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The mixed ionic-electronic conductor La,NiOg4s was investigated as potential cathode
material for protonic conducting solid oxide fuel cells (PC-SOFCs) based on
LassWO1125.5 electrolyte. Firstly the chemical compatibility between cathode and
electrolyte phases (La;NiOg4+s and LassWO;125.5 respectively) was studied. Then, the
electrochemical properties of this cathode were improved by partially substituting La
and/or Ni, specifically La;sProsNiOg4:s and LagsProsNipgCo00204+5 Were considered.
These two doped materials showed improved electrical conductivity and reduced
polarization resistance, when tested as cathode in symmetrical cells. In a second step,
the microstructure of LajsProsNipsC0p204:5 was optimized by varying the firing
temperature of the cathode. The performance of these mixed conductors is limited by
medium frequencies associated processes while they show lower polarization
resistances (Rp) than conventional composites based on LassWOsi1255 and pure
electronic conductors. La; sProsNigsC00 2045 cathode sintered at 1050 °C exhibits the
best electrochemical performance on a LassWO;;255-based PC-SOFC, achieving
Rp=0.62 Q-cm? at 750 °C in wet air.
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1. Introduction

The growing interest in proton conducting solid oxide fuel cells (PC-SOFC) [1-4]
research is principally due to their advantages compared to conventional oxygen-ion
conducting solid oxide fuel cells (SOFCs): (1) their higher efficiency and fuel
utilization, since protons react with oxygen in the cathode to form water diluting the air
stream; and (2) the lower activation energy of proton transport together with the higher
mobility of protons, which makes possible to reduce the operation temperature (500 -
700 °C) and permits the utilization of less expensive system components and increases

their lifetime [5, 6].

Nowadays different proton conducting materials, as doped SrCeO;, BaCeOs; and
BaZrO; perovskites [2, 7, 8] LaNbO, scheelite [9] and LassWO11 25.5 defective fluorite
[10] are being investigated as promising electrolytes for PC-SOFCs. Among these,
LassWO11.25.5 (LWO) compound combines essential properties for a final application,
as it exhibits reasonable high values of predominant protonic conductivity below 800
°C, low grain boundary resistance and high stability in operation conditions for long

times under CO, and H,S containing atmospheres [11-13].

The use of LWO electrolyte requires compatible electrodes, both cathodes [14, 15] and
anodes [16, 17]. Concerning the cathodes, some recent works have studied different
materials compatible with LWO electrolyte, obtaining the best performances for a
Lag7SrosMnO3 (LSM)/LWO composites (with a Rp at 750 °C of 3 Q-cm? for a 50/50
vol.% composite [18] or 8 Q-cm? for a 60/40 vol.% composite [14]). The use of these
composites based on mixing materials with electronic, ionic and protonic conducting
pathways was focused on extending the three phase boundary (TPB) area along the
thickness of the cathode, with the consequent improvement on cathode performance

[14, 19-22]. In the present work three different cathodes based on the well-known
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mixed ionic-electronic (MIEC) conductor La;NiOg.s are investigated. The use of MIEC
materials as cathodes in PC-SOFC introduce pathways to transfer part of the dissociated
oxygen ions through the bulk of the cathode to the TPBs to react with the protons
(Figure 1). Thus, although the reacting areas are limited to the TPBs, the oxygen
pathways to the TPBs are greatly enlarged, and this reduces the polarization resistance

[23, 24].

LaaNiOg,5 is a perovskite-related mixed conductor oxide whose structure consists of
LaNiOs.; perovskite layers separated by a La,O, rocksalt layer. It belongs to the
Ruddlesden-Popper series Lan+1NiyOsq+1 With n = 1, where n denotes the number of
perovskite layers between each rock salt layer. La;NiOg.5 layered structure permits a
great flexibility in the stoichiometry, as this compound can incorporate oxygen in the
structure in interstitial positions [25, 26]. Defect sites are located in the La,O, rocksalt
interlayers. The oxygen excess improves oxygen reduction and diffusion in the
intermediate temperature (IT) range, 500-800 °C, and it is predominant along the a-b
planes [27-29]. It has been reported that below 400 °C in oxidizing conditions, layered
nickelates exhibit a predominant semiconductor-type electronic conductivity, via small-
pollaron hopping of p-type carriers, with a smooth change to metallic-like conduction at
high temperatures [28, 30]. This change to metallic-like behaviour has been attributed to

the hole concentration decrease due to the oxygen loss with the temperature [31, 32].

