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A B S T R A C T   

The Ruddlesden-Popper phase La2NiO4+δ (LNO214) has received a significant level of research attention with 
respect to its employment as a Solid Oxide Fuel Cell cathode material. However, it is known that there are many 
factors that are capable of influencing the performance of this phase when utilised in this role. One such factor 
that can impact on electrode behaviour is the choice of sintering temperature. In this paper, a study of this effect 
is detailed. This is achieved via the use of both symmetrical and single cell testing configurations, with additional 
investigation provided by ex-situ analysis. It is shown that a sizeable improvement in electrode performance can 
be achieved via an increase in sintering temperature. This is despite observations on the reactivity between 
LNO214 and the contact electrolyte material Ce0.9Gd0.1O2-δ. Further, it is also demonstrated that the addition of a 
noble metal contacting layer can dramatically improve the performance of an LNO214 electrode. In comparison, 
the impact of a contacting layer on a state-of-the-art La0.6Sr0.4Co0.2Fe0.8O3-δ composition is shown to be relatively 
minor. This has implications towards SOFC testing methodologies given the widespread employment of noble 
metal contacting pastes.   

1. Introduction 

The research and development of solid oxide fuel cell (SOFC) ma-
terials over the last few decades has driven a dramatic improvement in 
cell performance and lifetime [1,2]. Significantly, and in the wake of a 
global energy transition, these advancements have helped to bring about 
a commercialisation of this low-carbon technology. There remains a 
sense within the academic literature, however, that further improve-
ments can be offered with respect to the long-term stability of SOFC 
components. Perhaps most notably, researchers have sought to engineer 
resilient, high-performing oxygen electrode materials [3]. Such mate-
rials are intended to provide an alternative to the state-of-the-art 
lanthanum cobaltite-type perovskites (LSCF and LSC) that are widely 
employed in the commercial cells of today. This focus of exploring new 
metal oxide materials is with a view to overcoming perceived problems 
relating to the use of Sr and Co in those aforementioned state-of-the-art 
materials. In the first case, authors have observed the issue of SrO 
segregation and corresponding degradation phenomena which result in 
a loss of power output over time [4–6]. The most significant drawback 
relates to ‘chromium poisoning’. Here, SrO reacts with chromium 

hydroxide to form insulating and deactivating phases (e.g. SrCrO4) [3], 
leading to dramatic loss of cell output over time. Further to these per-
formance related problems, concerns have also been raised relating to a 
reliance on cobalt-containing materials in the development of future 
energy technologies [7]. Not only does such a reliance offer ethical, 
environmental and financial concerns but, in the specific case of SOFC, 
this also introduces some challenges relating to differential thermal 
expansion coefficients with respect to common electrolyte materials (e. 
g. ZrO2- and CeO2- based materials) [8]. 

One body of materials that has received substantial attention in the 
area of SOFC materials development is the lanthanum nickelates [9,10]. 
This includes perovskite-type (doped-LaNiO3) phases in addition to the 
structurally-related Ruddlesden-Popper-type (Lan+1NinO3n+1) phases. 
Analysis of the literature shows that these materials demonstrate a very 
broad range of properties (from materials with excellent electronic 
conductivity, to materials with excellent oxygen transport properties) 
[9,11]. The first-order (n = 1) Ruddlesden-Popper phase La2NiO4+δ has 
received particular interest for employment as an oxygen electrode 
material [12–14]. In addition to excellent oxygen transport behaviour, 
the lanthanum nickelates are perceived to offer improved resilience to 
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chromium poisoning [3]. However, considerations of the data within the 
literature indicate that the achievable performance is inferior to that of 
LSCF electrodes. This can be seen in terms of polarisation resistance 
(Rpol) values from symmetrical cell testing [12,15–31] and in terms of 
current output measured in single cell tests [2,26,32–37]. A further 
analysis of this data, alongside that recorded in the study presented here, 
is considered later in this article. However, comparisons between studies 
are subject to a number of caveats. Firstly, a great variation in the per-
formance metrics of La2NiO4+δ is seen from study to study. This is likely 
a result of differences in details of cell materials, fabrication conditions, 
and testing configurations. The role of sintering temperature is one such 
potential difference. There is evidence in the literature to suggest that 
lower sintering temperatures may be favourable for lanthanum nickelate 
materials when paired with CeO2-based electrolytes due to chemical 
incompatibility issues [38,39]. However, whilst there is often discussion 
on the reaction between these materials, this does not account for the 
performance of electrodes sintered under different conditions (i.e. 
whether or not higher sintering temperatures actually offer a detri-
mental impact). Results from recent studies [40,41] indicate that higher 
sintering temperatures can actually improve the observed performance 
of La2NiO4+δ electrodes, although we note that this finding appears to 
contradict an earlier article in this area [30]. A difficulty that can be 
noted when surveying the literature is in drawing comparisons with 
LSCF electrodes. Different materials (e.g. electrolytes and contact ma-
terials) and testing approaches make it challenging to obtain an un-
derstanding of the relative suitability of lanthanum nickelates in 
comparison with commercial state-of-the-art materials. From an anal-
ysis of the literature data, it would appear that La2NiO4+δ offers rela-
tively poor performance in comparison with LSCF. However, a major 
caveat is that comparisons between data often require consideration 
across numerous studies and thus such analysis may not necessarily be 
fair. In this study, an assessment of the effects of sintering temperature 
on the performance of La2NiO4+δ is described. Further, direct compar-
isons with conventional electrodes (commercial La0.6Sr0.4Co0.2Fe0.8O3 – 
i.e. LSCF6428) are shown in order to offer context. The analysis detailed 
here covers both in-situ and ex-situ techniques to offer a more 
comprehensive understanding of the achievable performance of 
La2NiO4+δ and the factors that contribute to differences in performance. 

