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A B S T R A C T   

Developing solid oxide fuel cells (SOFCs) with improved performance and lifetime continues to attract research 
attention from around the world. One important focus in this field is the synthesis of new air electrode materials 
that can replace the state-of-the-art lanthanum cobaltite-type phases. A host of materials with a wide range of 
properties has resulted. However, the means and metrics by which promising cathode materials are best char-
acterised are not widely agreed upon within the literature and this can often complicate comparisons between 
studies. One common approach to conducting analysis of electrodes is to employ so-called ‘symmetrical cell’ tests 
which aim to isolate the performance of a specific electrode material under open-circuit conditions. However, 
despite the prevalence of symmetrical cell testing in the literature, there are some widely accepted limitations of 
the approach (e.g. limited to study at equilibrium conditions). In this work, a selection of air electrode materials 
with a wide range of properties were studied in both symmetrical and single cell testing set-ups. This case-study 
was conducted to identify the correlation between the two approaches and to understand how successful the 
symmetrical cell testing approach is in identifying favourable electrode materials. The results show that, whilst 
symmetrical-cell testing can be used to identify open circuit behaviours, the comparison between polarisation 
resistance at open circuit and performance under polarisation is not always perfectly correlated. Crucially, while 
the symmetrical cell test can provide some guidance in determining whether a new material may show promise, 
it highlights the need for more detailed studies to understand material performance under polarised conditions.   

1. Introduction 

1.1. Context 

Solid oxide fuel cells (SOFCs) have received considerable laboratory 
and commercial interest over the course of many decades [1–3]. How-
ever, the deployment of the technology remains in an early commercial 
stage and further developments in performance will be required to 
accelerate market penetration. To this end, and with a view to reducing 
degradation rates, increasing lifetime and enhancing cell output, the 
development of SOFC components (e.g. air electrodes, i.e. cathodes) has 
proven an area of major research interest [2,4]. The underlying driver of 
this work has been to improve the cell performance. 

1.2. Testing of SOFC cathode materials 

There are a number of approaches to understanding the behaviour of 
a given material for SOFC applications. This includes study of funda-
mental properties (e.g. electronic conductivity via four point probe 
testing) or, alternatively, this can revolve around the use of in-situ 
testing methods (e.g. cell-level testing under polarisation). In the latter 
case, and in the example of SOFC cathodes, there are three possible 
approaches to testing electrodes; (1) two-electrode ‘single cell’ testing, 
(2) two-electrode ‘symmetrical cell’ testing or (3) three-electrode 
testing. Each of these approaches commonly draws on electrochemical 
impedance spectroscopy (EIS) techniques to help to identify the various 
resistive processes that ultimately determine performance losses. One 
approach is to employ reference electrodes (i.e. three-electrode testing) 
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to isolate the behaviour of a single electrode but, in SOFC testing, the 
placement of this electrode is non-trivial and the approach has not 
become a standard method [5–11]. The symmetrical cell testing 
approach has commonly been recommended as an alternative [10,11]. 
However, the limitation of the approach is that it restricts testing to 
equilibrium conditions (i.e. Open Circuit Voltage condition). Whilst this 
limitation is commonly acknowledged in the literature there is, to the 
best of our knowledge, no documented assessment of how fundamental 
such a constraint is. 

In many publications, symmetrical cell testing is the only electrode- 
level test applied to compare the performance of electrode materials and 
microstructures. Single cell testing is often avoided. Results from sym-
metrical cell tests (i.e. Rpol values) are often referenced and compared in 
review literature. However, since symmetrical cell measurements are 
restricted to equilibrium conditions, it is reasonable to question how 
successful these tests are at identifying the electrode materials which are 
most adept at providing high current output. An alternative, and 
potentially more appropriate method, may be to consider current output 
at some defined voltages (e.g. 0.7 V) as in [2]. Although such mea-
surements are influenced by other cell components and designs (e.g. 
anode design and electrolyte thickness), it is notable that deconvolution 
techniques (e.g. the Distribution of Relaxation Times modelling 
approach) have been the subject to much research and, with the correct 
experimental approach, this issue can be overcome. With such tech-
niques becoming more widely employed it is appropriate to scrutinise 
the role of symmetrical cell testing. 