This work focuses on the study of MIEC cathode materials for LWO based PC-SOFCs:
LasNiOg4s (LNO), LaisProsNiOgs (LPN) and LajsProsNipgCo2045 (LPNC).
La;NiO4.s was doped in the A and in both A and B positions (where A = Pr and B = Co)
in order to improve transport properties and electrocatalytic redox behavior, related to
the multiple oxidation states possible for Pr and Co cations [33, 34]. After

characterizing the powder and checking the compatibility with the LWO electrolyte,
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different symmetrical cells were prepared in order to study the electrochemical
properties. Cathodes performance was finally improved by optimizing cathode sintering

temperature.

2. Experimental

La,xAxNi1.yByOs:5 (LANB, A= Pr, x=0, 0.5 and B = Co, x=0, 0.2) powders were
prepared using the Pechini method [35]. Stoichiometric amounts of the different nitrates
were mixed and dissolved in deionized water. Citric acid was added as a chelator and
heated at 80 °C. Ethylene glycol was added and heated up to 120 °C to obtain the
reaction. After that, the gel was dried at 210 °C and then it was burned in a first step at
750 °C. Finally the powder was pressed and calcined at 1350 °C for 4 h. After sintering,
powders were ball milled twice in acetone for 48 h in order to optimize the particle size
of the powder, and the electrode microstructure as well (Figure S1). Inks for screen

printing were prepared by using terpineol and ethylcellulose in a roller mixer.

The crystalline structure of the different materials was studied by X-ray diffraction
(XRD). The measurements were carried out by a PANalytical Cubix fast diffractometer,
using CuKao, » radiation and an X’Celerator detector in Bragg-Brentano geometry. XRD
patterns were recorded in the 20 range from 10° to 90° and analyzed using X’Pert

Highscore Plus software.

Rectangular probes of the powders were uniaxially pressed at 125 MPa for 1 minute and
subsequently sintered for 5 hours at 1430 °C in air, achieving relative densities above
98% (calculated by Archimedes method). Electrical conductivity measurements were
conducted by standard four-point DC technique on the sintered bars using silver wire
and paste for contacting. The measurements were carried out from 800 to 400 °C, after

stabilizing for 2 h at 800 °C, by cooling down (1 °C/min) in different constant pO,
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atmospheres (Linde calibrated gas mixtures checked by an YSZ oxygen sensor). The
constant current was supplied by a programmable current source (Keithley 2601) and

the voltage drop through the sample was detected by a multimeter (Keithley 3706).

LWO dense electrolytes (~1 mm-thick) were obtained by uniaxally pressing the ball-
milled LWO powder (Cerpotech commercial powder) at ~120 MPa and finally firing at
1450 °C for 5 h. Porous electrodes were obtained by screen-printing the inks on both
sides of the LWO electrolytes and the thickness of the sintered electrodes was ~30 um.
Firing temperature of the screen-printed cathode cells was 1150 °C, and 1100 and 1050
°C in some cases, for 2 h. The final size of symmetrical cells was 15.5 mm in diameter

whereas cathodes were ~9 mm in diameter.

Symmetrical cells with LANB / LWO / LANB cathodes were tested by electrochemical
impedance spectroscopy (EIS) in two-point configuration with platinum current
collector meshes. Input signal was 0 V DC — 20 mV AC in the 0.03 — 1.10° Hz
frequency range (Solartron 1470E and a 1455A FRA module equipment). EIS
measurements were performed in the 650-900 °C range, under wet atmospheres (2.5%
vol. H,0) at different pO, with a constant flow rate of 100 mL-min™. The contribution

of the LWO electrolyte was corrected from impedance spectra.

