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New composite cathodes for proton conducting solid oxide fuel cells (PC-SOFCs) based on the novel

La5.5WO12�d (LWO) electrolyte have been developed. First the applicability of LWO as a protonic

electrolyte has been proved by recording the OCV in a Pt/LWO/Pt cell as a function of the temperature,

matching the expected Nernst voltage. In order to improve the electrode performance on LWO PC-

SOFCs, composite cathodes have been prepared by mixing the La0.8Sr0.2MnO3�d (LSM) electronic

phase with the LWO protonic phase. The ceramic–ceramic (cer–cer) composites have been

electrochemically studied as cathodes on LWO dense electrolytes in symmetrical cells. Different ratios

of both phases and two different electrode sintering temperatures (1050 and 1150 �C) have been
studied. Electrochemical impedance spectroscopy (EIS) analysis has been carried out in the

temperature range 700–900 �C under moist (2.5% H2O) atmospheres. Different oxygen partial

pressures (pO2) have been employed in order to characterize the processes (surface reaction and charge

transport) taking place at the composite cathode. A substantial improvement in the cathode

performance has been attained by the addition of the LWO protonic phase into the LSM electronic

material. From the electrochemical analysis it can be inferred that electrode enhancement is principally

ascribed to the increase in the three-phase-boundary length, which enables electrochemical reactions to

occur along the thickness of the electrode.
1. Introduction

Proton conducting solid oxide fuel cells (PC-SOFCs)1–4 have

attracted much attention nowadays due to their important

advantages compared to conventional oxygen-ion conducting

solid oxide fuel cells (SOFCs). In PC-SOFCs, efficiency and fuel

utilization are higher since protons react with oxygen in the

cathode to form water diluting the air stream. In contrast,

operation in conventional SOFCs (based on oxide-ion conduct-

ing electrolytes) involves the progressive dilution of hydrogen

stream with steam. Moreover, thanks to the lower activation

energy of the proton transport and higher proton mobility, it is

also possible to reduce the operation temperature (500–700 �C),
which permits the utilization of less expensive system compo-

nents and increasing their lifetime.2,5–7 However, the use of

protonic electrolytes poses a new challenge, the development of

sufficiently active electrode catalysts for the corresponding

partial reactions:
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2
O2 þ 2Hþ þ 2e�/H2O; in the cathode (1)

H2 / 2H+ + 2e�, in the anode (2)

Different proton conduction materials are investigated as

promising electrolytes for PC-SOFCs8–11 and, depending on the

selected electrolyte material, compatible cathodes have to be

developed. Recent works on PC-SOFC cathode performance

have shown that the addition of a protonic conducting phase,

normally the same material used as electrolyte, to a mostly

electronic conducting cathode enables an important improve-

ment of the electrochemical performance. This positive effect is

ascribed to the fact that the protonic phase allows extending the

three phase boundary (TPB) area from the electrode–electrolyte

interface to the whole thickness of the cathode.12–18 Furthermore,

as the electrolyte material is part of the composite cathode, the

electrode adhesion is improved and the thermal expansion

coefficient (TEC) between the electrode and electrolyte is better

adjusted and, therefore, improved mechanical properties and

resistance to thermal cycling are generally attained.

Classic proton conductors based on perovskites (Sr/Ba cerates

and zirconates) present high proton conductivity for application

as PC-SOFC electrolytes although they typically present the

following issues: (1) low sintering activity; (2) high grain

boundary resistance; and (3) low chemical stability in high steam
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and CO2 environments. New studies have shown the large

potential of lanthanide tungstates, generally coined as

‘‘Ln6WO12’’. Ln6WO12 can be described as an ordered defective

fluorite structure (space groupR�3)19 whose symmetry depends on

the rare earth element: cubic or pseudo-cubic from La to Pr, via

pseudo-tetragonal from Nd to Gd, and rhombohedral from Tb

to Lu and for Y.20,21 Particularly, La5.5WO12�d (LWO in the

following) is a promising proton conducting material exhibiting a

unique combination of properties: (1) high protonic conductivity

and very low grain boundary resistance for ionic transport;22–24

(2) stability in harsh environments, typically in reducing CO2 and

H2S environments above 650 �C;25,26 and (3) electron/electron

hole conduction playing a non-negligible role above 750 �C in

oxidizing and reducing atmospheres, respectively.22,33 Therefore,

this material is an appealing candidate for the PC-SOFC

component although limiting its application up to 850 �C, due to
expected current leakages through the electrolyte thickness at

higher temperatures.

