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a b s t r a c t

The effect of electrode microstructure on the electrochemical behavior of symmetrical

Nd2NiO4þd/Ce0.9Gd0.1O1.95/Nd2NiO4þd cells was studied by Electrochemical Impedance

Spectroscopy as a function of temperature (500 < T < 750 �C) and oxygen partial pressure

(10�4 < pO2 < 1 atm). Nd2NiO4þd powders were synthesized by Solid State Reaction, HMTA

and Citrates. The samples observed by Scanning Electron Microscopy presented very

different microstructures. Three characteristic processes were distinguished at high,

medium and low frequency. High frequency contribution was attributed to oxygen ion

transfer electrode/electrolyte. Medium frequency contribution was related to oxygen

interstitial bulk diffusion and oxygen incorporation in those cases in which the surface of

small particles is affected by chemical reactivity with the electrolyte. The low frequency

contribution was attributed to dissociative adsorption for electrodes with small particle

sizes and high porosity, and a co-limited process of adsorption and gas diffusion for an

electrode with dense microstructure and low porosity.

Copyright ª 2012, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights

reserved.
1. Introduction current densities 3 or 4 times higher than similar cells tested
In the last years, the requirements of efficient systems for

energy conversion and the choice of H2 as energy vector, have

focussed the research on newmaterials for these applications.

Solid Oxide Cells (SOCs) used in fuel cell mode (SOFC) for

electrochemical energy conversion or as electrolyzers (SOECs)

for producing clean H2 are good examples of interesting

applications in this field [1e3].

Nd2NiO4þd (NNO) has been recently reported as potential

oxygen electrode for both SOC applications, SOFC and SOEC,

due to its reversibility in the reduction reaction of O2 [4e7].

These authors found that cells using NNO electrodes display
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with conventional La0.8Sr0.2MnO3 (LSM) oxygen electrodes. A

possible explanation of this feature could be the presence of

interstitial oxygen which promotes both ionic and electronic

conductivities [4e7]. On the contrary, LSM perovskite mate-

rials are practically pure electronic conductors since they do

not have enough lattice oxygen defects to promote ionic

conductivity under oxidizing atmospheres.

NNO is a mixed conductor with the K2NiF4 type structure

belonging to the first order RuddlesdenePopper family

Ln2NiO4þd, where Ln is a lanthanide cation such as La, Pr or

Nd. The crystal structure of Ln2NiO4þd consists of alternating

LnO rock salt and LnNiO3 perovskite layers [8,9]. Interstitial
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oxygen can be accommodated into the rock salt layers,

promoting ionic [10e12] and p-type electronic conductivities

[13].

NNO oxide fulfills some requirements for SOCs oxygen

electrodes as for example: high values of oxygen exchange

and oxygen diffusion coefficients [10e12], high electronic

conductivity [13], and thermal expansion coefficients (TEC)

similar to ZrxY1�xO(xþ3)/2 (YSZ) and CexGd1�xO(xþ3)/2 (CGO)

electrolytes [13]. However, one disadvantage of thismaterial is

the reactivity with electrolytes at high temperatures [14,15].

Both reactivity and electrode performance strongly depend on

the microstructure [14,16,17]. Nevertheless, to the best of our

knowledge, no studies have been performed on the relation

between the oxygen reduction reactions (ORR) mechanisms

and microstructure for NNO electrodes deposited on CGO

electrolytes. This information is essential for a better design of

electrode materials.

In this work, NNO electrode material has been obtained by

three different synthesis methods, each of them yielding

a characteristic microstructure. Electrochemical Impedance

Spectroscopy (EIS) was carried out as a function of both

temperature (T ) and oxygen partial pressure ( pO2) in order to

study the oxygen electrode reaction of porous NNO deposited

on dense CGO electrolytes. With the obtained information,

a reaction mechanism related to microstructural and reac-

tivity effects was proposed.
2. Experimental

NNO powders were synthesized by three different methods.

The first one named “HMTA method” [18] uses Nd2O3 and

Ni(CH3COO)2$H2O, with analytic grade as precursors. Stoi-

chiometric amounts of precursors were dissolved in acetic

acid with hexamethylenetetramine (HMTA) and acetylace-

tone, in a (ligand:metal) 3:1 molar ratio. The solution was

refluxed and heated until a brown gel was obtained. This gel

was fired at 400 �C and finally annealed at 950 �C. The obtained

sample is referred to as NNO-HMTA.