The as-sintered powders and fracture cross-sections of the sintered symmetrical cells
(after electrochemical measurements) were analyzed by scanning electron microscopy

(SEM) using a JEOL JSM6300 electron microscope.

3. Results and discussion

3.1 Materials characterization and stability



XRD patterns of the different sintered powders, La;NiOgs (LNO), LajsProsNiOgs
(LPN) and Laj sProsNigsC0204+5 (LPNC), are represented in Figure 2a. For the three
samples, all the diffraction peaks can be assigned to the La;NiOa..s phase [36], i.e. no
traces of other oxides can be detected to the limit of XRD. Therefore, Pr and Co are
completely incorporated in the La,NiOg4.; structure in the concentration used here. Grain
size distribution of the three different sintered powders can be observed in SEM images
of Figure 2b. The distribution shows very similar grain sizes for all of them, ranging
from 90 up to 180 nm, that form agglomerates of 2, 1.5 and 1 um for LNO, LPN and
LPNC, respectively. Thus the variation in the electrochemical performance among the

different compounds should not be related to changes in the electrode microstructure.

The stability of the LNO, LPN and LPNC phases (in powder form) in air was
investigated by comparing XRD patterns before and after a treatment in ambient air at
750 °C during two weeks (Figure 3a, b and c). The absence of new diffraction peaks
after the treatment confirms the stability of these materials under this treatment. Before
processing and testing the symmetrical cells, the compatibility of LNO with the LWO
electrolyte phase was checked. Figure 4 shows XRD patterns of a mixture of LNO and
LWO 50 vol.% before and after being fired together at 1150 °C for 5 h. All the
diffraction peaks correspond to the LNO and the LWO phases. XRD patterns of LNO
and LWO powders are also plotted in Figure 4, where it can be observed that LWO
pattern presents a very small peak at 28.784° which corresponds to small traces of
LasW,015 phase [37]. The absence of reaction between LNO and LWO phases up to the
highest temperature used for cathode preparation is confirmed by this lack of new peaks

after the treatment at high temperature.

The transport properties were evaluated by measuring the total conductivity in air as a

function of the temperature (Figure 5). The incorporation of Pr and Co increases the



total conductivity of the undoped LNO material. In the measured range of temperatures
(400-800 °C) LPNC sample shows p-type semiconductor behaviour while LNO and
LPN samples exhibit metallic-like conduction, ascribed to the depletion of the p-type
carriers due to the oxygen loss with the temperature [28, 30]. The transition temperature
between the semiconductor and metal-like behaviours has been reported to be
determined by the doping content and the oxygen non-stoichiometry of the compound
[38, 39]. Thus, while LNO and LPN samples reach this temperature below 400 °C, in
agreement with other works, LPNC sample presents this transition at temperatures
higher than 800 °C. The shift to high temperatures of p-type behaviour for the LPNC
compound can be ascribed to the very high density of charge carriers (holes) of this
compound and the lower oxygen loss at temperatures below 800 °C (See supporting

information, Figure S2).
3.2 Cathode testing on LWO electrolyte

Symmetrical cells of the different powders were prepared on dense LWO electrolytes.
The cathode porosity as well as electrolyte density can be observed in the cross-section
image of the LPN cathode sintered at 1150 °C (Figure 6). The cathode looks very
porous with relatively large surface area and shows a similar morphology as state-of-
the-art SOFC cathodes. Furthermore, the interface with the electrolyte is clean, with no

visible reaction layers.