The present work aims to develop active cathodes for PC-

SOFCs based on LWO electrolytes. The applicability of LWO as

a protonic electrolyte is studied by recording the OCV in a Pt/

LWO/Pt cell as a function of the temperature. The studied

cathodes comprise mixtures of two phases, i.e. LSM as the main

electronic conducting phase and electrocatalyst, and LWO as a

proton conducting phase. The electrochemical performance was

optimized by studying the effect of the LSM–LWO ratio and

sintering temperature, while an electrochemical test was carried

out using LWO-based symmetric cells by means of impedance

spectroscopy.
2. Experimental

La5.5WO12�d used for the cathodes was prepared following a

citrate-complexation route. This specific stoichiometry was

selected to achieve phase-pure materials, since nominal La6WO12

has been shown to segregate La2O3.
27 La2O3 (Aldrich, 99.9%,

pre-dried at 1100 �C) was dissolved in concentrated hot nitric

acid (65% vol.) and then citric acid was added as a complexing

agent.21 Another solution was prepared using ammonium tung-

state (Fluka, >99%) also with citric acid (Fluka, 99.5%). Both

solutions were heated at 120 �C for 1 h. Then ammonia was

added to neutralize the solutions after which they were mixed at

room temperature. This solution was gradually concentrated by

stepwise heating under stirring, which led to gel foaming. The

product was calcined in air at 800 �C to oxidize carbonaceous

matter and promote crystallization of the oxide. The desired

particle size for the cer–cer fabrication was obtained after

calcining the powder at 1300 �C for 10 h.

La0.8Sr0.2MnO3 (LSM) powder was purchased from Fuel Cell

Materials. It was calcined at 1000 �C for 5 h and ball-milled for

10 h in acetone in order to obtain grain sizes similar to those of

LWO powder. The studied cer–cer compositions were prepared

by mixing the corresponding amounts of the different powders,

milling them together on an agate mortar and finally inks for

screen printing were prepared by using terpineol and ethyl-

cellulose in a roller mixer.

The crystalline phase was characterized by X-ray diffraction

(XRD) using a PANalytical X’Pert PRO diffractometer, and

employing CuKa1,2 radiation and an X’Celerator detector in
16052 | J. Mater. Chem., 2012, 22, 16051–16059
Bragg–Brentano geometry. XRD patterns were recorded in the

2q range from 0� to 90� and analyzed using X’Pert Highscore

Plus software.

LWO Cerpotech commercial powder was used to prepare the

electrolytes. LWO dense electrolytes (�1 mm thick) were

obtained by uniaxally pressing the ball-milled LWO powder

at �120 MPa and final firing at 1450 �C for 5 h. Porous �30 mm

electrodes were obtained by screen-printing the inks on both

sides of the LWO electrolytes. The firing temperature of the

screen-printed cathode cells was 1050 �C and/or 1150 �C for 2 h.

The final size of symmetrical cells was 15.5 mm in diameter

whereas cathodes were �9 mm in diameter.

Symmetrical cells were tested by electrochemical impedance

spectroscopy (EIS) in a two-point configuration with platinum

current collector meshes. The input signal was 0 V DC–20 mV

AC in the 0.03–1� 106 Hz frequency range (Solartron 1470E and

a 1455A FRAmodule equipment). EIS measurements near OCV

were performed in the 650–900 �C range, under wet atmospheres

(2.5% vol. H2O) at different pO2 (mainly 100, 50 and 5% air)

while total flow remained constant (100 mL$min�1). The

contribution of the LWO electrolyte has been corrected from

impedance spectra. Pt/LWO/Pt (Pt porous layer was applied by

screen printing) cell testing was done from 700 to 900 �C using

humidified air (150 mL min�1) at the cathode side and hydrogen

(150 mL min�1) as fuel at the anode side. Sealing was achieved

using gold gaskets.