2. Experimental 

2.1. Sample preparation 

For this study, the Pechini route was employed to synthesise the 
La2NiO4+δ phase. This process has also been utilised elsewhere in the 
literature and enables the material in question to be prepared quickly 
and with relative ease [42,43]. Briefly, stoichiometric quantities of 
lanthanum (III) nitrate hexahydrate and nickel (II) nitrate hexahydrate 
were dissolved in deionised water. With the solution continually stirred 
on a hot plate (T = 80 ◦C), citric acid and ethylene glycol were then 
added to enable the formation of a polymeric gel (see [44]). The 
resulting gel was heated to 350 ◦C to form an ash-like pre-cursor, prior to 
a final annealing step at 1100 ◦C to synthesise the desired phase. To 
ensure the anticipated phase had been achieved, phase analysis was 
performed via X-Ray Diffraction (XRD), using a D2 Bruker Diffractom-
eter (Co-Kα = 0.179 nm, 10 mA current, and 30 kV accelerating voltage). 
The ICSD and PDF databases were used for the identification of phases. 
The successfully synthesised materials were ball-milled and then sieved 
(25 μm mesh) to remove any larger agglomerates. To form electrodes, an 

ink was prepared by combining the La2NiO4+δ powder with a com-
mercial Terpineol-based ink vehicle (FuelCellMaterials). The resulting 
slurry was then homogenised using a triple roll mill and brush-painted1 

onto commercial 5 × 5 cm2 electrolyte substrates acquired from 
SOFCMan. In the case of symmetrical cell testing, this substrate was an 8 
mol% yttria-stabilised zirconia (8YSZ) electrolyte support (200 μm) with 
10 mol% gadolinia-doped ceria (GDC-10) layers (5 μm) applied to both 
sides. For single cell testing, anode-supported half-cell substrates were 
procured. These comprised of a Ni-8YSZ anode (400 μm), 8YSZ elec-
trolyte (10–15 μm) and GDC-10 barrier layer (2–3 μm). The wet elec-
trode layers were dried and then sintered at several different 
temperatures (1000 to 1150 ◦C) for 4 h. For reference, lanthanum 
strontium cobalt ferrite (LSCF6428) electrodes were also tested using a 
commercial powder acquired from Praxair (La0.6Sr0.4Co0.2Fe0.8O3; 
99.9% purity). 

2.2. Symmetrical cell testing 

The symmetrical cells (prepared in accordance with 2.1) were tested 
in static air, using a 4-point connection set-up. Each test was conducted 
in an identical fashion with the same apparatus. In the first batch of tests, 
current collection was provided by two 16 cm2 Au contact meshes 
(Fiaxell, Switzerland). These were placed in direct contact with the two 
sintered electrodes. A 175 g alumina weight was placed on top of the 
assembly to hold the mesh in place and improve the contact between the 
mesh and the electrode. The resulting assembly was then heated up to 
600 ◦C in a Carbolite furnace and held at temperature for 12 h. Elec-
trochemical Impedance Spectroscopy (EIS) measurements were recor-
ded using a Solatron Potentiostat (1470E and 1455FRA). Measurements 
were taken using a perturbation amplitude of 10 mV (2 cycles integra-
tion, 1 cycle delay). EIS measurements were performed up to 800 ◦C in 
intervals of 50 ◦C (for each measurement, the furnace was held at the 
given temperature for 1 h to allow the cell to reach a steady state). The 
cell was then held for a further 12 h prior to the commencement of the 
cool-down cycle when measurements were taken in an identical fashion. 
For the tests considering the impact of the gold contacting layer, the 
samples were re-tested after the application of a commercial Au-ink 
(Fuel Cell Materials). In this instance, a layer of gold ink (70 mass% 
gold) was brush-painted on top of the electrodes and dried at 100 ◦C. 

2.3. Single cell testing 

For single cell testing purposes, a commercial SOFC test station 
(Chino Corporation) was employed. Current collection was achieved 
using Ag- and Ni-foam meshes on the cathode and anode sides of the cell, 
respectively. For improved electrical contact on the cathode side of the 
cell, Au-paste (Fuel Cell Materials) was applied and dried at 100 ◦C. 
Sealing was achieved using mica gasket frames. Humidified hydrogen 
and dry air were supplied to the cell via Bronkhorst mass flow control-
lers with the ability to dilute both fuel and oxidant streams with nitro-
gen. Electrochemical measurements were performed with a Solatron 
Potentiostat (1470E and 1455FRA) in series with a Solatron booster 
system. For voltage-current curves, a potential-step programme was 
applied, stepping the voltage in 10 mV intervals and measuring the 
current for 30 s. A similar approach to voltage-current measurements 

1 In an attempt to control layer thickness, the applied ink mass was kept consistent in each case. 

Post-test SEM analysis suggested a layer thickness of between 10 and 30 μm was obtained via this route 

(see Supplementary Figure S4 and Figure S5 for examples). We anticipate this range could have some 

role on electrochemical performance but we find the results and relationships observed in this paper to 

be consistent across the results of both symmetrical and single cell testing. 
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was recommended in [45]. EIS was performed with a 50 mV perturba-
tion signal2 (2 cycles integration, 1 cycle delay) at frequencies between 
10 MHz and 0.05 Hz. 

