te ly  ques t ion  the  val id i ty  o f  conc lus ions  der ived ent i re-  
ly  f r o m  p e r f o r m a n c e s  ca lcula ted  f r o m  a theory .  P e r f o r m a n c e  m e a s u r e m e n t s  in 
o u r  l a b o r a t o r y  do  c o n f i r m  the  essent ia l  e l emen t s  in the  t h e o r y  o f  m i x e d  con-  
duc t ion .  Figure 4 shows a c o m p a r i s o n  o f  the  e x p e r i m e n t a l  and  ca lcu la ted  per-  
f o r m a n c e  curves fo r  a solid e l ec t ro ly t e  o f  the  ceria--gadolinia fami ly .  The  va- 
lues o f  Oion and  Po measu red  i n d e p e n d e n t l y  fo r  this  ma te r i a l  were  0 .0672  
( o h m - c m )  -1 and  3 .05 X 10 -2° a tm. ,  respec t ive ly .  The  cell con f igu ra t ion  was:  

(1 a tm .  air,  Pt)]] (Cel_xGdxO2_~/2) ]l (Pt,  0 .97 a tm.  H 2 + 0 .03  a rm.  H 2 0  ) 



319 

o o s V/ / / I  0.05~ 
0.04 

Z 
~ 003 

g 
b 002 

Z~ 
10-~4 

I I r I i I < >  q I 
0 -5 -~0 -15 -20 -25 -30 -35 -40 

LOG P®OR P® 

Fig. 5. Comparison of required minimum properties for oxide electrolytes (cro~-hatched 
regions) to the observed properties of oxides at 700 °C: o, (ZrO2)o,93(Y203)o.07; 0, (CEO2)0.82. 
(Gd203~.18; (~, (CeO2)0.67(La203)0.33; •, (CeO2)o.95(CaO)0.05; ~, (CeO2)o95(Y203)0.05. 
At 820 C: o, (ZrO2)o.93(Y203)o.07. 

The close agreement be tween the measured and calculated performance curves 
adds to the validity of  the analysis of  potential electrolyte materials using 
Wagner's theory  of  mixed conduction.  

Discussion 

Using the analysis presented here for the effect  of  mixed conduct ion on 
thermal efficiency, a map of  the minimum properties required of  oxide mate- 
rials for use as solid electrolytes in H2/air fuel cells can be drawn, as done in 
Fig. 5, for ambient pressure cells. It is clear that none of  the materials whose 
properties have been reported in the literature to date meet  the requirements 
for a low temperature (700 °C) application. The electronic conduction in the 
doped cerias is t oo  high to meet  efficiency requirements, and the conductivi- 
ty  of  the doped zirconias is too  low to provide both  high power  density (low 
capital cost) and high efficiency. While the map of Fig. 5 applies only to H2/ 
air fuel cells, the general picture is the same for a hydrocarbon fuel cell. 
Changing the anode gas from a H2-H20 mixture to a H2, CO, H20,  CO2 mix- 
ture does not  result in a significant change in P~2, since the equilibrium con- 
stant for CO + 0.5 02 ~ CO2 is very close to  that  for H2 + 0.5 O2 ~ H20  for 
the temperature range of  interest [15] .  The magnitude of  the component  of  
electronic conduct ion is affected by  the value of  the ratio of  PH~o/PH~ in the 
anode, bu t  in the practical range of  usage, e.g. 1 to 20, the boundary  for Pe 
in Fig. 5 is not  shifted significantly. 

The total  system pressure affects both  power density and thermal effi- 
ciency. Because the gas pressures are raised to the 0.25 power  in eqn. (12), 
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Fig. 6. Correlation between oxide reduction (A/~) and ionic conductivity (a °) for: o, 
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(Y2Os)0.05; 0, (CeO2)0.s2(Gd20s)0.18. 

substantial pressurization is required to produce any significant effect.  In the 
case of  the gadolinia-ceria electrolyte, pressurization to 100 atm. increased 
~T from 40% to only 46%, still well below the required efficiency. For y t t r ia -  
zirconia, the effect  of  total  pressure on the power density at 700 °C for ~T > 
50% Was examined, and it was determined that  pressurization within practical 
limits (~10 atm.) did not  change the power  density by  more than 50%, still 
insufficient power density for use as a low temperature solid electrolyte. 