The electrochemical behavior of the three different cathodes sintered at 1150 °C was
studied by EIS using symmetric cells. The polarization resistances (Rp) recorded in wet
(2.5% H,0) air is displayed as a function of temperature in Figure 7. The
electrochemical performance is notably improved by the incorporation of Pr and Co, for
instance, a Rp value of 5.03 Q-cm? is achieved at 750 °C for LNO while the doped

compounds show values of 1.03 Q-cm? and 0.93 Q-cm? for LNP and LPNC,



respectively. The activation energy (E,) of the LNO remains constant (1.47 eV) when
the Pr dopant is introduced in the A position (LPN sample). However, when the Co
dopant is also introduced in the B position together with the Pr, Ea is slightly reduced
(1.44 eV). For this reason the best electrochemical properties are achieved for the LPNC
cathode, which behaves somewhat better at low temperatures than the LPN electrode.
The better performance of the doped compounds could be linked to the higher total
conductivity and the reported catalytic effect of Co and Pr on oxygen reduction

electrocatalysts [40, 41].

The impedance spectra recorded at 750 °C in wet air for the three cathodes sintered at
1150 °C are represented in Figure 8a and b (Nyquist and Bode plots, respectively). One
or two different contributions (one or two separated arcs) can be distinguished. Thus
impedance data were modeled following an equivalent circuit composed of one or two
parallel R||CPE elements, in series. Figure 8c-d-e also depict the modeled resistances
(R) obtained from EIS spectra of LNO (Figure 8c), LPN (Figure 8d) and LPNC (Figure
8e) cathodes measured in wet air. LNO cathode shows one contribution at high
frequencies (HF, 2 MHz) and another at medium frequencies (MF, 0.5-10 kHz), being
this last one the highest and limiting the cathode performance [42]. The impedance
spectrum for LNO (Figure 8a) shows an additional but very small contribution at low
frequencies (LF), which is only slightly significant at high temperature, and thus the
modeling results for this LF contribution are not plotted in Figure 8c. When the cathode
composition is doped (with Pr and with Pr and Co), the HF contribution disappears
while the MF contribution becomes smaller, giving rise to a better performance of the
cathode. As mentioned above, this behavior is associated with the better transport
properties of the doped compounds, which drastically reduces the HF contributions,

typically associated with the total transport of the cathode materials. The cathode



material doped with both Pr and Co (LPNC) shows an additional but less pronounced

improvement in the MF contribution, with respect to LPN cathode.

The resistance dependency with pO, provides information about the type of the species

involved in the electrode reaction (equation 1): [23, 43]
R o« pO,™ 1)

A further analysis of the modeling results may allow gaining more insight into the
different rate-limiting-steps in the cathode operation. Namely, Figure 9(a-b-c) presents
the calculated resistances and Figure 9 (d-e-f) displays the capacitances for three

electrodes as a function of temperature.

The HF associated processes only appear in the LNO cathode with very low associated
capacitances (4x10° F/cm?) and m values close to %. This term can be associated
specifically to the transport of the bulk LNO, which has the pO, dependency -1/4 as
corresponds to a p-type electronic conductor. [23, 24] The MF associated processes,
limiting the three measured cathodes, have m values close to 1/4 (0.28, 0.26 and 0.20
for LNO, LPN and LPNC respectively). This pO, dependency and capacities of around
10 F/cm? can be related to ionic transport from TPB interface towards the electrolyte
and not to electrode-electrolyte interfacial processes, since no pO, dependence would be

expected in that case [42, 44, 45].

Finally and in order to further optimized LPNC cathode performance, different sintering
temperatures were analyzed. Figure 10 summarizes Rp of LPNC cathodes sintered at
1150, 1100 and 1050 °C. The best performance is obtained for cathode sintered at 1050
°C (Rp=0.62 Q-cm? at 750 °C in wet air) while the other two different temperatures
result in similar performances (around 0.93 Q-cm?). As similar impedance spectra were

obtained despite the sintering temperature and by taking into account that the overall



transport of the material is not changed, this improvement in the electrode sintered at
lower temperature can be ascribed to the higher porosity and lower grain sizes of the
cathode. Thus the electrocatalysts surface area available for surface reactions is enlarged

while the bounding among grains is preserved.