2.4. Data analysis 

The impedance data for each test were analysed using ZView. The 
ohmic (Ro) resistance was determined from the high frequency inter-
cept, whereas the polarisation resistance (Rpol) was determined by the 
difference between the high and low frequency (Z’LF) intercepts. In all 
cases, the data was normalised by the area of the electrode (S). In the 
case of the symmetrical cell tests, and as is common convention in the 
literature,3 the Rpol value was divided by two to account for the number 
of electrodes. In this case: 

Rpol = Z’
LF − Ro

(
S
2

)

.

For single cell testing, a Distribution of Relaxation Times (DRT) 
analysis was employed using an in-house developed MATLAB code. This 
approach contributed towards the Equivalent Circuit Modelling (ECM) 
of the impedance data and helped identify the number of processes 
contributing to the response (as well as offering insight into their 
magnitude and characteristic frequency). Using these data to provide 
starting values, a Complex Non-Linear Least Squares (CNLS) fitting 
technique was employed (ZView) to provide an assessment of the 
polarisation and ohmic contributions associated with each electrode. 

2.5. Ex-situ analysis 

To complement the in-situ analysis of electrode performance, further 
experiments were conducted to offer additional insight into the effects of 
sintering temperature on the La2NiO4+δ electrodes. High magnification 
imaging was conducted on the samples, using a Scanning Electron Mi-
croscope (Phillips XL30 ESEM FEG). To prepare samples for imaging, 
cells were first mounted in epoxy resin (Buehler). These samples were 
then ground and polished to expose the cross-section of the cell. Finally, 
the polished samples were sputter-coated prior to imaging. Further to 
post-test analysis, a series of experiments were conducted using a DIL- 
404C Netzsch dilatometer to understand the relative sintering behav-
iour of La2NiO4+δ compared with more conventional SOFC electrode 
materials. In this instance, green (un-sintered) pellets of several mate-
rials were prepared using a pellet press. The green pellets were then 
carefully loaded into the dilatometer. The pellets were heated to a 
selected sintering temperature at a heating rate of 5 ◦C/min and held for 
4 h. These tests were conducted to assess the sintering behaviour of the 
green bodies (and hence the phases) under different temperatures. 

3. Results and discussion 

3.1. Synthesis 

Synthesis of La2NiO4+δ via the aforementioned Pechini route was 
found to offer a facile means by which the desired phase could be pre-
pared. The XRD data taken from a scan of the final sample (after ball- 
milling and sieving) are shown in Fig. 1. The data compared favour-
ably with that taken from the ICSD database (database number #44121 
[46]). No peaks pertaining to any impurity phases were noted. 

3.2. Symmetrical cell testing 

Results from symmetrical cell testing of La2NiO4+δ electrodes sin-
tered at different temperatures are summarised in Fig. 2. The complete 
set of data, as represented in Nyquist form, are provided in the supple-
mentary documentation (Fig. S1). In all instances the impedance spectra 
are normalised by the electrode area, and for comparative purposes, the 
ohmic contribution has been removed from the Nyquist plots but can be 
noted in Fig. 2c and Fig. 2d. As is observable from these data, there was a 
significant improvement in performance with increasing sintering tem-
perature (i.e. a reduction in the impedance metrics). This is most keenly 
noted in its effect on the ohmic resistance (Ro). A reduction of Ro from 
298 Ωcm2 to 77.5 Ωcm2 (TOp = 800 ◦C) was found via an increase of the 
sintering temperature from 1000 to 1150 ◦C. This observation is 
explored in more detail, later. At higher sintering temperatures there 
was a considerable reduction in the measured polarisation resistance 
(Rpol) as shown in Fig. 2b to d. It was seen that Rpol could be reduced 
from 5.35 Ωcm2 to 0.97 Ωcm2 (TOp = 800 ◦C) via an increase in sintering 
temperature. Other researchers have indicated that the electronic con-
ductivity of La2NiO4+δ offers difficulties with respect to developing an 
electrode with suitable performance [48,49]. The evidence here sug-
gests that this issue can be alleviated to some extent via a higher sin-
tering temperature. Notably, this is despite some observations in the 
literature relating to reactions between La2NiO4+δ and CeO2-phases (this 
is considered in more detail later in this paper). Interestingly, it is of note 
that additional experiments conducted on LSCF6428 electrodes sintered 
at various temperatures (see supplementary Fig. S2) did not show the 
same findings as observed with La2NiO4+δ. In that case, the increased 
sintering temperatures led to inferior performance when employing 
commercial LSCF6428 material. This offers some insight into the 
different sintering behaviours of these two materials. The effects of 
sintering temperature will be studied in more detail later in this article. 

To probe the effect of improving the contact resistance between the 
Au-mesh and the underlying electrode (which is one factor comprising 
the Ro), an additional set of tests was performed on the electrodes sin-
tered at 1000 ◦C and 1150 ◦C. In these cases, an Au-contact paste (Fuel 
Cell Materials) was applied to the electrodes to act as a current collection 
layer (CCL) in addition to the Au-mesh. This sample was then tested once 
more under the same conditions, so as-to offer insight into the effect of 
improving current collection. The results from the tests conducted on the 
LNO214 electrodes sintered at 1000 ◦C are shown in Fig. 3a and b. The 
results of the tests conducted on the electrodes sintered at 1150 ◦C can 
be viewed in the supplementary material (see Fig. S3). The two sets of 

Fig. 1. XRD data taken from a sample of La2NiO4+δ prepared for this study, 
compared to database peak positions (ICSD). A version of this figure has been 
published in a PhD thesis [47]. 