Graphite sputtered symmetrical cell cross-sections were

analyzed by scanning electron microscopy (SEM) using a JEOL

JSM6300 electron microscope. The microstructure of the sin-

tered samples was characterized by means of a transmission

electron microscope (TEM) FEI Tecnai F20 (with an accelera-

tion voltage of 200 kV), equipped with an EDAX energy

dispersive X-ray spectrometer. TEM lamellas were prepared by

means of a FIB (Focused-Ion Beam, FEI Helios Nanolab 400s)

and subsequently thinned by standard argon-ion milling

techniques.
3. Results and discussion

3.1. Assessment of the electrolyte use

As a first step and with the aim to evaluate the use of the LWO

protonic conductor as an electrolyte for PC-SOFCs, a Pt/LWO/

Pt cell was measured as a complete cell by using hydrogen and

humidified air in anode and cathode sides, respectively. The

electrolyte thickness was 1 mm and the Pt electrodes were 15 mm

thick and 9 mm in diameter. The measured open circuit voltage

(OCV) is close to the theoretical Nernst voltage as can be

observed in Fig. 1a, where the OCV is represented as a function

of the temperature. From these OCV values it can be inferred

that the LWO electrolyte subjected to this chemical gradient (wet

airkwet H2) behaves as a prevailing ionic conductor and the

presence of leakage currents through the electrolyte ascribed to

electronic conductivity is negligible. This result suggests that

there must exist a certain inner electrolyte region, with minor

electronic conductivity, sandwiched between two p/n-type con-

ducting regions exposed to air and wet hydrogen, respectively.

The thickness of this electrolytic region would depend on the

oxygen activity (aO2
) profile across the LWO pellet, since the
This journal is ª The Royal Society of Chemistry 2012



Fig. 1 OCV as a function of the temperature of a measured Pt/LWO/Pt

cell (a) and cell voltage as a function of the current intensity as measured

at 800 �C (b).
relationship between partial electronic conductivity and aO2
(or

pO2) is well-established22,23 and thickness independent. As a

consequence, the appropriateness of LWO for its use as a

protonic electrolyte can be confirmed. In Fig. 1b, the cell voltage

has been plotted as a function of the current intensity at 800 �C.
Despite the fact that a thick electrolyte was used and therefore

the cell specific resistance is mostly determined by the electrolyte,

it is remarkable that the area specific resistance (ASR) at OCV is

still lower than that observed at higher current densities (lower

cell voltages). This has been observed for high-temperature

proton conductor-based cells employing both thick electrolytes17

and thin supported electrolytes28,29 and this behavior is in

contrast with the inverse behavior widely reported for conven-

tional (oxide-ion based) SOFC electrolytes.30,31 This fact is not

clearly understood although this may be related to two possible

effects: (1) the activation of surface species through an imposed

current/DC bias, which typically affects conventional SOFC

cathodes while the nature of the partial electrode reactions is

different for both types of SOFCs, and (2) the drop in the local

concentration of hydrogen in the anode through the dilution with

the formed water in conventional SOFC cells which causes a

slight decrease in the cell voltage (Nernst potential) whereas this

effect does not take place in the PC-SOFC anode.
Fig. 2 XRD pattern of LWO, LSM and a LWO–LSM mixture

(50 vol.%) after being treated at 1150 �C for 5 h.
3.2. Microstructural analysis of cer–cer cathodes

Once the suitable electrochemical behavior of the LWO as an

electrolyte is confirmed, this work focuses on the study of LSM–

LWO composite electrodes prepared by physically mixing

different amounts of each phase. Firstly, the chemical
This journal is ª The Royal Society of Chemistry 2012
compatibility of both materials has been checked by means of

XRD upon heat treatment. Fig. 2 shows XRD measurements at

room temperature of LSM–LWO50 vol.% calcined at 1150 �C for

5 h. XRD patterns of single LWO (sintered at 1300 �C) and LSM

(sintered at 900 �C) are also displayed for comparison. The

compatibility is proved as all the peaks of the composite cathode,

before and after heat treatment, can be completely assigned to

both LWO and LSM phases, i.e., no new diffraction peaks

appeared upon treatment. Furthermore, no changes in cell

parameters are observed.