The second method named “citrates method” uses Nd2O3

and metallic Ni as raw materials. In this case, the precursors

were dissolved in diluted nitric acid and dried at 80 �C. Citric
acid and ethylene glycol dissolved in distilled water were

added to the dry nitrates and the mixture was stirred until

a transparent solution was obtained. The liquid was slowly

evaporated until a polymer was formed. The polymer was

fired at 400 �C to eliminate organic products and the remain-

ing powders were heat treated at 950 �C. This sample is

referred to as NNO-CIT.

The third preparation method was standard solid state

reaction named “SSR method”. Nd2O3 and NiO were mixed in

stoichiometric ratio, ball milled and finally heated at 1200 �C.
This sample is referred to as NNO-SSR.

The samples were characterized by X-ray diffraction (XRD)

for phase identification and phase purity assessment. XRD

analysis was performed with a Philips PW1700 diffractometer

with CuKa radiations and a graphite monochromator. The

morphology and particle size of the so synthesized nickelates

were examined by Scanning Electron Microscopy (SEM) using

a SEM-FEG Nova Nano SEM 230 microscope.
Chemical compatibility between NNO and CGO electrolyte

(Praxair) was checked by XRD on mixtures of NNO-HMTA

electrode material and electrolyte powders in a 1:1 weight

ratio. The mixture was annealed at 900, 1000 and 1100 �C, for
1 h. NNO-HMTA was selected for reactivity test because this

sample is the most reactive due to its microstructure [14].

Reactivity between NNO-HMTA and Pt was studied

through two types of tests. In one of the tests, NNO powder

was spread on a Pt sheet and fired at 900 �C for 72 h. The Pt

sheet was afterward observed by SEM in order to detect

chemical etching. In the second test, a mixture of NNO-HMTA

and Pt powders in a 1:1 weight radio was heated at 700 �C for

72 h. XRD patterns of this mixture were recorded before and

after the heat treatment. Similar compatibility tests were

performed between an Au sheet and NNO.

The electrochemical characterization of porous NNO elec-

trodes was carried out on dense CGO electrolytes. Symmet-

rical Au/NNO/CGO/NNO/Au cells were used to study the

oxygen electrode mechanism reaction at 0 bias voltage. EIS

measurements were performed using a frequency response

analyzer (FRA) coupled to an AUTOLAB potentiostat, in the

temperature range from 500 up to 750 �C using AreO2

mixtures. The resulting spectra were fitted with electrical

equivalent circuit using Zview program [19].

Dense CGO electrolyteswere prepared by pressing powders

and firing them at 1350 �C during 4 h. The relative density of

the sintered pellets was higher than 95%. NNO inks were

prepared by mixing NNO powders (NNO-HMTA, NNO-CIT and

NNO-SSR) with polyvinyl butyral (2% w/w), polyetileneglycol

(1% w/w), ethanol (30% w/w) and a-terpineol (27% w/w). CGO

substrates were covered with the NNO ink onto both flat sides

by spin coating.

The optimal temperature for promoting electrode adhesion

onto CGO was selected from a test performed at 900, 1000 and

1100 �C during 1 h. This test was carried out only for NNO-

HMTA sample. The resulting cells were characterized by EIS

in synthetic air between 500 and 750 �C and observed by SEM

after these measurements. NNO-CIT, NNO-SSR and NNO-

HMTA materials were adhered onto CGO electrolytes at

1000 �C for 1 h resulting into electrodes with three different

morphologies. The microstructure of top surfaces of the

electrodes and NNO/CGO cross sections were examined by

SEM. The effect of microstructure on the electrode reaction

mechanism was analyzed by EIS under controlled pO2 atmo-

sphere. EIS spectra were collected on symmetrical cells

varying pO2 within the range of 10�4e1 atm. Controlled pO2

atmospheres were provided by an electrochemical system

composed of an oxygen pump and an oxygen sensor using Ar

as gas carrier [20].
3. Results and discussion

3.1. Microstructural characterization of NNO powders

Fig. 1 shows SEM images of NNO-HMTA, NNO-CIT and NNO-

SSR powders displaying different morphologies. NNO-HMTA

shows agglomerates constituted by small submicronic grains

with high porosity and poor connectivity (see Fig. 1(a) and (b)).
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Fig. 1 e SEM images of NNO-HMTA (a) and (b); NNO-CIT (c) and (d); and NNO-SSR (e) and (f) powders.
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TheNNO-CIT powders present irregular agglomerates with

dense surfaces (see Fig. 1(c) and (d)).