2 Although lower perturbation amplitudes are often used in the literature (e.g. 10–25 mV), the 50 

mV perturbation amplitude was found to be necessary here, during preliminary testing – the authors 

believe that this perturbation remains within a pseudo-linear regime (as evidenced in Supplementary 

Figure S10). Kramers-Kronig results for these tests are also reported in Supplementary Figure S11.  
3 It is noted that there are some varying approaches to the calculation of R

pol in the literature. 
Generally, we find this to be the most common methodology that is applied. 
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tests (i.e. electrodes sintered at 1000 and 1150 ◦C) are compared in 
Fig. 4a and b. To offer further context, an identical approach was taken 
with electrodes fabricated from a commercial La0.6Sr0.4Co0.2Fe0.8O3 
powder (TSint = 1000 ◦C, 1150 ◦C). For the electrode sintered at 1000 ◦C 
the results are shown in Fig. 3c and d and, for the electrode sintered at 
1150 ◦C, in the supplementary materials (Fig. S3). Arrhenius plots 
comparing the ohmic and polarisation resistances of the electrodes 
sintered at 1000 ◦C are shown in Fig. 3e and f, respectively. Several 
observations are evident. Firstly, the performance of the LSCF6428 
electrode is generally seen to be superior to that of the La2NiO4+δ 
electrode. However, in the case of the latter material, a substantial 
improvement in electrode performance was achieved via the addition of 
the Au-CCL, particularly for the electrode sintered at 1000 ◦C (see 
Fig. 4). It can be noted that in this case there was an improvement in the 
data quality (i.e. reduced noise in the EIS spectra), and there was also a 
major reduction in Ro (from 298 Ωcm2 at 800 ◦C to 0.96 Ωcm2) and Rpol 
values (from 5.35 Ωcm2 to 0.335 Ωcm2) in the Arrhenius plots. In 
comparison, the addition of the Au-CCL to the LSCF6428 electrode had a 
less profound effect. Whilst the ohmic performance was certainly 
improved (i.e. 7.19 Ωcm2 to 0.64 Ωcm2 at 800 ◦C), and was similar to 

that measured from the La2NiO4+δ-Au-CLL combination, the effect on 
polarisation resistance was much less evident. In fact, in the lower 
temperature range at least, the Rpol values increased. This performance 
loss was possibly a result of some degradation occurring between the 
experiments but, at least suggests the improved CCL does not hugely 
influence the polarisation performance of LSCF6428 in these tests. It is 
further notable from Fig. 4 that the impact of the Au-CCL layer on the 
Rpol values of the LSCF electrodes was marginal in both cases studied 
(TSint = 1000 ◦C, 1150 ◦C). In the case of LNO214, Fig. 4 shows that 
whilst the improvement in Rpol was generally more significant than the 
LSCF6428 case, the improvement was most profound for the electrode 
sintered at the lower temperature (which demonstrated the lower Ro 
values prior to the application of the Au-CCL). Perhaps more interest-
ingly it is shown that the Rpol values of those tests are almost identical. 

The activation energies (Ea) associated with both the Rpol and Ro 
measurements are shown in Table 1. Firstly, considering the Ea values 
associated with the Ro contribution, it can be seen that the application of 
the Au-paste led to much increased activation energy values in the case 
of both LSCF and LNO214. This observation (when also combined with 
observations on the Ro values themselves) appears to indicate that in, 

Fig. 2. EIS results from symmetrical cell tests; (a) normalised EIS results from La2NiO4+δ electrode sintered at 1150 ◦C, (b) effect of sintering temperature on EIS 
measurements at an operating temperature of 800 ◦C, (c) Arrhenius plots showing effect of temperature, (d) ohmic and polarisation resistance at various sintering 
and operating temperatures. Note: For Nyquist plots in this article, the impedance is normalised to the area of the electrode and the ohmic contribution has been 
removed; these plots therefore represent the polarisation resistance of both electrodes. For the final panel, two polarisation values (i.e. 2Rpol) are shown alongside Ro 
to show the total Area Specific Resistance of the symmetrical cell. A version of this figure has been published in a PhD thesis [47]. 
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the absence of the Au-CCL, the ionic transport of the electrolyte is not 
the rate-limiting factor that dictates the ohmic behaviour of the cell. In 
this case, this is more likely to be determined by the electron transport 
between the electrode and current collector (i.e. Au-mesh). It is also 
evident that, whilst sintering temperatures improve the Ro values, it 
does not significantly alter the associated activation energy (suggesting 
the fundamental rate-limiting step for this process remains the same). 
However, the addition of the Au-CCL has an evident impact on both the 
Ro values and the activation energy; in these cases, the Ro activation 
energies appear to be dominated by the electrolyte material (indeed, the 
Ea values reported in Table 1 are similar to those reported for YSZ in 
reference [50] within a similar temperature range). Indeed, a compari-
son between the LSCF and LNO214 tests conducted with Au-CCL 

suggests very similar values (suggesting the effect of the cathode ma-
terial is reduced). In the case of the Rpol values, the average Ea values 
were between 0.587 eV and 0.836 eV for LNO214 without the Au-CCL 
and between 1.129 eV and 1.184 eV with the Au-CCL. A comparison 
of literature data suggests that the data reported in this study is within 
the range reported by other authors (from as low as 0.44 eV [40] to as 
high as 1.64 eV [51]). Once more, the addition of the Au-CCL has a 
sizeable impact on the Ea values of the polarisation resistance 
(increasing to 1.184 eV from 0.710 eV), again suggesting a change in the 
rate-limiting process. 