In this paper, the value of symmetrical cell testing in determining the 
performance of electrodes is assessed. This is achieved via a study of 
different cathode materials (La2NiO4+δ, La3Ni2O7-δ, La4Ni3O10-δ, 
LaNi0.6Fe0.4O3-δ, La0.6Sr0.4Co0.2Fe0.8O3-δ). These materials have also 
been assessed by other authors, both in terms of their fundamental 
properties (e.g. [12–21]) and in their performance when employed as 
SOFC electrodes (e.g. [18,21–29]). They are selected for the current 
analysis due to their differing and, in a sense, complimentary properties 
(i.e. materials ranging from those with excellent electronic conduction 
properties to those with excellent oxygen transport properties as is 
shown in [16,21]). Results are also reported for composite electrodes 
using La2NiO4+δ and LaNi0.6Fe0.4O3-δ when employed with 
Gd0.1Ce0.9O2-δ (GDC10) or La0.45Ce0.55O2-δ (LDC45). Importantly, the 
consideration of different materials enables the testing methodologies to 
be more robustly assessed than would be the case if a relatively small 
sample of materials was considered. Comparisons between common 
metrics from symmetrical and single cell testing are drawn to establish 
how easily the results of these testing approaches can be related. In the 
first instance, the polarisation resistance results of single cell testing at 
Open Circuit Voltage (OCV) are compared with those from symmetrical 
cell testing. This is to first confirm the expected correlation of the two 
equilibrium-condition measurements. Secondly, impedance measure-
ments conducted at OCV are compared against the findings from current 
measurements under polarisation. This is to determine whether a clear 
correlation can be found between the materials that perform well at OCV 
and those that provide the best current output under polarisation (e.g. 
the current density recorded at 0.7 V). The aforementioned selection of 
various cathode compositions was chosen to study if such relationships 
were consistent across electrodes with different behaviours. The com-
parison results in some interesting conclusions and the results have 
significant implications towards SOFC testing approaches. 

2. Methodology 

2.1. Materials synthesis 

In this study, several lanthanum nickelate cathode materials 
(La2NiO4+δ, La3Ni2O7-δ, La4Ni3O10-δ, LaNi0.6Fe0.4O3-δ) were synthesised 
via the Pechini process [30]. This approach has been widely employed in 
the literature (e.g. [29,31,32]) and is further detailed in the 

Supplementary Materials. The phase purity of the resulting powders was 
assessed via X-Ray Diffraction (XRD) analysis, using a D2 Diffractometer 
(Co Kα X-rays). Commercial La0.6Sr0.4Co0.2Fe0.8O3-δ (Praxair) and 
Gd0.1Ce0.9O2-δ (Fuel Cell Materials) were also utilised to represent a state- 
of-the-art composition for benchmarking purposes. Additionally, 
La0.45Ce0.55O2-δ was synthesised via the Pechini process. 

2.2. Electrode fabrication 

After synthesis, each material was separately combined with an ink 
vehicle (Fuel Cell Materials) in a 2:1 volume ratio and homogenised 
using a triple roll-mill. For composite electrodes the cathode materials 
were mixed in a 1:1 volume ratio prior to the addition of the ink vehicle. 
The resulting cathode inks were applied to 25 cm2 commercial cell 
substrates (SOFCMan) via brush painting, producing 16 cm2 electrodes. 
To control the area and thickness of the electrodes, a 5 mm masking tape 
was applied to the substrates and an equal mass of ink was applied in 
each instance using a mass scale. The substrates employed for both 
symmetrical and single cell testing are described in Table 1. The wet 
electrode layers were dried at 100 ◦C and then sintered at high tem-
perature (1000 ◦C or 1150 ◦C). In the case of single cell testing, addi-
tional samples were prepared using a sintering temperature of 1050 or 
1100 ◦C. The described process followed an identical approach 
employed in our prior publication [33]. As in that study, commercial 
substrates were employed here to minimise the potential effects of in-
homogeneities in cell components and to thus help to ensure that dif-
ferences in results were caused only by differences in the cathode layers 
themselves. 