As observed in Fig. 1(e) and (f), solid state reaction method

produces powder with larger grain size compared to those of

HMTA and citrates methods. Hard agglomerates are also

visible.
3.2. Chemical compatibility

The XRD patterns of the NNO-HMTA and CGO mixture after

different treatments are shown in Fig. 2. For the mixtures

annealed at 900 and 1000 �C during 1 h, only the diffraction

peaks of the startingmaterials (NNO and CGO) are present. For

the mixture treated at 1100 �C for 1 h, additional peaks

assigned to the fluorite Ce1�xNdxO(2�x)/2 phase are observed

[21,22].

Pt is usually used as current collector but chemical reac-

tivity between this metal and La2NiO4 has been previously

reported [23,24]. In the present work, two chemical compati-

bility tests of NNO-HMTA with Pt were performed. In Fig. 3,

a SEM micrograph of a Pt sheet annealed at 900 �C with NNO-

HMTA powder on it, is shown. The zone on which NNO
powder was spread (etched zone) is clearly differentiable from

that of clean Pt (clean zone). In order to confirm this reactivity

an NNO and Pt powder mixture was heated at 700 �C for 22 h.

The XRD patterns collected before and after this treatment are

shown in Fig. 4. Some unidentified peaks are present in the

diffractogram as product of chemical reaction between Pt and

NNO.

A similar reactivity test between NNO-HMTA and Au sheet

was carried out and no reaction was detected (results not

shown here). Based on these results, Au mesh was chosen as

current collector for EIS experiments.
3.3. Electrode microstructure and electrochemical
response as a function of T

The optimal temperature for promoting the adhesion of NNO

onto CGO was determined by EIS on three NNO-HMTA/CGO/

NNO-HMTA cells prepared at 900, 1000 and 1100 �C. As

shown in Fig. 5(a), at 900 �C the electrode consists of poor

connected particles with a large exposed surface. As the sin-

tering temperature increases, the connectivity among parti-

cles increases, leading to a denser microstructure (Fig. 5(c)). In
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Fig. 2 e XRD patterns of NNO-HMTA and CGO powder

mixtures after different heat treatments (a) and zoom in

the 28e34� 2q range showing the products of reaction (b).

(C) Nd2NiO4, (A) CGO, (y) Nd0.5Ce0.5O1.9.
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the same way, the adhesion of electrode layers onto the

electrolyte increases with temperature. Fig. 6 shows that the

lowest polarization resistance was obtained upon sintering at

1000 �C. This feature would be related to the well connected

particles and relatively good electrode/electrolyte adhesion.

At 900 �C, the electrode particles areweakly connected and the

adhesion with electrolyte is decreased. Both facts evidently
Fig. 3 e SEM images of the surface a Pt sheet after spreadin
affect the electrode performance. In the case of the cell sin-

tered at 1100 �C, the microstructure is extremely dense. The

XRD pattern of the NNO/CGO surface at 1100 �C did not show

extra peaks. Despite this observation, it is worth to noting that

interfacial reaction might not be discarded since reactivity

was observed at 1100 �C for the powder mixture test (see

Section 3.2). This would be one of the reasons for the high

polarization resistance values of the cell prepared at 1100 �C.
In Fig. 6(b) EIS spectra taken at 500 �C for the three adhesion

temperatures are shown. The minimum electrode polariza-

tion resistance was obtained for the cell prepared at 1000 �C.
In view of the better performance of the NNO-HMTA/CGO/

NNO-HMTA cell prepared at 1000 �C, NNO-CIT and NNO-SSR

cells were also made at this temperature. Fig. 7 shows SEM

images of cross sections of the three NNO/CGO cells after EIS

measurements. It can be observed that the adhesion heat

treatment at 1000 �C for 1 h has not appreciably modified the

microstructure of the starting powders. No cracks are present

in the three electrodes. This is an expected result, since the

thermal expansion coefficients of NNO and CGO are similar

[13].