The aforementioned observations are of some significance in several 
regards. Firstly, it appears to support statements elsewhere [48,49] that 
link the relatively poor La2NiO4+δ performance with the inferior 

Fig. 3. The symmetrical cell impedance spectra of a La2NiO4+δ electrode sintered at 1000 ◦C in the (a) absence of an Au-Current Collector Layer (Au-CCL) and (b) 
with the subsequent addition of an Au-CCL. Comparative results taken for a commercial La0.6Sr0.4Co0.2Fe0.8O3 electrode (c) without an Au-CCL and (d) with the 
addition of an Au-CCL. Arrhenius plots showing the effect of temperature (f) on ohmic and (g) polarisation resistance of these tests. A version of this figure has been 
published in a PhD thesis [47]. 
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electronic-conducting properties of the phase relative to LSCF6428 (and 
other state-of-the-art materials). The observation that Rpol (and not just 
Ro) values of La2NiO4+δ are improved via an improvement in electronic 

transport properties (whilst this is not the case with LSCF6428), is 
supportive of this conclusion. It is likely that the weak influence of the 
Au-CCL on the Rpol values of LSCF6428 is due to the already-appre-
ciable4 electronic conductivity of this phase (i.e. electron transport does 
not hugely inhibit the polarisation performance, in that instance). Sec-
ondly, the evidence here suggests that improving the electronic trans-
port of La2NiO4+δ-electrodes can considerably help in promoting 
electrode performance. As shown so far in this study, this can be ach-
ieved via a tailoring of sintering conditions and/or the addition of a 
conductive phase to act as a CCL. This offers insight into possible opti-
mised electrode architectures (i.e. layered structures with one optimised 
for oxygen exchange, and a second optimised for electronic conductiv-
ity). One final point to emphasise is that the relative performance of the 
two materials tested here are disproportionately affected by the pres-
ence of a conductive contact paste. It is notable within the literature that 
many authors take many different approaches to contact configuration 
(e.g. different materials like Au [21] or Pt [49], use of mesh/gauze [21] 
or paste [49]) This will influence different materials in different ways 

Fig. 4. Summary on the effect of the Au-CCL on the (a, c) ohmic and (b, d) polarisation values for (a, b) La2NiO4+δ and (c, d) La0.6Sr0.4Co0.2Fe0.8O3-δ electrodes 
sintered at 1000 ◦C and 1150 ◦C. A version of this figure has been published in a PhD thesis [47]. 

Table 1 
Activation Energy (Ea) values for symmetrical cell tests.*As is shown in the 
Arrhenius plots, the LSCF symmetrical cell tests were found to show two 
different activation energy ‘regions’ – in those cases, the values at lower tem-
perature (600–700 ◦C) have been shown.   

Activation Energy, Ea (eV) 

Sample Ro Rpol 

LNO214-1000 0.305 0.710 
LNO214-1050 0.255 0.836 
LNO214-1100 0.191 0.587 
LNO214-1150 0.204 0.802 
LNO214-1000-Au 0.928 1.184 
LNO214-1150-Au 0.661 1.129 
LSCF-1000* 0.329 1.161* 
LSCF-1050* 0.375 1.129* 
LSCF-1100 0.364 1.079 
LSCF-1150 0.377 1.155 
LSCF6428-1000-Au* 0.913 1.417 
LSCF6428-1150-Au 0.733 1.304  

4 In reference [63], LSCF6428 is shown to offer an electronic conductivity of approximately 250 to 

350 S/cm under SOFC operating temperatures (i.e. 600 to 800 ◦C). In comparison, the conductivity of 

LNO214 is generally found to be lower than 100 S/cm (e.g. [11,64]). 
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and is probably a key cause of conflicting conclusions when comparing 
materials between studies. 

During the symmetrical cell tests, a further side observation was 
noted. Study of the data hinted at the emergence of a low frequency 
contribution (or process) that became more dominant at higher tem-
peratures. This was most apparent for the better-performing electrodes 
(e.g. LSCF6428). This arc is highlighted in the inset of Fig. 3c. The effect 
of this contribution is also seen in the Arrhenius plot of the Rpol mea-
surements (Fig. 3f) where a divergence from the typical linear-type 
behaviour is seen in the case of the LSCF6428 electrode. This suggests 
a change in the rate-limiting process with temperature. The increasing 
dominance of the low frequency process at higher temperatures can be 

seen in supplementary Fig. S2a. Whilst this process is clear in the case of 
the LSCF6428 electrode, it is also observed for the La2NiO4+δ electrodes 
operated at higher temperatures or when employing the Au-CCL, though 
not as pronounced due to the overall larger Rpol. Importantly, the pro-
cess is revealed at lower impedance values. Two further observations 
can be made in relation to the polarisation arc; (a) this process is not 
seen to be significantly affected by temperature, and (b) it is only present 
in the low frequency range (i.e. ~0.1 Hz). Given the described obser-
vations, it seems likely that this process is related to a gas-transport- 
related phenomenon. We note that a similar arc is also discussed by 
Primdahl and Mogensen [52]. 

