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DISCLAIMER 

This report was prepared as an account of work sponsored by an agency of the United States 
Government. Neither the United States Government nor any agency thereof, nor any of their 
employees, makes any warranty, express or implied, or assumes any legal liability or 
responsibility for the accuracy, completeness, or usefulness of any information, apparatus, 
product or process disclosed, or represents that its use would not infringe privately owned 
rights. Reference herein to any specific commercial product, process, or service by trade 
name, trademark, manufacturer, or otherwise does not necessarily constitute or imply its 
endorsement, recommendation, or favoring by the United States Government or any agency 
thereof. The views and opinions of authors expressed herein do not necessarily state or 
reflect those of the United States Government or any agency thereof. 
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ABSTRACT 

This report summarizes the work done during the seventh quarter of the project. Effort 
was directed in three areas: (1) Further development of the model on the role of 
connectivity on ionic conductivity of porous bodies, including the role of grain 
boundaries and space charge region, and estimation of the polarization resistance. (2) 
Fabrication of cells with cathodes formed by infiltration. (3) Testing of cells to isolate the 
possible effect of space charge. 

3 



TABLE OF CONTENTS 

INTRODUCTION . . . . 

EXECUTIVE SUMMARY 

EXPERIMENTAL . . .  . . .  

RESULTSANDDISCUSSION . . . . . . 

CONCLUSION . . . . .  . . .  

REFERENCES . . . . . . . . . . . . . . . . . . . . . . 

LIST OF ACRONYMS AND ABBREVIATIONS . .  

Page 

5 

7 

9 

9 

12 

15 

16 

4 



INTRODUCTION 

Electrode transport properties, namely ionic and electronic conductivities, and 
morphology have a profound effect on electrode polarization and thus on solid oxide fuel 
cell (SOFC) performance [l-41. A large part of the polarization loss is associated with the 
cathode in the form of activation polarization [5, 61. In addition to the morphological 
effect, it is also known that the ionic conductivity of cathode has a large effect on 
cathodic polarization. This is expected to be the case regardless of whether the cathode is 
a mixed ionic electronic conducting (MIEC) composite cathode or a MIEC single-phase 
cathode. While the focus of the work discussed in this report is on composite cathodes 
such as LSM + YSZ, the general features are applicable to MIEC cathodes such as LSC, 
LSF, and LSCF. It is assumed that the electronic conductivity of the cathode is high 
enough, not to be a limiting factor. This is usually a good assumption with materials such 
as LSM and LSC, which have electronic conductivities over the temperature of interest 
between -200 and 1000 S/cm. By contrast, the ionic conductivity of either YSZ or ceria 
or LSGM is well below 1 S/cm at similar temperatures. Even with the possible use of 
bismuth oxide for the cathode, the ionic conductivity is still much lower than the 
electronic conductivity of the electrocatalyst. The grain size also has a large effect on 
conductivity [7]. It is desired that the cathode microstructure close to the electrolyte be as 
fine as possible. When the particle size is very fine, there can be a significant effect of 
space charge on transport [S-131. The effect of space charge can be potentially quite large 
in ionic conductors. It could either increase conductivity, or could decrease it. It is 
desired that the space charge be such that it enhances ionic conductivity of porous bodies. 
It is possible, however, that space charge effects are actually detrimental in many oxygen 
ion conductors. In such a case, the approach should be to seek to lower these effects. In 
the former case, it is desired that the cathodes be annealed at lower temperatures so as to 
increase the Debye length. In the latter case, it is desired that the cathodes be annealed at 
higher temperatures so as to suppress the Debye length. Work done to date suggests that 
in most materials of interest, the space charge tends to lower ionic conductivity. This 
implies that the cathodes need to be annealed at higher temperatures. The implication is 
that there are conflicting requirements from the standpoint of microstructural issues and 
space charge related issues, insofar as cathode polarization resistance is concerned. 