2.3. Electrode testing 

To provide a comparison between the single and symmetrical cell 
testing approaches a series of electrochemical experiments was per-
formed, employing the two different testing configurations. A simplified 
schematic of these configurations is shown in Fig. 1 and described in 
further detail below. A full list of the tests conducted for this work is 
provided in Table S1 in the Supplementary Materials. 

2.3.1. Symmetrical cell testing 
Symmetrical cell testing was conducted in a horizontal Carbolite 

furnace. For each test, symmetrical cells were placed in a four-point 
probe testing set-up with current collection provided by a combination 
of gold paste (Fuel Cell Materials) and gold mesh (Fiaxell) as shown in 
Fig. 1a. These current collector materials were placed in contact with the 
two electrodes. Electrochemical Impedance Spectroscopy (EIS) mea-
surements were conducted in air at temperatures between 600 and 800 
◦C in 50 ◦C intervals. These tests were conducted with a Solatron 1470E 
Potentiostat and a 1455 Frequency Response Analyser (FRA). For the 
measurements, a voltage perturbation of 10 mV was employed, using 
frequencies from 1 MHz to 0.05 Hz. 

2.3.2. Single cell testing 
Single cell testing (Fig. 1b) was performed using a commercial SOFC 

testing rig (Chino). Cells were assembled in an alumina housing with a 

Table 1 
– Substrates employed for cell testing in this study, as provided by SOFCMan. (*) 
For the La0.45Ce0.55O2-δ-based cathode composites, a La0.45Ce0.55O2-δ interlayer 
was employed instead of GDC10 (YSZ coupons were procured without an 
interlayer and the LDC45 was applied via spin coating and sintered at 1200 ◦C).  

Cell Type Design 

Symmetrical <Cathode> | GDC10 (5 μm)*| YSZ (200 μm) | GDC10 (5 μm)* | 
<Cathode>

Single Cell NiO-YSZ (400 μm) | YSZ (10–15 μm) | GDC10 (2–3 μm)* | 
<Cathode>

C.M. Harrison et al.                                                                                                                                                                                                                            
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four-point probe connection, allowing for separate voltage and current 
connections. Sealing on both sides of the cell was achieved using mica- 
frame gaskets. For the anode-side current collection, a nickel mesh 
(Chino) was placed in direct contact with the electrode. On the cathode 
side of the cell, the current collection was achieved using a commercial 
gold paste (Fuel Cell Materials) and silver mesh (Chino). The cell 
housing was placed in a Carbolite furnace and heated to 800 ◦C. The NiO 
anode was then reduced in a hydrogen/nitrogen mixture for 24 h. Both 
EIS and polarisation curves were acquired at temperatures from 800 ◦C 
down to 700 ◦C. For these tests, the anode and cathode were placed in 
humidified H2 (500ml/min) and air (500 ml/min) atmospheres, 
respectively. To maintain a consistent level of humidification, a 
temperature-controlled bubbler was employed on the hydrogen line. 
The water tank was maintained at a consistent 35 ◦C. Measurements 
recorded with commercial cells (Supplementary Fig. S7) confirmed this 
approach to provide consistent results. In the case of EIS testing, a 
perturbation voltage of 50 mV was employed at frequencies from 1 MHz 
to 0.05 Hz. For polarisation curves, a potential-step approach was 
employed (as suggested in [11]), holding the voltage at 30 s at each 
point (10 mV voltage steps from OCV to 0.6 V). Voltages below 0.6 V 
were avoided given the impracticalities of operating under such condi-
tions (e.g. cell damage and/or low efficiency). Preliminary testing of 
commercial cells found the described approach to provide consistent, 
repeatable results (see Supplementary Materials). 