Fig. 5. Data taken from single cell tests. Current voltage characteristics of (a) La2NiO4+δ electrode sintered at 1150 ◦C and (b) the effect of sintering temperature on 
the current-voltage characteristics measured at 800 ◦C, (c-e) EIS measurements conducted at OCV and (f) Comparison of EIS data for electrodes sintered at 1000, 
1050, 1100 and 1150 ◦C. A version of this figure has been published in a PhD thesis [47]. 
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3.3. Single cell testing 

A selection of the data extracted from single cell testing can be 
viewed in Fig. 5, with the complete set of data shown in the supple-
mentary material (Fig. S6-S11). Broadly, the trends observed in the 
symmetrical cell testing are replicated; an increase in electrode sintering 
temperature is shown to improve the measured performance of the cell. 
This can be seen in relation to both the measured current output in the i- 
V curves (Fig. 5b) and in relation to the EIS spectra (Fig. 5e). With the 
former, the current density measured at 0.7 V (i0.7V) increased from 0.42 
Acm− 2 to 0.78 Acm− 2 at an operating temperature of 800 ◦C (Top =

800 ◦C). However, despite this significant improvement, comparisons 
with the state-of-the-art LSCF6428 material (see supplementary Fig. S9) 
are not overly favourable (i0.7 = 0.95Acm− 2). This appears to support 
observations from literature data and indicates that further measures (e. 
g. addition of secondary phases) are required to promote the perfor-
mance of La2NiO4+δ electrodes to match that of current commercial 
materials. 

For analysis of the EIS data taken from the single cell testing set-up, a 
distribution of relaxation times (DRT) analysis was employed to develop 
an equivalent circuit model (ECM) of the cell processes. Examples of 
these spectra can be viewed in the supplementary material (Supple-
mentary Fig. S8); the spectra are comprised of 4 major peaks (or pro-
cesses) which is consistent with work reported elsewhere [53]. A 
detailed evaluation of these processes is not presented here. The 
resulting model was used for an analysis of the performance-relevant 

parameters Rpol and Ro of the tested electrodes. As is highlighted by 
Fig. 5f, the polarisation resistance was found to decrease in those cells 
sintered at higher temperatures. This became increasingly apparent at 
the lower operating temperature of 700 ◦C: Rpol decreased from 2.53 
Ωcm2 to 1.19 Ωcm2 by increasing the sintering temperature from 1000 
to 1150 ◦C. These observations are consistent with the measurements 
conducted on symmetrical cells which were described earlier. 

3.4. Ex-situ analysis 

It has been shown so far that the performance of lanthanum nickelate 
electrodes can be significantly affected by the electrode sintering tem-
perature. To investigate the possible causes of this observation, a series 
of further experiments were conducted. In the first instance, samples 
from the symmetrical cell tests were mounted in epoxy and polished, 
prior to performing SEM analysis. As can be seen in Fig. 6, an 
improvement in particle connectivity is achieved at the higher sintering 
temperatures. This offers one possible explanation for the improved 
performance (i.e. due to improved charge transport). This improved 
sintering can also be appreciated in dilatometry experiments of pressed 
pellets (Fig. 7). In Fig. 7a, a comparison between dilatometry experi-
ments conducted on different materials is shown, including La2NiO4+δ 
and two commercial materials: La0.8Sr0.2MnO3 and La0.6Sr0.4Co0.2-

Fe0.8O3. The temperatures at which the pressed pellets begin to shrink is 
illustrated. The absolute temperature value at which this happens is 
perhaps less relevant than the relative differences between the samples. 

Fig. 6. Post-test SEM images of symmetrical cell tests sintered at different temperatures. A version of this figure has been published in a PhD thesis [47].  

C.M. Harrison et al.                                                                                                                                                                                                                            



Solid State Ionics 403 (2023) 116386

9

It is evident that the lanthanum nickelate material suffers from inferior 
sintering characteristics relative to the Sr-containing state-of-the-art 
materials (that are often successfully sintered at 1000 ◦C) and, therefore, 
La2NiO4+δ can be anticipated to require higher sintering temperatures to 
achieve a suitable particle-connectivity. The effect of increasing the 
sintering temperature is shown in Fig. 7b. As would be anticipated, the 
volume contraction becomes more pronounced at the higher sintering 
temperature. Clearly, a porous electrode is favourable in the case of this 
application and so a completely dense body is not desirable. Therefore, a 
trade-off between porosity and particle coalescence is required. The 
evidence presented thus far suggests that the higher sintering tempera-
tures used in this study help to achieve a more desirable electrode 
structure due to the improved particle adhesion. 

Whilst improved particle connectivity and adhesion is likely to be 

achieved at higher sintering temperatures, some interactions between 
La-Ni-O phases and CeO2-based materials have been previously reported 
[39,54]. This is suggested to be a barrier to the employment of 
La2NiO4+δ electrodes on CeO2-based electrolytes or barrier layers. 
Indeed, some authors [22,33] have explored the use of more complex 
electrolyte phases to avoid this effect. Fig. 8 shows the results of powder 
reactivity tests between La2NiO4+δ and Gd0.1Ce0.9O2 (GDC-10) when 
heated under the sintering conditions used in this study; separate mix-
tures of these powders were heated at 1000 and 1150 ◦C for 4 h. The 
results reveal the phases that can be expected to form at the cathode- 
electrolyte interface. The data indicate that lanthanum diffuses from 
the La-Ni-O phase into the CeO2 phase to form a (La, Ce)O2-type phase. 
The resulting La-depletion in the Ruddlesden-Popper phases leads to the 
formation of La3Ni2O7-δ. For comparison, the same experiment was 