One area in which space charge effects can be significant is the effect of grain size on 
conductivity, and especially of porous bodies. Another one of great importance is the 
morphology of the cathode, and especially that of the ionic conductor in composite 
cathodes. When ionic current has to flow from one grain to the adjacent grain, it is 
necessary that narrowing in the neck region be accounted for. In the past reports, 
preliminary results on both theoretical analysis and experimental aspects were reported. 
In this report, the possible effect of space charge on cathodic polarization is examined. 

In this study, the conductivity of porous SDC samples was measured using a four-probe 
DC technique. In order to study the effect of heat treatment on conductivity of porous 
bodies, porous SDC samples sintered at a high temperature were heat treated at lower 
temperatures. The porous SDC samples used in this study were made by a three step 
method involving a leaching step. Then the conductivity of the samples was measured 
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again using a four-probe DC technique at various temperatures. The measurement 
temperature was always much lower than the thermal treatment temperature such that no 
microstructural changes were expected during the measurements. 

The role of effective conductivity of porous ionic conductors on electrode polarization was 
examined. The effects of space charge and morphology were included in the model. A leaching 
process was used to fabricate porous SDC layers on anode-supported cells. Then, the cells with 
the porous layers were heat treated at lower temperatures. Subsequently, an infiltration process 
was used to fabricate composite cathodes. This involved the introduction of an aqueous 
solution of salts of La, Sr, and Co, followed by a low temperature (less than 1 100°C) firing to 
form LSC in-situ. Electrochemical testing of the as-fabricated cells was conducted to determine 
the possible effect of space charge. 
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EXECUTIVE SUMMARY 

Solid oxide fuel cells (SOFC) can operate over a wide temperature range, from -600 to 
1000°C, and can use a variety of hydrocarbon fuels, once appropriately processed. The 
current target for SOFC is about SOOOC, although efforts are presently underway to lower the 
operating temperature below 70OoC. The largest voltage loss (polarization) in SOFC is 
known to occw at the cathode, especially at relatively low temperatures (<800°C). There are 
two types of cathodic polarizations: (1) Concentration polarization - that associated with gas 
transport. (2) Activation polarization - that associated with the occurrence of the overall 
electrochemical cathodic reaction of charge transfer. The former is relatively small, as long 
as the cathode is thin and has sufficient porosity [14]. The latter is the dominant one, and 
depends upon a number of microstructural and intrinsic - fundamental, parameters. This 
research aims to address cathodic activation polarization. Specifically, this research aims to 
lower the cathodic polarization by cathode modification through space charge effects. Our 
prior work has shown that the effective cathodic polarization resistance depends upon the 
following factors. (1) The particle size of the ionic conductor in a composite cathode, 
comprising a two phase, porous, contiguous mixture of an ionic conductor and an 
electrocatalyst - the latter being an electronic conductor. In general, the smaller the particle 
size of the ionic conductor, the lower is the cathodic activation polarization. (2) The ionic 
conductivity of the ionic conductor in the cathode also has a significant effect - the higher 
the ionic conductivity, the lower is the cathodic polarization. (3 )  Intrinsic charge transfer 
resistance - the lower the intrinsic charge transfer resistance, the lower is the cathodic 
activation polarization. 

The above factors themselves depend upon additional fundamental parameters. It is known 
that in the majority of the ionic conductors, the smaller the grain size, the higher is the net 
resistivity. This is attributed to grain boundaries, which usually offer resistance to ion 
transport. Part of this resistance is attributable to space charge effect, which in some 
materials (e.g. YSZ) tends to lower oxygen vacancy concentration near grain boundaries. 
Depending upon the dopant type and amount, it is in principle possible to actually enhance 
the oxygen vacancy concentration near grain boundaries. If this can be achieved, significant 
lowering of cathodic polarization can occur. This research aims to identify fundamental 
parameters, which tend to increase oxygen vacancy concentration near grain boundaries. This 
is expected to depend upon the chemistry of the material as well as processing. In cases 
where the effect of space charge decreases ionic conductivity, a judicious choice of thermal 
treatment procedures may mitigate this detrimental effect. 