The Arrhenius plot of area specific resistances (ASR) and

impedance diagrams, obtained at 550 �C in air for the three

cells, are shown in Fig. 8(a) and (b), respectively. NNO-SRR cell

exhibits the poorest electrochemical performance. An anal-

ysis on the rate-limiting steps of the electrode reaction could

shed light to understand the role played by themicrostructure

on the performance of these materials as oxygen electrodes.

3.4. Mechanism of electrode reaction and effect of the
microstructure

The oxygen reduction reaction (ORR) of a mixed conductor

electrode takes place through several steps: gas phase diffu-

sion, surface adsorption, dissociation of molecular adsorbed

oxygen, oxygen incorporation, diffusion inside the electrode

and ion transfer across the electrode/electrolyte interface [25].

EIS is a powerful technique for studying the electrode reaction
g NNO powders on it, and annealing at 900 �C for 72 h.
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Fig. 4 e XRD patterns of NNO-HMTA and Pt powders

mixtures after heat treatment at 700 �C (a) and zoom in the

30e34� 2q range (b). (C) Nd2NiO4, (✴) Pt, (;) unknown.
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because it allows to transform a time-scaled process with

characteristic relaxation time into a frequency-scaled one.

Two different approaches are currently used to analyze the

EIS data. One of them, the approximation proposed by Adler,

describes the electrode as a macro homogeneous system and

the EIS is the addition of contributions due to a Faradaic

process of charge transfer through interfaces and one contri-

bution associated to the convolution of all non-Faradaic

processes [26e30]. This approach has been used for

modeling the response of electrodes displaying simple

Nyquist diagrams. Thus, it is possible to obtain kinetic

parameters (equilibrium molar exchange rate and oxygen

vacancy diffusion coefficient) [29] from the fit of the EIS

diagram. In this modelization, the convolution of non-

Faradaic processes is a good approach for those cases in

which surface exchange and bulk diffusion dominate.

The other approximation considers a sequential process

such as charge transfer, oxygen bulk diffusion, oxygen surface

exchange, oxygen adsorption, oxygen gas diffusion etc. The

whole impedance is represented by a series of impedance

components, each of them describing individual processes

Z ¼ P
i
Zi. This is a helpful approach for those cases where the

processes are frequency resolved [31e36].

We have used this last approach to discuss the EIS data

since the control of the experimental conditions allowed us to

resolve in frequency the different electrode processes.

The frequency response allows to identify different

contributions to the electrode process. Thus, in an EIS spec-

trum each step is characterized by a relaxation frequency,

a capacitance and a resistance value. When the relaxation

frequencies of the steps are quite different, it is relatively easy

to identify each contribution. For each step, under null bias

voltage, there is a relation between the polarization resis-

tances and pO2 values, Rpf pO2
�n, where “n” is characteristic of

the nature of the process. Thus, n¼ 1 is related to both, oxygen

gas diffusion and no-dissociative adsorption of molecular O2,

while n ¼ 0.5 is associated to dissociative adsorption of O [37].

Besides, it is possible to obtain further information on the

nature of electrode process from the capacitance (C ) values.

Adler indicates that C increases as the dimensionality of the
process increases, changing from 10�6 F cm�2 for doubled

layer to 10 F cm�2 for bulk process [25].

EIS spectra of the three NNO/CGO/NNO cells, recorded at

700 �C in atmospheres with different pO2 values, are shown in

Fig. 9. For the NNO-HMTA and NNO-CIT electrodes, the

spectra contain two arcs, suggesting that at least two different

rate-limiting steps control the oxygen reduction. For NNO-

SSR, the EIS spectra present three arcs in the pO2 range

between 1 and 8 � 10�3 atm, and four arcs from 8� 10�3 down

to 5 � 10�4 atm. Fig. 10 shows the fit of the EIS spectra for the

three electrodes at 700 �C under pO2 ¼ 10�3 atm and the

equivalent circuits used for fitting. In all cases, a resistance Rel

in series with an inductance L was included to adjust the

effects associated to electrolyte and electrical leads. The

symbols in Fig. 10 represent the measured data and the lines

are the fitted curves (elementary and overall). Each contribu-

tion and its dependency on pO2 are discussed below.