Fig. 7. Dilatometry results of (a) different phases/green pellets heated to 1000 ◦C and (b) a comparison of the same La2NiO4+δ heated to 1000 ◦C with a pellet heated 
to 1150 ◦C (employing the same temperature ramp rate and hold time). Green (un-sintered) pellets were used for this analysis to consider the relative sintering 
behaviours of the materials. A version of this figure has been published in a PhD thesis [47]. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.) 
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conducted on LSCF6428-GDC-10 powder mixes; the two materials are 
shown to be stable under these sintering temperatures (see supple-
mentary Fig. S12). It is worth mentioning that the formation of 
La3Ni2O7-δ may not necessarily lead to a loss in performance as, for 
instance, the formation of insulating phases like La2Zr2O7 between LSCF 
and YSZ materials. Firstly, La3Ni2O7-δ has been shown to offer superior 
electronic properties relative to La2NiO4+δ [11]. Further, a number of 
researchers have attempted to use La-doped Ceria as a pairing electro-
lyte phase and suggested favourable performances can be achieved 
[55,56]. The noted reaction is likely to be limited to the contact area 
between the two materials and so is likely to be in a very concentrated 
zone. The evidence from the cell testing work suggests that any such 
reaction does not outweigh the advantages that are obtained from 
higher sintering temperatures. Indeed, any formation of La3Ni2O7-δ 
could be a cause of the improved performance that has been noted in this 

study. Two possibilities are considered: 

• The improvement in performance driven by higher sintering tem-
peratures is brought about by the improved electrode morphology (i. 
e. particle connectivity) and electrolyte adhesion – any detrimental 
effects caused by secondary phase formation are outweighed by this 
phenomenon.  

• In addition to improvements brought about by morphological 
changes, the electrode performance benefits from the formation of 
La3Ni2O7-δ due to better electronic conductivity relative to 
La2NiO4+δ. 

Whilst the former option seems the more plausible, the exact role of 
the secondary phase formation in any change in performance is difficult 
to categorically determine at this point. 

Fig. 8. XRD analysis of; (a) a mix of La2NiO4+δ (LNO214) and Gd0.1Ce0.9O2 (GDC-10) prior to heating, (b) after heating for 
4 h at 1000 ◦C, and (c) after heating at 1150 ◦C, highlighting the impurity phases seen at high temp sintering. A version of this figure has been published in a PhD 
thesis [47]. 
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3.5. Comparisons with literature data 

As was described in the introductory section of this article, a wide 
body of literature data exists considering the electrode performance of 
single-phase La2NiO4+δ electrodes. Comparisons between data in this 
study and those reported by other research groups are shown in Fig. 9 
and Fig. 10. Generally, the results from this study are shown to be within 
a similar range as the wider body of literature data. It is notable from 
Fig. 9 and Fig. 10 that there remain a number of other studies where 
better performance relative to that reported in this article has been 
shown to be achievable. La2NiO4+δ electrodes with improved perfor-
mance have been reported relative to that observed with state-of-the-art 
commercial materials [20,23,26]. Whilst it is acknowledged that no 
significant optimisation of LSCF6428 was attempted in this study, this 
would appear to indicate that La2NiO4+δ can be suitably engineered to 
offer competitive electrode performance. However, a consideration of 
the better-performing La2NiO4+δ electrodes [20,23,26] in the symmet-
rical cell testing configuration (Fig. 9) reveals no significant cell 
fabrication-based trends to indicate in which way performance may be 
optimised. However, it is notable that in each of the referenced studies, a 
precious metal contact paste was employed for current collection. In two 
of those instances [20,23], Pt paste was utilised. The use of Pt for current 
collection could have contributed to the improved performance, given 
its good catalytic activity for the oxygen reduction reaction (ORR), in 
contrast to the work reported here, in which gold was used, which is 
known to be a poor catalyst for this process. 

From the single cell testing data taken from literature (Fig. 10), the 
work by Lee and Kim [36] in particular is shown to offer an impressive 
current output with respect to single phase La2NiO4+δ electrodes. As 
above, in that study the authors reported the use of Pt paste and Pt mesh 
for current collection. Whilst it is difficult to categorically assign the 
cause of better performance within the literature with the use of 
catalytically-active metal contact pastes (such as Pt), the observations 
noted both in the results section of this paper and those from literature 
appear suggestive. From the perspective of developing La2NiO4+δ elec-
trodes, it seems apparent that the application of conductive layers, 
either precious metals or other electronically-conductive ceramics such 

as LaNi0.6Fe0.4O3 [9], are a necessity for this nickelate system. 

4. Conclusions 

In this study several different techniques were applied to identify the 
role of sintering temperatures on the performance of La2NiO4+δ elec-
trodes in SOFC applications. A number of key points were noted:  

• The performance of La2NiO4+δ was seen to improve with higher 
temperature sintering across both symmetrical and single cell tests – 
most prominently, this was shown to lead to a reduction in the ohmic 
resistance (Ro). Conversely, similar tests conducted on commercial 
LSCF6428 led to a loss in electrode performance suggesting some 
difference in behaviour between the two electrode materials.  

• Evidence from the ex-situ tests indicated that this difference in 
behaviour was a result of differing sintering characteristics that, in 
turn, would suggest that La2NiO4+δ requires higher sintering tem-
peratures in comparison with state-of-the-art Sr-containing 
materials.  

• It is clear that there is a reaction between La2NiO4+δ and 
Gd0.1Ce0.9O2 under typical cell fabrication conditions – this becomes 
increasingly evident at higher sintering temperatures. However, any 
detrimental effect this has on the electrode properties has not been 
seen to lead to considerable loss in performance in the short-term. To 
understand whether the instability leads to accelerated degradation 
rates, further long term testing is required and is identified as a topic 
for future work.  