The other factor involves the nature of inter-particle necks. If the contact between particles is 
narrow (small), the overall resistance can be large, leading to high cathodic polarization. 
During the previous reporting periods, the effect of inter-particle neck size on total 
conductivity of porous bodies was theoretically analyzed, and experimental results were 
presented. The results showed that the neck size between particles has a profound effect on 
ionic conductivity. Specifically, it was shown that for highly porous samples of identical 
porosities (-50%), the absolute value of conductivity was -75 times higher in samples with 
sufficiently large neck sizes (good connectivity) as compared to samples with small neck 
sizes (poor connectivity). It is to be noted that this has profound influence on cathode 
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polarization. In the subsequent report (Third quarterly), the effect of grain boundaries was 
also included. However, the effect included was only that of the structural part of the grain 
boundary. It is known that the effect of space charge can extend far beyond the structural part 
of the grain boundary. In fourth quarterly report, results of further model development were 
included, wherein the effect of space charge region was explicitly included. Three cases have 
been considered: Space charge region having higher, equal to, and lower resistivity compared 
to the bulk grains. The effect of neck size on the effective resistivity has been explicitly 
calculated. In this report, the space charge effects are explicitly included. Additionally, 
considerable work has been conducted on the measurement of cell performance after 
subjecting the cells to thermal treatments so as to modify the Debye length, which should 
influence cathodic polarization. 
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EXPERIMENTAL 

During this reporting period, efforts were directed in the following areas. 

1. Analysis of the effect of space charge on transport through porous bodies, and its 
extension to the estimation of polarization resistance. 

2. Fabrication of cells with cathode electrocatalyst formed by infiltration, followed by 
firing. 

3. Electrochemical testing of cells. 

Detailed calculational and experimental procedures used are described below. 

Modeling: The effect of neck size, particle size, and space charge was included in the 
calculation of conductivity of porous ceria. The calculation was then extended to include 
the effect of these parameters on polarization resistance. 

Fabrication of Cells: Anode-supported cells with a Ni/YSZ anode support, a Ni/YSZ 
anode interlayer, and a thin film YSZ electrolyte/SDC barrier layer were green-formed by 
slurry coating pressed anode support discs. Subsequently, a layer of NiO + SDC powder 
mixture was applied on the SDC barrier layer. The resulting cells were sintered at 
16OO0C. Some of the cells were later annealed at 1400°C for 6 h and some at 120OoC for 
20 h, followed by quenching to room temperature. The NiO + SDC layer was subjected 
to 10% hydrogen + 90% nitrogen for 4 hours at 800°C to reduce NiO to Ni. Nickel was 
leached out using dilute nitric acid for 2 hours, resulting in a highly porous framework of 
SDC with wide necks. An aqueous solution of La(N03)3, Sr(NO3)z and Co(N03)2 in 
requisite proportions was infiltrated into the porous SDC and fired at 1 100°C for 1 h to 
form a composite cathode containing LSC. Finally, the performance of the cells was 
tested at SOOOC with hydrogen as fuel and air as oxidant. The ohmic contribution was 
measured by current interruption. After testing the microstructure was examined under 
SEM. 

RESULTS AND DISCUSSION 

Effect of Heat Treatment on Conductivity of Porous SDC Samples: 
The results on conductivity measurements before and after heat treatment at 120OoC for 
20 h are listed in Table I. After heat treatment, the conductivity of the porous bodies 
decreased. At 65OoC, the conductivity decreased to half that of samples prior to the heat 
treatment. Ata  temperature of 800°C, the conductivity decreased to -75% of that without 
heat treatment. The effect of heat treatment on the conductivity can in part be attributed 
to space charge, because no change in the microstructures (based on SEM micrographs) 
of the porous bodies was observed. However, the possibility of formation of secondary 
insulating phases along grain boundaries cannot be ruled out. A careful microstructural 
analysis using transmission electron microscopy (TEM) will be required to determine the 
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possible existence of secondary grain boundary phases. The following discussion is based 
on the assumption of the existence of a space charge layer. 