2.4. Data analysis 

The EIS results were normalised by the apparent electrode area (S) 
and the Rpol results were obtained by the difference in the high (Z’HF) 
and low (Z’LF) frequency intercepts. In the case of the symmetrical cell 
testing approach, this was further divided by two to account for the 
number of electrodes, such that: 

Rpol =

(
Z′

LF − Z′
HF

2

)

S (1) 

To test the stability of the impedance measurements, the Kramers- 
Kronig test was conducted via the Lin-KK software [34]. 

3. Results 

3.1. Materials synthesis 

XRD phase analysis of the lanthanum nickelate materials synthesised 
for this study is shown in Fig. 2. For comparison, the raw data are 
compared against literature data, as obtained from the ICSD database. 
As can be noted, single phase materials were achieved, with no 
observable impurity phases. 

3.2. Symmetrical cell tests 

Data from the symmetrical cell tests recorded at an operating tem-
perature of 800 ◦C are shown in Nyquist plots in Fig. 3a and b. Results 
are shown for single phase electrodes sintered at 1000 ◦C and 1150 ◦C. 
Data for the LNO214 and LSCF6428 test points were reported in previ-
ous work [21]. The complete set of symmetrical cell data are provided in 
the Supplementary Materials (Fig. S1 to Fig. S3). The impedance mea-
surements show very low Kramers-Kronig residuals with minimal noise, 
indicating very good quality data (Fig. S4 to Fig. S6). The Rpol results are 
summarised in the Arrhenius plots shown in Fig. 3c and d. Generally 
speaking, the lanthanum nickelate materials are seen to offer larger 
impedance values than the commercial LSCF6428 phase sintered at 
1000 ◦C, although higher sintering temperatures improve the electrode 
performance of the nickelates. These observations are consistent with 
observations in our prior work [21,33]. Broadly, the performance of the 
single-phase lanthanum nickelate electrodes decreases (i.e. impedance 
values increase) with increasing n-value (Rpol values are shown to in-
crease as follows; La2NiO4+δ < La3Ni2O7-δ < La4Ni3O10-δ ~ LaNi0.6-

Fe0.4O3-δ). It can generally be noted that the polarisation resistance of 
the lanthanum nickelate materials decreases for those phases with 
inferior oxygen transport behaviour. Results from composite electrode 
tests can be viewed in the Supplementary Fig. S3 and are summarised in 
Table S2; the use of secondary oxide ion conducting phases is shown to 
improve the performance of the nickelate electrodes. 

In the context of this work, it is not the main intention to remark on 
the absolute performance of the electrode materials in specific detail. It 
is, however, acknowledged that the reported polarisation results should 
not be regarded to be providing best-in-class electrode performance. 
Indeed, lower Rpol values have been achieved by other authors who have 
employed and optimised these same electrode materials (e.g. 

Fig. 1. Simplified schematic showing cell testing set-ups employed in this work; (a) symmetrical cell testing configuration and (b) single cell testing configuration.  

C.M. Harrison et al.                                                                                                                                                                                                                            
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[22–24,27,28,36]). However, it is additionally noted that similar per-
formance for these materials has also been reported in literature 
[18,22,28,37,38]. There are a number of possible causes for the 
observed range in Rpol values seen between studies (e.g. microstructure 
and particle size, contacting arrangement). The ability and extent of a 
single material to demonstrate a range of polarisation resistances was 
explored for LNF64 in [21] and for LNO214 in [33]. Given these ob-
servations, the results reported in the present work are deemed to be 
within an acceptable range for the intended purpose of the current work. 
Whilst it is noted that optimisation can achieve more favourable results, 
the focus of the present work is to consider how results from symmetrical 
cell testing compare with those of the single cell testing approach (see 
Section 3.3). 

3.3. Single cell tests 

Single cell testing results for studied electrodes are summarised in 
Fig. 4 at an operating temperature of 800 ◦C. Both polarisation data and 
EIS measurements recorded at open circuit voltage are shown. The 
complete set of data are provided in the Supplementary Material. 
Additionally, the Kramers-Kronig residuals for the impedance mea-
surements are shown in Supplementary Fig. S14 to Fig. S16. In com-
parison with the symmetrical cell testing, the residuals are significantly 

larger, which is indicative of the difficulty of taking measurements in the 
single cells with the low impedance values of 25 cm2 cells. However, the 
residuals show no systematic distribution which lets us conclude that 
they do not indicate any instability or even drift of the cells during 
measurement. For the sake of the analysis in this paper, we do not 
believe these residuals to represent a major point of concern. 