For NNO-HMTA and NNO-CIT samples the high frequency

contributions observed below 600 �C, were fitted with RCpeHF

impedance component composed by a resistance R in parallel

with a Constant Phase Element (Cpe), with C¼ 10�6 F cm�2. For

NNO-SSR, two high frequency contributions were found at

relaxation frequencies of 104 and 102 Hz with C of 10�8 and

10�6 F cm�2, respectively. The capacitance values C were

calculated from eq. (1) where R is the resistance, Q is the

pseudo-capacitance, p is an exponent and A is the area of the

electrode. These values were obtained from the fitting within

Zview program. These arcs are present at up to 700 �C, and
their resistances barely vary with pO2. The weak pO2 depen-

dence of these contributions (not shown here) suggests that

neither atomic nor molecular oxygen are involved in these

rate-limiting steps [38]. Therefore, the high frequency contri-

bution with C¼ 10�6 F cm�2 for all samples could be attributed

to oxygen ion transfer from the electrode to the electrolyte

[39]. For the NNO-SSR case, the arc with C ¼ 10�8 F cm�2

should be related to the grain boundary resistance of CGO [40].

C ¼ ðR$QÞ1=p
R$A

(1)

For all three samples the polarization resistance of the

medium frequency (RMF) process is the highest, indicating that

this process is dominant. The frequency range of this contri-

bution is characteristic of a mechanism controlled by oxygen

transport. The Adler approach models phenomena involving

oxygen bulk diffusion co-limited with oxygen exchange

surface [29]. In the limit in which the oxygen bulk diffusion

has control over the oxygen exchange surface, the Adler

approach yields to a semi-infiniteWarburg-diffusion behavior

[29,30] described by the impedance:

ZW ¼
RWtan h

� ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
iul2d=D

p �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
iul2d=D

p (2)

with

RW ¼ ld
sion

: (3)

where ld is the characteristic diffusion length and sion is the

ionic conductivity. In NNO, the ionic conductivity is given by

an interstitial oxygen mechanism.

http://dx.doi.org/10.1016/j.ijhydene.2012.09.071
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Fig. 5 e SEM images of NNO-HMTA electrode sintered at different temperatures. Top view (a) 900 �C, (b) 1000 �C and (c)

1100 �C.

Fig. 6 e (a) Temperature dependence of total ASR and (b)

Nyquist plots recorded at 500 �C for NNO-HMTA/CGO/NNO-

HMTA cells sintered at 900 �C, 1000 �C and 1100 �C (ST:

sintering temperature).
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Fig. 11(a) shows the dependence of log(RMF) as a function of

log( pO2) for all samples at 700 �C, which is noticeably linear.

The linear regression gives an n value of 0.15 for NNO-SSR. The

n ¼ 0.15 is quite close to 1/6, which is the same dependence

found for oxygen interstitial defect formation in Ln2NiO4þd

[10]. Since the ionic conductivity is proportional to the inter-

stitial oxygen concentration, (from eq. (3)) Rw would be

proportional to pO2
�1/6.

The capacitance values for the Warburg element are

calculated from eq. (4), where W � T is the characteristic time

of the diffusion and Rw is the resistance of the Warburg. Both

parameters are obtained upon fitting the EIS spectra.

C ¼ ðW � TÞ1=2
RW

(4)

The obtained values of capacitance C, ranging between

1 � 10�1 and 3 � 10�1 F cm�2, and n ¼ 0.15, strongly indicate

that bulk diffusion of interstitial O is the rate-limiting step in

the medium frequency range for NNO-SSR sample.

An n ¼ 0.25 (see Fig. 11(a)) and C values ranging between

3 � 10�2e6 � 10�1 and 9 � 10�2e1 � 10�1 F cm�2 were deter-

mined for NNO-CIT and NNO-HMTA electrodes, respectively.

This dependence on pO2 is normally attributed to electron

transfer process, also called “oxygen surface exchange” [37].

Besides, C values within the range 10�3e10�2 F cm�2 are

representative of surface processes [25]. These results suggest

a major contribution of surface processes in the control of

oxygen transport for NNO-CIT and NNO-HMTA electrodes. A

similar behavior was found for another RuddlesdenePopper

phase, Sr3FeMO6þd (M ¼ Fe, Co, Ni), studied as cathode for

SOFC [36].