As the microstructure of the cathodes constitutes a key factor

for the correct fuel cell performance, the sintering temperature

has been varied in order to analyze resulting differences. Fig. 3

presents the SEM micrographs corresponding to both LSM and

LWO powders (left-hand) and LSM–LWO cer–cer cathodes 60/

40 vol.% and 50/50 vol.% sintered at 1050 and 1150 �C (center

and right-hand). Both LSM and LWO powders present similar

microstructures suitable for mixing them. From the cer–cer

images, the high density of the electrolyte (beneath the porous

cathode) can be confirmed, presenting scarcely close porosity,

while the electrode porosity is enough for gas exchange. No

significant differences in the cathodes microstructure were

observed between both sintering temperatures.

TEM images of the cross-section of a LSM cathode sintered at

1150 �C on LWO are shown in Fig. 4 in combination with three

EDX spectra acquired in different sample regions. On the left-

hand side a part of the FIB-lamella, showing the interface

between LWO and LSM, is visible. In this image, the slightly

bent interface is vertical. LWO is on the left-hand side and LSM

on the right-hand side. A selected region is shown with higher

magnification on the right-hand side of Fig. 4. Dashed lines

indicate particles at the LWO–LSM interface which exhibit a

variation in the stoichiometry. EDX spectra have been taken at

three different positions and are indicated by numbers. Spectrum

1 has been taken on the LWO side, spectrum 3 on the LSM side,

and spectrum 2 on one of the particles in between. EDX spec-

trum 2, however, shows that these particles mainly consist of

LWO, as only a small amount of Mn (2–3 at.%) but no Sr is

found. Some Mn cations might have diffused into the first grain

layers of LWO. Nevertheless, this small amount of Mn may stem

frommeasuring inaccuracy or scattered radiation from the LSM.

Copper signals indicated within the EDX spectra are due to the

sample holder and the casing of the microscope. In summary,

TEM analysis suggests good compatibility and adhesion between
J. Mater. Chem., 2012, 22, 16051–16059 | 16053



Fig. 3 SEM images of LSM and LWOpowders (left-hand side) and LSM–LWO cer–cer cathodes 60/40 vol.% (center) and 50/50 vol.% (right-hand side)

sintered at 1050 �C (up) and 1150 �C (down).

‡ Note that in the impedance figures presented in this paper the
left-handed graph (Nyquist) frequency evolution is increasing from left
to right opposite to the right-handed graphs (Bode).
the LWO electrolyte and LSM porous electrode upon sintering at

1150 �C in air.

3.3. Electrochemical analysis of cer–cer cathodes

Electrochemical properties of the different ratios of LSM and

LWO have been studied and compared with the reference LSM

electrode. Fig. 5a shows the polarization resistances (Rp) recor-

ded in wet (2.5% H2O) air for different cathodes as a function of

temperature in an Arrhenius arrangement. In all cases the acti-

vation energy (Ea) is close to that of other LSM reported elec-

trodes.32 Furthermore, Fig. 5b displays Rp at 750 �C (triangles)

and 900 �C (squares) as a function of the amount of LWO added

to the LSM electronic phase. From this graph it can be ascer-

tained that the addition of up to 50 vol.% of LWO protonic phase

allows decrease of Rp. The best performance is achieved for the

cathode with 40 vol.% of LWO protonic phase, which behaves 5

times better than the LSM electrode. The introduction of proton-

transport pathways in the cathode seems to enlarge the active

electrocatalytic area in a certain electrode thickness, as previ-

ously reported for other protonic cathode composites.16,33

On the other hand, when the addition of the protonic phase is

higher than 50 vol.% (LSM–LWO 40/60 vol.%) Rp is even

worsened with regard to the LSM electrode. This drop in the

cathode electrochemical performance has been attributed for

other cer–cer protonic cathodes to: (i) a restriction in the active

electrode thickness due to the limited protonic conductivity of

LWO particles; (ii) the lower TPB length of this composition

compared to that of the optimum LSM–LWO ratio; and (iii) a

possible limitation of the electronic conductivity, due to the lack

of sufficient connectivity among LSM particles.18 Subsequent

limitations ascribed mainly to the drop in TPB length, intra-

particle conductivity and the complexity of the cathode reaction

in protonic regime could be reflected in an electrochemical

performance decay, as it has been assumed that percolation
16054 | J. Mater. Chem., 2012, 22, 16051–16059
threshold may not be achieved at 40 vol.% of LSM (percolation