By Schottky approximation and solving Possion's equation, the maximum space charge 
potential for the case of no externally applied voltage can be calculated and is given by 
[ 16-21] 

where E, is the static dielectric constant of the material, EO is the permittivity of free 
space, Qcs is the charge in the grain boundary core, and [A'], is the dopant 
concentration in the bulk. 

Space charge layer thickness can be given by [ 18, 191 

From equation (l), it is apparent that the temperature dependence of A+(O) may be due to 
the temperature dependence of: (a) the effective charge in grain boundary core, QGB , (b) 
the relative static dielectric constant E,, and (c) the effective bulk acceptor concentration 
[A'], . The effective bulk acceptor concentration [A'], and relative static dielectric 
constant E,, however, are nearly independent of temperature. Thus, the temperature- 
dependent behavior of grain boundary barrier height, A#(O), must be caused by the 
temperature dependence of QGB . 

During the process of heat treatment, the dopant is expected to segregate along the grain 
boundaries and free surfaces, Le., annealing at intermediate temperatures should favor the 
creation of positively charged interfaces by enhancing dopant segregation. After 
quenching from the annealing temperature, the dopant segregation at the grain boundaries 
is almost frozen. Thus, in the annealed and quenched samples, it is expected that the grain 
boundary structure at the annealing temperature can be preserved at lower temperatures, 
e.g. with a more inhomogeneous point-defect distribution. Thus, the grain boundary 
barrier height should be higher in samples annealed at lower temperatures. This means, 
the variation in the grain boundary blocking effect can be related to the different levels of 
dopant segregation achieved by changing the thermal history. Higher segregation should 
result in both a large space charge thickness and greater depletion of oxygen vacancies 
leading to greater grain boundary resistivity. 

10 



Application of Space Charge Model to ComDosite Cathode: 
Using model developed earlier [22], equation (1) and values of various parameters from 
the literature [15, 22, 231, the electrode polarization resistance can be calculated. Figure 1 
shows the calculated polarization resistance as a function of grain size and neck size at 
800°C for an electrode using YSZ as the ionic conductor in the composite cathode, and 
the following parameters: pg (YSZ grain resistivity) = 14 Q.cm, p,, (resistivity of the 
space charge layer) = 2,250 n.cm, pgb (grain boundary core resistivity) = 10 Llcm, h 
(space charge layer thickness) = 2 nm, S,b (grain boundary core thickness) = 0.4 nm, and 
R,,= 2 Q.cm2. Figure 2 shows the calculated polarization resistance as a function of grain 
size and neck size at 65OoC using the following parameters: pg = 76 Q.cm, p, = 

14,520 O.cm, pgb = 50 Q.cm, h = 2 nm, 6gb= 0.4 nm, and R c i  4.15 Q.cm2. It is seen that 
the polarization resistance rises sharply for small necks and large grains. Over the range 
of particle sizes and neck sizes (angle) that the calculations were performed, the 
polarization resistance varies between -0.15 and -0.8 Qcm2 at 800°C, and between -0.5 
and -2.8 Qcm2 at 65OoC. This result has significant implications concerning the role of 
grain boundaries and grain size on the polarization resistance of composite and single 
phase MIEC cathodes. The results show that a low polarization resistance is realized if 
the particle size is small and the neck size is large. 