The different observed rate-limiting steps between NNO-

HMTA, NNO-CIT and NNO-SSR should be related to a grain

size effect. SEM micrographs indicate an average grain size

about 200 nm and 250 nm for NNO-HMTA and NNO-CIT

samples, respectively. The grain size values are one order of

magnitude higher for NNO-SSR, around 2 mm. These different

microstructures should be the cause of a competition between

oxygen surface exchange and interstitial oxygen diffusion.

http://dx.doi.org/10.1016/j.ijhydene.2012.09.071
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Fig. 7 e SEM micrographs of cross sections of electrode/electrolyte interfaces for (a) NNO-HMTA, (b) NNO-CIT and (c) NNO-

SSR electrodes on CGO substrates after EIS measurements.

Fig. 8 e (a) Temperature dependence of ASR and (b) Nyquist

plots recorded at 550 �C for NNO-HMTA/CGO/NNO-HMTA,

NNO-CIT/CGO/NNO-CIT and NNO-SSR/CGO/NNO-SSR cells

in air.
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The ratio between the oxygen diffusion coefficient “Dchem”

and the oxygen exchange coefficient “kchem” determined

either by conductivity relaxation measurements or the

equivalent from tracer experiment with SIMS, defines a char-

acteristic length Lc ¼ Dchem/kchem ¼ D*/k*. The comparison

between “Lc” and a characteristic length of the electrode “Lp”

allows for the discussion of whether the oxygen transport in

NNO is limited by surface exchange or by bulk diffusion. Thus,

when Lp < Lc the oxygen transport is controlled by surface

exchange and therefore the entire surface of the electrode is

active. For Lp > Lc, the oxygen incorporation is controlled by

bulk diffusion and mainly occurs close to the Triple Phase

Boundary (TPB) [30].

For NNO, quite different Lc values have been determined

either using conductivity relaxation measurements

Lc ¼ Dchem/Kchem ¼ 4 mm [41] or isotopic exchange Lc ¼ D*/

K* ¼ 170 mm [4]. A rough estimation of Lp could be made from

SEM images. For NNO-HMTA and NNO-SSR Lp could be

assigned to the particle radii, 100 nm and 1 mm, respectively.

For NNO-CIT the presence of dense agglomerates make the

determination of Lp more difficult. Thus, if Lp is assigned to

the radii of particles, Lp would be w100 nm, whereas consid-

ering agglomerates Lpwould bew3 mm. Nevertheless, these Lp

values are lower than those Lc discussed before, which would

suggest surface exchange control for oxygen transport in the

three electrodes. However, our polarization resistance data for

the medium frequency contribution indicate surface control

by oxygen incorporation (n ¼ 1/4) for NNO-HMTA/CGO and

NNO-CIT/CGO and pure diffusion control (n ¼ 1/6) for NNO-

SSR/CGO. This disagreement might be caused by the high

uncertainties on both, the determination of Lc and the eval-

uation of Lp. The comparison between Lc and Lp makes sense

for electrodes with well defined geometries (rods, dense

layers, spherical and monodisperse particles, etc.). However,

for our electrodes, other microstructure factors such as

particle size distribution, particle connectivity, contact angle,

irregular shape of precipitates, etc. could strongly affect the

oxygen transport behavior [25].

http://dx.doi.org/10.1016/j.ijhydene.2012.09.071
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Fig. 9 e Nyquist impedance curves for NNO electrodes

obtained by NNO-HMTA (a), NNO-CIT (b) and NNO-SSR (c)

methods. Measurements performed at different pO2 using

Ar as carrier gas at 700 �C.

Fig. 10 e EIS spectra for NNO-HMTA, NNO-CIT and NNO-

SSR at 700 �C and pO2 [ 1 3 10L4 atm. The lines

correspond to the fitting result with an equivalent circuit.
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Egger et al. have also performed a comparative study of

oxygen exchange kinetics between Nd2NiO4þd and

La0.6Sr0.4CoO3�d by conductivity relaxation measurements

[41]. They obtained at 700 �C similar Lc values for both oxides.