threshold for LSM lies typically around 30 vol.% for conven-

tional composite SOFC electrodes).34,35

In Fig. 5a two different sintering temperatures, 1050 and

1150 �C, for the 50 vol.% composite cathode can also be

compared. The highest sintering temperature shows better

cathode performance as it corresponds to the material with better

connectivity among the particles while the surface area remains

approximately the same (as observed by SEM). Consequently,

the best performance is observed in the LSM–LWO 60/40 vol.%

sintered at 1150 �C and therefore the rest of the cathode

compositions were sintered at 1150 �C.
Impedance spectra (Nyquist and Bode plots‡) recorded at

750 �C and 900 �C in wet air and at 900 �C in 5% air diluted with

N2 for the three composite cathodes sintered at 1150 �C and the

LSM–LWO 50 vol.% and the LSM cathodes sintered at 1050 �C
are represented in Fig. 6. From these graphs at least two different

contributions (two separated arcs) can be distinguished. One

corresponds to the low frequency (LF) range, below 0.1–2 Hz,

and the other one, which appears principally in the composite

cathodes in the medium-to-high frequency (referred here as HF)

range, around 1–10 kHz.

At 900 and 750 �C, all electrodes seem to be principally limited

by LF surface-associated processes as inferred from the higher

magnitude of this arc, although HF arc contribution reaches

similar values with the highest amount of LWO protonic phase

introduced. At 750 �C the frequency range of each contribution

shifts down to lower values as it corresponds to the decrease of

temperature.

It has to be emphasized that the LSM electrode is limited by

LF processes and nearly no HF contribution is observed at some
This journal is ª The Royal Society of Chemistry 2012



Fig. 4 TEM images and EDX spectra of a FIB-lamella showing the cross-section of a LSM cathode on the LWO electrolyte calcined at 1150 �C.
temperatures. This fact is associated to the lower TPB available

for surface reactions. When the protonic phase is introduced, the

LF arc decreases as a consequence of the higher available TPB

extended into a certain thickness of the cathode and thanks to the
Fig. 5 Rp as a function of temperature of LSM and different cer–cer cathod

amount of LWO added to the LSM electronic phase (b).

This journal is ª The Royal Society of Chemistry 2012
newly introduced protonic pathways. However, as mentioned,

the introduction of this protonic phase gives rise to the occur-

rence of the HF arc which increases with the amount of LWO

introduced. The nature of HF processes will be discussed below.
es of LSM–LWO (a) and Rp at 750 �C and 900 �C as a function of the

J. Mater. Chem., 2012, 22, 16051–16059 | 16055



Fig. 6 Electrochemical impedance spectra (Nyquist and Bode plots‡) recorded in wet air at 900 �C (a) and 750 �C (b) and in 5% air at 900 �C (c) for

LSM sintered at 1050 �C and the three composite electrodes (50/50 vol.% sintered at 1050 and 1150 �C, and the other at 1150 �C).

Fig. 7 Equivalent circuit models employed in the impedance data

analysis.
When pO2 is reduced (see results in 5% air, Fig. 6 bottom), the

cathode performance worsens while the LF resistance increases

remarkably with regard to HF resistance. This confirms that the

limiting LF processes are related to surface processes, i.e.,

adsorption and dissociation of oxygen molecules on the surface

of the electrode.

The best performing electrode based on LSM–LWO 60/40

vol.% exhibits the lowest LF processes contribution. In fact, LF

resistance values of this cathode composition are similar to those

for HF associated processes. Thus, the limiting steps seem to be

related to surface processes and ionic transport. This composite

cathode, together with the pure LSM cathode, will be analyzed in

detail by means of circuit modeling of impedance spectra in the

next section.