It is notable from the results, there is a characteristic polarisation 
curve profile shape for each material; some, but not all, SOFC polar-
isation curves are found to be non-linear (other examples of this may be 
found in the wider literature (e.g. [39–41])). In the case of La2NiO4+δ, a 
linear polarisation performance was observable, whereas, in the case of 
LaNi0.6Fe0.4O3-δ, a more curved profile was evident (showing greater 
losses in the activation region of the curve). As is shown in the Sup-
plementary Material (Figs. S8 to S11), the ‘shape’ of these profiles was 
generally found to be consistent for each material across the different 
sintering temperatures. This indicates some phase-specific effects for 
each material, rather than an issue related to specific samples or the test 
set-up. There are a number of possible drivers for such effects. For 
example, this could be a result of changes in the oxygen stoichiometry of 
the phases, as the oxygen reduction reaction process proceeds and the 
partial pressure of oxygen drops. Alternatively, this could be driven by 
the relative properties of the materials themselves and the rate-limiting 
processes under different conditions (e.g. oxygen exchange at low cur-
rent density, electron transport at high current density). 

Comparison of the EIS results (Fig. 4b, d and e) in the single cell 
testing approach demonstrated a general rule; the larger the impedance 
measured at OCV, the greater the activation loss shown on the polar-
isation curve (i.e. the greatest drop in voltage at low current density). As 
an example, the LNF64 and LNO4310 phases show the highest imped-
ance values and also the most evident activation-type behaviour; 
LSCF6428 and LNO214 show the opposite trend. Although this corre-
lation is largely expected, it is notable that the materials that perform 
best at this operating point (i.e. OCV) are also those with the most 
favourable oxygen transport behaviours. This remains the case even for 
LNO214 despite its relatively poor electrical conductivity in comparison 
with other cathode materials, as found by other studies in this area 
[15,18] and by comparison with other materials [42]. This indicates that 
the electron transport under this condition is not the rate-limiting step 
(understandable given the expected lower levels of electron transport 
under equilibrium conditions). It should also be noted, however, that 
whilst LNF64 shows poor performance at high voltages, the rate of 
decrease of current density with voltage reduces and, at lower voltages, 
the current density achieved exceeds that of LNO214. It is plausible that 
this alludes to the increased importance of electron transport at lower 
voltages, corresponding to high current densities. The pertinence of 
these observations will be further discussed later in this article. 

4. Discussion 

4.1. Comparison of symmetrical cell and single cell testing EIS results 

In theory, and assuming all remaining factors are kept constant, the 
impedance response of an electrode in the symmetrical cell testing 
configuration should match that of its performance in the single cell 
testing configuration at the open circuit condition. In this work, 
commercial-grade substrates were employed for cathode characterisa-
tion to minimise the potential differences in performance that could be 
brought about by variations in the anode and electrolyte microstruc-
tures. Differences in performance in both cases should, primarily, be a 
result of the different cathode materials employed. Inspection of Fig. 4 
shows a clear impact of the different cathode materials on the overall 
cell performance. A strong correlation between symmetrical cell and 
single cell testing EIS measurements was therefore expected. Indeed, this 
was shown to be broadly the case (Fig. 5). Those electrode materials that 
performed well in EIS symmetrical cell measurements generally also did 
so in the single cell testing conducted at OCV. Whilst it is important to 