However, previous studies on cobaltites indicate that no rate-

limiting step by surface control was observed for electrodes

with quite different geometries, obtained either from powders
[35] or sputtered films [42]. The microstructure of powders of

reference [33] is similar to that of our NNO-HMTA samples.

Given the similar Lc values for Nd2NiO4þd and La0.6Sr0.4CoO3�d,

a similar rate-limiting step should be expected. Therefore, we

consider that a different source should be responsible for the

variation of the limiting mechanism observed for NNO-HMTA

and NNO-CIT respect to that of NNO-SSR sample.
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Fig. 11 e (a) ASR versus pO2 at 700 �C using a double-

logarithmic representation, (b) comparison of Arrhenius

plots of the polarization resistance for medium frequency

contribution of NNO-HMTA, NNO-CIT and NNO-SSR

electrodes.

Fig. 12 e Schematic representation of chemical reaction

zone in electrode/electrolyte interface (a) micrometric

particles size (NNO-SSR). (b) Submicronic particles size

(NNO-CIT and NNO-MTA). The arrows suggest the effective

diffusion path.
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Although no reactivity between NNO and CGO was

observed by XRD after the adhesion treatment, at 1000 �C for

1 h, the presence of reaction products in low concentrations

cannot be discarded. Reaction products either at the nano-

metric scale or of amorphous nature, could be undetectable by

XRD. It should be noted that reactivity between NNO and CGO

was detected by XRD after 72 h at 1000 �C [14]. These reaction

products would extend from the NNO/CGO interface to the

TPB and beyond it, to the gas/electrode interface located near

the TPB (see Fig. 12). The impurities formed as a consequence

of reactivity between NNO and CGO could affect both, surface

and interface processes. However, in our samples, an incre-

ment on the ionic transfer resistance due to this effect was not

observed.

As we reported before, the chemical reactivity with CGO is

strongly dependent on the microstructure [14] and its influ-

ence on the electrochemical performance should be major for

NNO-CIT and NNO-HMTA samples than for NNO-SSR. Similar

results on the rate-limiting steps were found by Zhou et al.

while studying A-site deficient (Ba0.5Sr0.5)1�xCo0.8Fe0.2O3�d

perovskites as electrodes on Samarium Doped Ceria (SDC)
electrolyte. They observed an n ¼ 0.25 for the dependence of

the polarization resistance with pO2 and C values between

2 � 10�2 and 5 � 10�2 F cm�2, which has been attributed to the

electron transfer step of oxygen reduction [43]. The polariza-

tion resistances of these (Ba0.5Sr0.5)1�xCo0.8Fe0.2O3�d

compounds associated to this step, increase as the A-site

deficiency increases. This increment is likely due to impurities

formed at the TPB [43].

In Fig. 12(a) and (b) it is shown a schematic comparison of

a micronic (NNO-SSR) and submicronic (NNO-HMTA, NNO-

CIT) grain on a CGO electrolyte, respectively. The reaction

zone is similar in both cases, but the ratio between reacted

and unreacted zones is clearly larger for smaller grains. In the

case of our NNO-SSR electrodes, although reactivity at the TPB

and the surrounding region should exist, the size of the

reacted region that extends beyond the TPB, would be

appreciably smaller as compared to the particle size (see

Fig. 12(a)). However, for smaller particles (as it is the case of

the NNO-HMTA and the NNO-CIT electrodes) the extension of

the reaction zone compared to the particle size should be

appreciably larger than those of NNO-SSR (see Fig. 12(b)). The

ratio between the reaction zone and the particle size seems to

be determinant for the mechanism controlling the oxygen

electrode reaction at medium frequencies. Despite this,

Fig. 11(b) shows a larger resistance for NNO-SSR than NNO-

HMTA and NNO-CIT in the whole temperature range. The

reason for this should be the lower effective diffusion region

of NNO-HMTA and NNO-CIT rather than that of NNO-SSR,

which improves the diffusion process (see Fig. 12).

The low frequency contribution, which becomes signifi-

cant at higher temperatures and low pO2 values, was fitted

with an RCpeLF impedance component composed by a resis-

tance R in parallel with a Cpe component. For NNO-HMTA and

NNO-CIT, the n ¼ 0.5 (see Fig. 13(a)) together with C around

10�2 F cm�2, suggests a rate-limiting step by dissociative

adsorption [44,45].