• Generally, the performance of La2NiO4+δ electrodes is inferior to that 
of LSCF6428 but significant performance improvements can be 
achieved by optimisation of fabrication conditions. Nevertheless, it 
seems likely that this material will require further optimisation by 
way of use of composites, infiltration, implementation of nano-
structures, etc., to achieve comparable performance. This should be 
considered by researchers if seeking to adopt this material on the 
grounds of its chromium tolerance.  

• The use of precious metal contact pastes in symmetrical cell tests had 
a profound effect on the performance of the respective electrode. 
This effect was shown to have variable impact dependent on the 
electrode material in question and its underlying properties, i.e. 
those with poor electronic conductivity particularly showed 

Fig. 9. Comparison between literature Rpol data (diamond symbols and box- 
whisker plot) and data from this study (La2NiO4 – star symbols, LSCF6428 – 
triangle symbols). Measurements taken at 600, 700 and 800 ◦C 
[12,15–31,40,41,51,57–59] Only results from ‘single phase’ electrodes are 
shown (i.e. composites and infiltrated electrodes are excluded). Distribution 
curves are shown based on the literature data. A version of this figure has been 
published in a PhD thesis [47]. 

Fig. 10. Comparison between literature [2,26,32–37,60–62] i0.7V data and 
those reported in this study (also showing values measured for state-of-the-art 
materials at Jülich [2]). A version of this figure has been published in a PhD 
thesis [47]. 
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improved behaviour. This should be considered when drawing 
comparisons across studies where different approaches to contact 
resistance have been applied. 

Funding 

This work was supported by the EPSRC via the Centre for Doctoral 
Training on Fuel Cells and their Fuels, grant reference EP/L015749/1, 
and the JUICED Hub Grant, ref. EP/R023662/1. Additionally, Dr. Sarruf 
acknowledges the funding received from the European Union’s Horizon 
2020 research and innovation programme under the Marie Skłodowska- 
Curie grant agreement No 101032423. 

Declaration of Competing Interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Data availability 

Data is attached as an e-component (also open to further requests for 
data) 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.ssi.2023.116386. 

References 

[1] L.G.J. De Haart, J. Mougin, O. Posdziech, J. Kiviaho, N.H. Menzler, Stack 
degradation in dependence of operation parameters; the real-SOFC sensitivity 
analysis, Fuel Cells 9 (2009) 794–804, https://doi.org/10.1002/fuce.200800146. 

[2] L. Blum, L.G.J. De Haart, J. Malzbender, N.H. Menzler, J. Remmel, R. Steinberger- 
Wilckens, Recent results in Jülich solid oxide fuel cell technology development, 
J. Power Sources 241 (2013) 477–485, https://doi.org/10.1016/j. 
jpowsour.2013.04.110. 

[3] C.M. Harrison, P.R. Slater, R. Steinberger-Wilckens, A review of solid oxide fuel cell 
cathode materials with respect to their resistance to the effects of chromium 
poisoning, Solid State Ionics 354 (2020), 115410, https://doi.org/10.1016/j. 
ssi.2020.115410. 

[4] K. Chen, S.P. Jiang, Surface segregation in solid oxide cell oxygen electrodes : 
phenomena, mitigation strategies and electrochemical properties, Electrochem. 
Energy Rev. 3 (2020) 730–765, https://doi.org/10.1007/s41918-020-00078-z. 

[5] B. Koo, K. Kim, J.K. Kim, H. Kwon, J.W. Han, Sr segregation in perovskite oxides : 
why it happens and how it exists, Joule. 2 (2018) 1476–1499, https://doi.org/ 
10.1016/j.joule.2018.07.016. 

[6] Y. Li, W. Zhang, Y. Zheng, J. Chen, B. Yu, Y. Chen, M. Liu, Controlling cation 
segregation in perovskite-based electrodes for high electro-catalytic activity and 
durability, Chem. Soc. Rev. 46 (2017) 6345–6378, https://doi.org/10.1039/ 
C7CS00120G. 

[7] The Faraday Institution, Building a Responsible Cobalt Supply Chain, The Faraday 
Institution, Didcot, 2020. https://faraday.ac.uk/wp-content/uploads/2020/05/Ins 
ight-cobalt-supply-chain1.pdf. 

[8] A. Petric, P. Huang, F. Tietz, Evaluation of La–Sr–Co–Fe–O perovskites for solid 
oxide fuel cells and gas separation membranes, Solid State Ionics 135 (2000) 
719–725, https://doi.org/10.1016/S0167-2738(00)00394-5. 

[9] C.M. Harrison, P.R. Slater, R. Steinberger-Wilckens, Lanthanum nickelates and 
their application in Solid Oxide Cells – the LaNi1-xFexO3 system and other ABO3- 
type nickelates, Solid State Ionics 373 (2021), 115799, https://doi.org/10.1016/j. 
ssi.2021.115799. 

[10] M.A. Yatoo, S.J. Skinner, Ruddlesden-popper phase materials for solid oxide fuel 
cell cathodes: a short review, Materials Today: Proc. (2022) 10–17, https://doi. 
org/10.1016/j.matpr.2021.12.537. 

[11] J. Song, D. Ning, B. Boukamp, J.-M. Bassat, H.J.M. Bouwmeester, Structure, 
electrical conductivity and oxygen transport properties of Ruddlesden–Popper 
phases Ln n+1 Ni n O 3n+1 (Ln = La, Pr and Nd; n = 1, 2 and 3), J. Mater. Chem. A 
00 (2020) 1–16, https://doi.org/10.1039/D0TA06731H. 
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[13] N. Schrödl, E. Bucher, A. Egger, P. Kreiml, C. Teichert, T. Höschen, W. Sitte, Long- 
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