Fig. 2. XRD patterns of synthesised phases (top to bottom), (a) La2NiO4+δ, (b) 
La3Ni2O7-δ, (c) La4Ni3O10-δ, (d) LaNi0.6Fe0.4O3-δ denoted LNO214, LNO327, 
LNO4310, LNF64, respectively. A version of this figure has been published in a 
PhD thesis [35]. 
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acknowledge some instances in which this relationship does not 
perfectly match this conclusion (e.g. compare LNF64–1150 with 
LNO4310–1000), the symmetrical cell tests were generally successful in 
identifying the single cell behaviour at the equilibrium point. This, 
therefore, appears to confirm the ability of symmetrical cell testing to 
overcome the issue of deconvolution and provides a justification for 
employing the approach to capture cell performance at OCV. However, 
it is noted that in this work, the cell performance is evidently dominated, 
or at least heavily influenced, by the cathode material studied. In other 
scenarios in which other components dominate cell performance (e.g. 
the anode), this relationship may be less evident. This instance may 
occur for more advanced cathode materials/microstructures or for lower 
performing substrates. Further comment on the significance of such a 
scenario is offered later. 

4.2. Comparison of measurements at equilibrium and polarisation 

Whilst it is evident that symmetrical cell testing broadly replicates 
measurements taken at OCV in single cell testing configuration, a 
question remains as to how well such equilibrium measurements reflect 
cell performance at greater polarisation. Fig. 6 demonstrates that mea-
surements under different operating points are not always well corre-
lated when comparing across different materials. Here, the current 
density measurements recorded in single cell testing (at two voltage 
points) are compared with the corresponding impedance measurements 

recorded at OCV in the same cell/test. Whilst EIS measurements recor-
ded at OCV generally show a correlation with the current output at the 
higher voltage near the equilibrium operating point (i.e. Fig. 6a), the 
relationship is less well correlated at 0.7 V(i.e. Fig. 6b). Consideration of 
the aforementioned polarisation curve profiles offers some insight into 
this. Those materials that show very heavy activation losses at low 
current densities but more favourable performance in the linear region 
of the iV curve (e.g. LaNi0.6Fe0.4O3 which shows a very curved polar-
isation profile), can show better current output at lower voltages. In fact, 
as was shown in Fig. 4e, LNF64 was observed to be the best performing 
lanthanum nickelate material, based on the achievable current density 
at 0.7 V (and below). Based on equilibrium measurements alone (sym-
metrical or single cell testing) this would not have been identified. The 
identification of promising electrodes based on such measurements 
alone has the potential of overlooking those materials and microstruc-
tures that perform well at low voltages which is the crucial operating 
point. 

4.3. Significance with regard to assessing different cathode materials 

The issues that have been outlined in Section 4.2 can be considered 
to be brought about due to the differing polarisation characteristics of 
the different electrodes studied. This can be summarised by a brief 
thought experiment in which three theoretical scenarios are considered 
(Fig. 7). In the first scenario (Fig. 7a), three cells are compared, with 

Fig. 3. Nyquist data recorded at an operated temperature of 800 ◦C taken from symmetrical cell tests of electrodes sintered at (a) 1000 ◦C and (b) 1150 ◦C, 
respectively. Arrhenius comparison of polarisation measurements from tests on electrodes sintered at (c) 1000 ◦C and (d) 1150 ◦C, respectively. NOTE: For the 
Nyquist plots of symmetrical cell tests, the ohmic contribution (Ro) of the impedance is removed for the convenience of comparison. A version of this figure has been 
published in a PhD thesis [35]. 
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each demonstrating perfectly linear iV characteristics. In the second 
(Fig. 7b), one of the cells studied (‘Cell #1’) does not display this same 
characteristic and has a more notable activation-type performance. The 
remaining two cells (‘Cell #2’ and ‘Cell #3’ display the more conven-
tional linear behaviour). A third scenario is also possible in which 
concentration losses cause the opposite effect, leading to a sudden 
voltage decrease towards zero with increasing current (Fig. 7c). In any of 
these scenarios, an SOFC researcher may attempt to find the best- 

performing cell to continue with their optimisation activities; howev-
er, if only symmetrical cell testing is employed, the researcher risks 
overlooking the polarisation results shown in Fig. 7. To conduct the 
thought experiment, several assumptions are made. Firstly, symmetrical 
cell testing is assumed to effectively re-create the single cell test result at 
equilibrium (as was shown to be broadly true in Section 4.1). Secondly, 
given the impedance response represents the gradient at a point along 
the polarisation curve (i.e. the greater the gradient, the greater the EIS 