The Possible Effect of Space Charge on Cell Performance: 
Figure 3 shows voltage and power density vs. current density plots at 800°C for cells with 
cathode fabricated by the infiltration method. In each case, cell with the SDC ionic 
conductor skeleton in the composite cathode was annealed and then quenched to room 
temperature prior to cathode precursor infiltration. The as-fabricated cell without heat 
treatment exhibits the highest performance. By contrast, the cell annealed at 120OoC for 
20 hours exhibits the lowest performance. A possible explanation is that the lower the 
annealing temperature, the greater is the space charge width, the higher is the ionic 
resistivity in the cathode interlayer, and thus the higher is the activation polarization 
(Equation (1)). Since the anode interlayer was subjected to the same thermal treatment, it 
is expected that a similar effect likely exists in the anode interlayer (higher ionic 
resistivity in YSZ annealed at a lower temperature). Figure 4 shows the ohmic 
overpotential determined by current interruption as a function of current density for cells 
with various thermal histories. It is seen that the cell annealed at 120OoC has a slightly 
higher ohmic resistance. This is also consistent with expectations since the ionic 
resistivity of the YSZ/SDC bi-layer electrolyte is expected to increase by annealing at a 
lower temperature (12OOOC) due to the space charge effect. The observation, that the 
effect is small is also consistent with the fact that the overall ohmic contribution is 
generally small in cells with a thin film electrolyte. Figure 5 shows electrode polarization, 
which was obtained by subtracting the ohmic contribution, as a function of current 
density for cells with various thermal histories. Figure 5 shows that the variation in total 
electrode polarization with annealing temperature is substantial, with the cell annealed at 
120OoC exhibiting the highest polarization and the as-fabricated cell exhibiting the lowest 
polarization. Higher polarization in the cell annealed at 120OoC is again consistent with a 
larger space charge effect. While the results are consistent with space charge effect, the 
possibility of secondary, insulating phases precipitating along grain boundaries in 
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samples annealed at a lower temperature, thus raising the net resistivity cannot be ruled 
out. A careful characterization of grain boundary regions will be required to answer this 
question. 

CONCLUSION 

The present work shows that samples fabricated using the leaching method exhibits the 
desired microstructure comprising a wide neck size and high effective conductivity in 
porous SDC. The present results also show that annealing at lower temperatures increases 
the resistivity, consistent with the existence of a space charge effect which leads to a high 
resistivity region near grain boundaries due to the depletion of oxygen vacancy 
concentration. Measurements on anode-supported cells show that cells annealed at a 
lower temperature (prior to the introduction of cathode precursor by infiltration) exhibit 
lower performance, which can be attributed to greater electrode polarization. This higher 
polarization can be attributed to the expected greater space charge effect in samples 
annealed at a lower temperature. However, even though the results are consistent with the 
possible existence of a space charge effect, the formation of insulating phases along grain 
boundaries in annealed samples as a possible reason for higher resistivity and higher 
polarization resistance in annealed cells cannot be ruled out. This will require careful 
characterization of grain boundary regions. 

Table I: Conductivity of porous SDC before and after thermal treatments. 

V0C) 
Conductivity 30% 

(S/cm) 3 8% 
Before heat 59% 

650 700 750 800 
0.018 0.028 0.035 0.053 
0.01 1 0.019 0.029 0.044 
0.008 0.012 0.019 0.027 

treatment 
Conductivity 

(S/cm) 
After heat 
treatment 

12 

30% 0.007 0.012 0.022 0.042 
38% 0.0055 0.01 1 0.018 0.038 
59% 0.005 0.009 0.014 0.024 



Figure 1: Calculated area specific electrode polarization resistance, using YSZ as the 
ionic conductor in a composite cathode and LSM as the electrocatalyst, as a function of 
angle (relative neck size) and grain size at 80OOC. Note that the polarization resistance 
rises sharply at small angles (narrow necks). 

1 0 . 5  1 

Figure 2: Calculated area specific electrode polarization resistance, using YSZ as the 
ionic conductor in a composite cathode and LSM as the electrocatalyst, as a function of 
angle (relative neck size) and grain size at 65OoC. Note that the polarization resistance 
rises sharply at small angles (narrow necks). 
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Figure 5: Electrode polarization as a function of current density for cells with various 
thermal histories. 
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