4. Conclusions

La;NiO4s was investigated as cathode for PC-SOFC based on LassWO1125:5
electrolyte. Once probed the chemical compatibility between cathode and electrolyte
phases (La;NiO4.s and LassWO11 25.5 respectively) the electrochemical properties of the
cathode were improved by partially substituting La and/or Ni. Specifically
La; 5ProsNiO4:s and Laj sProsNigsCo0204+5 materials were considered and showed
improved total conductivity and reduced polarization resistance, when tested as cathode
in symmetrical cells. A final microstructure optimization of La; sProsNigsC09 2045 Was

completed by varying the firing temperature of the cathode.

The cathode performance of these mixed conductors was found to be limited by
medium frequencies associated processes and electrochemical properties are better than
those of previously tested composites based on LassWOs11255 and pure electronic
conductors. LajsProsNipsC00204+5 cathode sintered at 1050 °C exhibits the best
electrochemical performance on a LassWOs1 25.5-based PC-SOFC, achieving Rp=0.62

Q-cm? at 750 °C in wet air.
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Figure Captions

Figure 1: Schematic diagram of MIEC cathode reaction mechanisms for a LWO proton

conducting electrolyte

Figure 2: (a) XRD patterns of LaNiOss (LNO), La;sProsNiOss (LPN) and

La; 5ProsNipsC00204+5 (LPNC) and (b) SEM image

Figure 3: XRD patterns of (a) LNO, (b) LPN and (c) LPNC before and after stability

test in air.

Figure 4: XRD patterns of LWO, La;NiO4.s and a 50% mixture of both phases at room

temperature and after being calcined at 1150 °C for 5 h.
Figure 5: Total conductivity as a function of temperature of LNO, LPN and LPNC.

Figure 6: SEM analysis of the fracture cross-section of a cell (after electrochemical

testing) consisting of a LWO dense electrolyte coated with LPNC cathode.

Figure 7: Polarization resistance as a function of 1000/T in wet synthetic air for

LazNiO4+5, La1,5PI‘0_5NiO4+5 and La1,5PI‘o.5Ni0,3COo,204+5

Figure 8: Impedance spectra, (a) Nyquist and (b) Bode plots, of LayNiOgss,
Lay sProsNiOg4s and Lag sProsNiggCoo204+5 measured at 750 °C in wet synthetic air.
Modeled resistances as a function of temperature of (c)La;NiOgss, (d) LagsProsNiOgss

and (E) La1_5Pro_5N i0.8C00,204+5
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Figure 9: Modeled resistances of (a) LayNiOs, (b) LapsProsNiO4s and (c)
La; sProsNipsC0204+5 and capacitances of (d) LaaNiOg+s, (€) LaisProsNiOg.s and (f)

Lai5ProsNipsC00204+5 as a function of the pO, (wet gas environment).

Figure 10: Rp as a function of 1000/T of Laj sProsNipsC00204+5 sintered at 1050, 1100

and 1150 °C
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Supporting Information

Figure S1: SEM analysis of the samples in powder form before and after ball-milling.
The milled samples were used for the preparation of the screen-printing inks.
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Figure S2: Thermo-gravimetric (TG) measurements (weight loss evolution) were
performed on a Metler-Toledo StarE balance under dry air flow in the range 300-1273
K following a heating ramp of 5 K/min. The mass percentage evolution is showed in the
graph. Up to 300 °C the weight decreases due to surface humidity loss. At higher
temperatures, the weight loss is only ascribed to the oxygen release. The figure inset
shows the weight loss evolution as function of temperature after subtracting the mass
decrease ascribed to the adsorbed water of the powder. There can be observed the
higher amount of oxygen release of LNO compared to that of LPN. LPNC shows the
smaller amount of oxygen released at the same temperatures, although all samples
present oxygen release. Consequently, the different conductivity behaviours at high
temperatures can not be only related to the oxygen release. It has to be taken into
account the different charge carrier densities of the materials. LPNC has higher p-type
electronic carriers and the oxygen release is not enough to diminish the total
conductivity.
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