Fig. 4. Comparison of (a, c, e) polarisation curves and (b, d, f) EIS measurements (at OCV) recorded at an operating temperature of 800 ◦C for different electrodes. (*) 
In each instance the results are compared with an LSCF6428 electrode sintered at 1000 ◦C. In the case of the composite electrodes all electrodes were sintered at 
1000 ◦C with the exception of those electrodes paired with LDC45 (TSint = 1150 ◦C). A version of this figure has been published in a PhD thesis [35]. 
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response), this will be proposed as a proxy for EIS in these scenarios. 
In the first scenario, current density measurements at any point along 

the polarisation curve lead to the same conclusion; Cell #1 is superior by 
any measurement approach in this scenario. Thus, if the researcher in 
Scenario #1 considered only Rpol values from the symmetrical cell 
testing approach, the outcome would have been the same as had they 
additionally taken current density/impedance measurements under 
polarisation. The conclusion in this instance is independent of the cur-
rent drawn. If, on the other hand, the researcher had employed the same 
method in the second scenario where (unbeknownst to them) ‘Cell #1’ 
displayed high activation losses but lower losses at higher current den-
sity, a more ambiguous outcome may have resulted. In that instance, the 
researcher’s results identifying Cell #2 as the optimal choice based on 
symmetrical cell testing alone would have neglected the opportunity to 
select and optimise a cell that performed better under greater polar-
isation. This observation could not have been attained by conducting 
symmetrical cell testing alone. Likewise, Scenario #3 could also offer 
further complications when comparing results at a single operating 
point. The critical point is that symmetrical cell testing alone does not 
enable a full understanding of which of these scenarios occurs, partic-
ularly if comparing dissimilar materials. 

4.4. The benefits of symmetrical cell testing 

Whilst it is evident that there are some limitations of EIS measure-
ments at OCV, it is important to note that the state-of-the-art material (i. 
e. La0.6Sr0.4Co0.2Fe0.8O3-δ) offered the best performance in both testing 
approaches. Importantly, materials that offer promise in replacing the 
state-of-the-art LSCF6428 phase will likely show excellent behaviour at 
both OCV (i.e. low Rpol values) and under polarisation. Therefore, 
symmetrical cell testing can be considered as a simple and useful 
screening technique. Further, and as was discussed in Section 4.4, it can 
be suggested that, in some circumstances, the symmetrical cell testing 
can be used to identify routes to improving electrode performance. It is 
notable that, in the present study, a wide range of materials with very 
different behaviour has been employed. In studies with a more limited 
body of materials or electrode configurations (e.g. small changes in 
composition or microstructure), the symmetrical cell testing approach is 
likely to be of more reliable significance. This is exemplified in the 
present study (and our prior work [33]) in that improvements in per-
formance achieved by increasing sintering temperature were captured 

by both symmetrical and single cell testing approaches. This can be 
further appreciated in Supplementary Fig. S17 where the individual 
materials are singled out from Fig. 6b. To re-iterate the challenges 
identified, however, comparing dissimilar phases in this way could lead 
to the aforementioned issues if studying Rpol values in isolation. A 
further point to note is in relation to the relative performance of the 
anode in single cell testing. If, unlike in this study, the cathode polar-
isation resistance is far below that of the anode contribution, the per-
formance of the single cell may be dominated (or limited) by the anode 
and, in such a case, the employment of single cell testing alone may be 
unlikely to identify the impact of the cathode. In such an instance, 
symmetrical cell testing may provide clearer value. 

More advanced utilisation of symmetrical cell testing results is also a 
possibility that has been explored in the literature. It has to be noted that 
it has been shown to be feasible to identify activation and diffusion 
losses by detailed EIS analysis and modelling [43–46]. This involved EIS 
measurements under a variety of operating parameters thus simulating 
different scenarios at OCV which represent scenarios with large diffu-
sion losses (for example, dilution of oxygen for cathode) and large 

Fig. 5. Comparison of performance of electrodes sintered at 1000 ◦C and 1150 
◦C in the symmetrical cell and single cell testing configuration. A version of this 
figure has been published in a PhD thesis [35]. 