3.4. Circuit modeling results: cathode performance analysis

The recorded impedance spectra can be analyzed in terms of two

(or even three in some cases) depressed arcs more or less over-

lapped following equivalent circuit models presented in Fig. 7, as

previously anticipated. Fig. S2† shows two different examples of

fittings to both equivalent circuits. In this section, the different

parameters extracted from equivalent circuit modeling of the

composite LSM–LWO 60/40 vol.% cathode (fitted to two arcs,

Fig. 7a) and single LSM cathode (fitted to three different arcs,

Fig. 7b) are analyzed as a function of temperature (Fig. 8) and

pO2 (Fig. 9). The aim of this analysis is to identify and gain

insight into the possible conduction mechanisms and electro-

chemical processes occurring at the cathode affecting the polar-

ization resistance and to clarify the role of each phase in the

cathode performance.
16056 | J. Mater. Chem., 2012, 22, 16051–16059
Fig. 8 presents the obtained circuit parameters, i.e., (a) the

modeled resistances (R); (b) the pseudo-capacitances (C) calcu-

lated from the constant-phase-elements (CPEs);36 and (c) relax-

ation times (s) corresponding to LSM (top) and LSM–LWO 60/

40 vol.% (bottom) cathodes. The most evident difference between

both cathodes is that while three depressed arcs are needed for

the correct fitting of the LSM cathode only two arcs are needed

for the composite cathode. The extra arc of the LSM cathode

appears at relatively lower frequencies (s ¼ 1 s/ f ¼ 1 Hz), and

it has been labeled as LLF. The other two arcs have been marked

as LF and HF (1–10 Hz and 10 kHz, respectively).

Although there are significant dissimilarities between LSM

and the composite cathode, the highest R values are found for

LF processes in both electrodes with associated capacitances

ranging from 0.01 to 0.1 F cm�2. Similar resistances and

capacitances have been observed in other composite cathodes

for conventional SOFCs and they have been assigned to

adsorption and dissociation of oxygen molecules on the surface

of the electrode.37
This journal is ª The Royal Society of Chemistry 2012



Fig. 8 High and low frequencyR (a),C (b) and s (c) obtained from the equivalent circuits of the LSM–LWO 60/40 vol.% and LSM cathodes sintered at

1150 �C measured in wet air as a function of inverse temperature.

Fig. 9 LSM–LWO 60/40 vol.% cathode resistance of the HF and LF

associated processes as a function of pO2 measured at 750 �C in wet

atmospheres.
In the case of LSM cathode, LLF resistance values are very

close to those of LF processes and they present very high asso-

ciated capacitances and activation energies (2.37 eV). These LLF

processes, also limiting the performance of this LSM cathode,

may be associated to the lack of protonic conductivity that highly

limits the TPB area in this cathode. Namely, TPB is confined to

the pores close to the cathode–electrolyte interface. The contri-

bution of the HF processes in this case is minor compared to the

limiting LF and LLF processes.

The LSM–LWO 60/40 vol.% composite cathode presents no

LLF arc and this is ascribed to the introduction of the protonic

network that may enable the extension of the TPB area into a

certain thickness of the cathode. However, in this electrode, as

the LF contribution is drastically reduced, the HF associated

processes contribution is significant, or at least comparable to the

LF contribution. These HF related processes can be assigned to

the total transport through the cathode and also to the electro-

lyte–electrode interface resistance (against proton transport) that

increases with the amount of protonic phase introduced, i.e., the

enlargement of the surface contact between both materials

(LWO–LSM).
This journal is ª The Royal Society of Chemistry 2012
It has been broadly reported that in PC-SOFCs there exist

mainly three different elementary cathode reaction steps: (1)

surface dissociative adsorption and diffusion of oxygen along

with charge transfer; (2) proton migration from electrolyte to

TPBs; and (3) formation and desorption of H2O.38,39 Note that

steps (2) and (3) differ from elementary reactions of common

SOFCs based on oxide-ion conductor electrolytes. Thus the

analysis of the resistance dependence on pO2 and pH2O consti-

tutes a useful guide to explore the rate limiting steps for protonic

cathode reactions as the polarization resistance (Ri) of any

elementary step can be expressed as eqn (3).