The development  of  a low temperature solid electrolyte fuel cell satisfy- 
ing the EPRI requirements for advanced power plants hinges on the discovery 
of  oxides having both  fast anion transport  and a high resistance to the crea- 
tion of  excess electrons at low oxygen pressure by  reaction (1). There is some 
indication that  these two properties are not  independent.  If we define A/~ as 
the partial molar enthalpy change for reaction (1), then the equilibrium con- 
stant, K, for this reaction will be: 

g = Ko exp (--AI-t/RT) (24) 

Following the analysis o f  Kudo and Obayashi [4] ,  it can be shown that:  

oe = (ep) (Ko[Vo])1/2(Po2)-1/4 exp (--A/7/2RT) (25) 

where p is the electron mobil i ty,  and [ Vo] the total  number  of  oxygen vacan- 
cies in the lattice. For a fixed [ V 0 ],  which is a function principally of  the 
dopant  level, and at a fixed Po2, the larger the ~ the smaller the level of  
electronic conduction.  If the  purely ionic component  of  conduction is repre- 
sented in the usual way: 

Oion = ( ~ ) e x p ( - - E , / R T )  (26) 

o~ is a combination of  material properties such as the number  of  anion vacan- 
cies, the lattice parameter, and the anion jump frequency,  and Et is the activa- 



321 

tion energy for oxygen ion conduction. Our survey of  the published properties 
of  doped zirconia and doped ceria indicated that the much higher ionic con- 
ductivities in doped ceria are a result of  much larger o ° and AH for doping 
levels in zirconia and ceria of  less than 20 a/o. At higher doping levels, no 
correlation was found, probably due to vacancy ordering causing deviation 
from the behavior predicted by eqn. (26). The correlation of  Fig. 6 suggests 
there is a cause and effect relationship between high oxygen ion mobility in 
the lattice and relatively high volatility of  oxygen ions from the lattice. The 
values of A/{ and a ° required of  a low temperature solid electrolyte are locat- 
ed in the upper right hand comer of  Fig. 6, assuming that Etis approximately 
0.7 eV. It is clear that the material properties required represent a substantial 
deviation in material behavior from that observed in the oxides studied to 
date. 

Acknowledgements 

The authors gratefully acknowledge the financial support of  the Electric 
Power Research Institute (EPRI), Contract RPl l4 ,  and the permission to 
publish this work. We thank Drs. T. Kudo and H. Obayaski of  Hitachi Ltd for 
providing copies of  their manuscripts prior to publication. 

References 

1 Final Report, Project Fuel Cell, Research & Development Report No. 57 (1970), 
Office of  Coal Research, Department of Interior, Washington, D.C. 

2 E. F. Sverdrup. C. Warde and A. Glasser, in G. Sandstede (ed.), From Electrocatalysis 
to Fuel Cells, Univ. of  Washington Press, Seattle, (1972),  pp. 255-277.  

3 N. Maskalick and C. Sun, J. Electrochem. Soc., 118 (1971) 1386. 
4 T. Kudo and H. Obayashi, J. Electrochem. Soc., 122 (1975) 142; 123 (1976) 415. 
5 H. Tuller and A. Nowick, J. Electrochem. Soc., 122 (1975) 255. 
6 R. Blumenthal, J. Brugner and J. Gamier, J. Electrochem. Soc., 120 (1973) 1230. 
7 Final Repor'~ to the Electric Power Research Institute, Contract RPl14 ,  Advanced 

Fuel Cell Technology Program, 1976. 
8 J. Patterson, J. Electrochem. Soc., 118 (1971) 1033. 
9 H. Schmalzreid, Z. Phys. Chem. (Frankfurt) ,  38 (1963) 87. 

10 C. Wagner, Z. Phys. Chem., B21 (1933) 25. 
11 N. Choudhury and J. Patterson, J. Electrochem. Soc., 118 (1971) 1398. 
12 D. Swinkels, J. Electrochem. Soc., 117 (1970) 1267. 
13 J. Dixon, L. LaGrange, U. Merten, C. Miller and J. Porter, J. Electrochem. Soc., 110 

(1963) 276. 
14 H. Tannenberger, in G. Sandstede (ed.), From Electrocatalysis to Fuel Cells, Univ. of  

Washington Press, Seattle, (1972), pp. 235-246. 
15 J. Smith and H. van Ness, Introduction to Chemical Engineering Thermodynamics, 

McGraw-Hill, New York, (1959), p. 423. 
16 T. Takahashi, K. Ito and H. Iwahara, Proc. J. Int. d'Etudes des Piles ~ Combustible, 

Brussels, III (1965), 42. 