When the dissociative adsorption/desorption process

ðO2 þ 2S#2OadÞ is the rate-limiting step, the impedance is

mathematically equivalent to the impedance of the parallel

circuit of R and C with a polarization resistance given by:

Rads ¼ RT
4F2ACsq

eq (5)
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Fig. 13 e (a) Polarization resistance versus pO2 at 700 �C,
using a double-logarithmic representation, (b) comparison

of Arrhenius plots of the polarization resistance for low

frequency contribution of NNO-HMTA, NNO-CIT and NNO-

SSR electrodes.
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where A ¼ 2ks
!
pO2

ð1� qeqÞ þ 2ks

)

qeq=Cs, Cs is the concentration

of adsorption site, and ks
!

and ks

)

are the adsorption desorption

coefficients, respectively. Considering Langmuir isotherm of

adsorption in the limit of low coverage qeqzKp1=2
O2

, a depen-

dence of Radsfp�1=2
O2

is found [45e47], in agreement with our

low frequency result for NNO-CIT and NNO-HMTA.

At temperaturesbelow600 �Cinair, forNNO-HMTAelectrode,

the polarization resistance of this contribution is lower than that

of NNO-CIT (see Fig. 13(b)). This may be due to the fact that at

these temperatures, the adsorption process is the most relevant

contribution. The absorption process would be enhanced for

NNO-HMTA due to its high active surface (see Fig. 1).

For NNO-SSR sample, the low frequency contribution is

observed only at pO2 range between 8 � 10�3 and 5 � 10�4 atm

and the resistance values varywith pO2
�0.7 (see Fig. 13(a)). TheC

values are around 10�1 F cm�2, which are between those

associated to O2 gas diffusion into the porous electrode (n ¼ 1)

anddissociativeadsorptionprocess (n¼0.5). This intermediate

n value should suppose a rate-limiting step given by a convo-

lution of dissociative adsorption and gaseous diffusion as
observed by other authors [35]. It is probable that the disso-

ciative adsorption process has been always present for the

NNO-SSR sample at other temperatures and higher pO2 values.

This process couldnot bedifferentiated because itwasmasked

by the large Warburg-diffusion contribution. As shown in

Fig. 10(c), the NNO-SSR diffusion contribution is present in the

frequency range 10�1e10�3 Hz, while the dissociative adsorp-

tion is observedwithin10�1e10�2Hz forNNO-HMTAandNNO-

CIT samples (Fig. 10(a) and (b)). The appearance of O2 gas

diffusion process as rate-limiting step, only for NNO-SSR

sample, could be due to its dense microstructure and low

porosity as compared with NNO-HMTA and NNO-CIT.
4. Conclusions

Three different synthesis routes (HMTA, Citrates and SSR)

yielded to Nd2NiO4þd powders with different microstructures.

The heat treatment for electrode adhesion on CGO elec-

trolyte was optimized within the 900e1100 �C range, in order

to get the minimum polarization resistance.

The EIS spectra showed for the three electrodes were well

frequency resolved with three main frequency ranges: high,

medium and low.

For the high frequency range the rate-limiting step was

associated to oxygen ion transfer electrode/electrolyte, while

for the medium frequency range the microstructure and

reactivity seem to determine the rate-limiting step. For NNO-

SSR the rate-limiting step at medium frequency range is due

to oxygen bulk diffusion whereas for NNO-HMTA and NNO-

CIT materials the surface oxygen exchange controls the

oxygen transport through the electrode.

The microstructure also plays a role on the limiting

mechanism in the low frequency range which has been

identified as dissociative adsorption in samples with small

particle sizes and high porosity (NNO-HTMA and NNO-CIT)

and a convolution of processes of adsorption and gas diffu-

sion in the sample with dense microstructure and low

porosity (NNO-SSR).

The microstructure plays a crucial role not only on the

values of polarization resistance but also on the operating

mechanism mainly in the medium frequency range. Reac-

tivity between NNO and CGO which seems to be present but

not detected by XRD, would affect mostly the NNO-HTMA and

NNO-CIT electrodes, determining in this way the rate-limiting

step.

Reactivity between NNO and CGO is an important draw-

back for the use of NNO as electrode materials on CGO

electrolytes.
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