RifpO2
�mi$pH2O

�ni (3)

If we just take into account the pO2 dependence and keep

pH2O constant we can consider eqn (4) instead

RifpO2
�mi (4)

andm gives information about the type of the species involved in

the electrode reaction. Fig. 9 shows HF and LF resistance of the

LSM–LWO 60/40 vol.% cathode as a function of pO2 measured

at 750 �C in wet (2.5% H2O) atmospheres. The �0.29 power

dependence of the RLF (close to �3/8) together with the associ-

ated capacitances (of around 10�1 F cm�2) and frequency range

(0.2–20 Hz) have been previously reported in other composite

cathodes and principally assigned to different elementary reac-

tions in the surface dissociative adsorption and diffusion of

oxygen step38,39 Oad + e� / O�
ad, m ¼ 3/8.

The �0.21 power dependence of the RHF (close to �1/4) and

the associated capacitances (10�3 to 10�4 F cm�2, as can be

observed in Fig. 8) can be assigned to the charge transport

processes of O�
ad species along the surface of the LSM phase (see

diagram of Fig. 10), O�
ad / O�

TPB, m ¼ 1/4, and ionic transport

from TPB interface towards the electrolyte.39 Furthermore, this

pO2 power variation of �1/4 can be also related to the variation

of the p-type electronic carriers with the pO2 and its influence on

the surface processes (as the associated frequencies are high but

not so high to be related to changes in the bulk p-type electronic

conductivity of the cathode).40 Thus, this p-type electronic

conductivity variation has to be associated to the surface of
J. Mater. Chem., 2012, 22, 16051–16059 | 16057



Fig. 10 Diagram of the LSM–LWO cer–cer cathode with the TPB in the point of contact of the LSM and LWOphase (a) and higher TPB area when the

LWO phase presents surface electronic conductivity (b).
LWO grains22,23 (LSM is not limiting the electronic conductivity)

and could induce an increase of the available TPB area, as TPB

points located in the contact points between the LSM and the

LWO phases could be extended to a certain surface area on the

LWO grains (see diagram of Fig. 10b).

The absence of pH2O dependency of both LF and HF

processes, observed by the same Rp obtained when measuring in

both normal and heavy water (Fig. S1†), confirms the proposed

reaction mechanisms. Furthermore, from the observed reaction

processes it can be concluded that oxygen diffusion and transport

represent the limiting mechanisms in these cathodes, being

independent of the proton related processes, although protons

are major charge carriers in the LWO electrolyte under these

operating conditions.22,23
4. Conclusions

The La5.5WO12�d material presents the necessary properties to

consider it as a promising candidate for PC-SOFCs, i.e., (1) as an

electrolyte, high conductivity and predominant proton transport

under H2kair gradient, and (2) as a cathode component, good

compatibility with LSM and certain p-type conductivity, along

with high chemical stability. In this study, and after directly

proving the feasibility of the use of LWO as a protonic electro-

lyte, different cer–cer composites based on LSM and LWO have

been studied and analyzed as cathodes for LWO PC-SOFCs.

After a thorough electrochemical characterization the improve-

ment of the cathode performance with the addition of the LWO

protonic phase to the simple LSM electrode has been proved.

When the amount of LWO was 40 vol.%, the polarization

resistance was halved with respect to LSM for the whole

temperature range. Moreover, the resistances derived from the

limiting LF and LLF processes associated with surface and TPB

area were reduced, and even removed in the case of LLF, through

the addition of the LWO protonic phase to the LSM cathode.

This fact is ascribed to the increase in the TPB area into a certain

cathode thickness with the introduction of the LWO protonic

pathways. HF processes were ascribed to oxygen related charge

transfer reactions. Thus, all the observed reactions, related to
16058 | J. Mater. Chem., 2012, 22, 16051–16059
oxygen diffusion and transport, represent the limiting mecha-

nisms in these cathodes, not limited by proton related processes.
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