Fig. 6. Comparison of single cell testing measurements (EIS measurements vs 
current density); (a) iOCV-50mV and (b) i0.7V. The displayed measurements cover 
three operating temperatures (700, 750, 800 ◦C), five different materials 
(La2NiO4+δ, La3Ni2O7-δ, La4Ni3O10-δ, LaNi0.6Fe0.4O3-δ, La06Sr0.4Co0.2Fe0.8O3-δ), 
composite electrodes (La2NiO4+δ-Gd0.1Ce0.9O2, La2NiO4+δ-La0.45Ce0.55O2-δ, 
La2NiO4+δ-LaNi0.6Fe0.4O3-δ, LaNi0.6Fe0.4O3-δ-Gd0.1Ce0.9O2-δ, LaNi0.6Fe0.4O3- 

δ-La0.45Ce0.55O2-δ) and four different sintering temperatures (1000, 1050, 1100, 
1150 ◦C). For a full list of the tests employed, see the Supplementary Materials. 
A version of this figure has been published in a PhD thesis [35]. 
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activation losses (for example, low temperatures). It has also been 
shown that most parameters that govern the performance of SOFC can 
be deduced under OCV conditions. In fact, Leonide et al. [47–49] have 
shown that the performance of an SOFC/SOEC can be modelled by pa-
rameters gained from EIS measurements at OCV – apart from the sym-
metry factor for the applied Butler-Vollmer approach, which had to be 
determined under polarisation. 

Finally, despite some shortfalls described in this article, the simpli-
fied practicalities of performing symmetrical cell testing especially for 
screening cathode materials, in comparison with single cell tests, should 
not be overlooked. The approach helps to avoid the use of hydrogen, the 
reduction steps for NiO anodes, and the sealing requirements of the 
anode and cathode compartment, which can introduce numerous com-
plications in terms of both safety and obtaining good quality data. Whilst 
the use of symmetrical cell testing should be treated with some caution 
(in particular, basic comparisons of Rpol values across different types of 
materials), there remain some evident benefits. 

5. Conclusion 

In this paper the role of symmetrical cell testing in identifying 
improved SOFC electrode materials has been explored. Whilst it is often 
noted in the wider literature that the shortfall of symmetrical cell testing 
lies in its limited relevance to performance of electrodes under polar-
isation, here we provide critical analysis on how suitable this method-
ology truly is in isolating the best electrode materials. The analysis 
provided in this study shows that, whilst consideration of Rpol values in 
symmetrical cell testing can identify certain relationships that may be of 
interest in electrode development (e.g. the improvement of performance 
that can be achieved via increased sintering temperature), this approach 
does not always successfully reveal those materials that show the best 

performance under polarisation. This was shown via an assessment of 
the performance of dissimilar materials. 

Whilst a cautious approach must be taken when considering sym-
metrical cell testing, it can be noted that in this study the state-of-the-art 
material La0.6Sr0.4Co0.2Fe0.8O3-δ was the best-performing in both the 
symmetrical and single cell testing approaches. It is likely that true 
‘promising materials’ that can serve as a replacement for the state-of- 
the-art will show low polarisation resistance under equilibrium condi-
tions and will also show high current output away from the equilibrium- 
state. Nevertheless, some care should be taken in treating symmetrical 
cell test results as a ‘silver bullet’ to predicting electrode performance. 
More advanced experimental set-ups and utilisation of other results is 
encouraged. 

Finally, two areas of further research opportunity are noted in rela-
tion to this study. Firstly, it is acknowledged that this research was 
conducted with 16 cm2 electrodes; it may be of further interest to 
consider if similar observations occur when employing electrodes and 
cells of smaller size. Additionally, it is of further significance to consider 
if the observations in this article are transferrable to the case where 
electrode performance is further improved (e.g. Rpol < 0.1Ωcm2) or, 
alternatively, if the relationships identified are obscured. 
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