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Ln,;NiO4.5-based oxygen electrodes for proton-conducting
Sro.08Zro.95Ybo.0s03-5 electrolyte for application in IT-SOFCs

Anastasia Meshcherskikh?®”, Adelya Khaliullina? Elena Pikalova?,
Liliya Dunyushkina®

Layered lanthanide nickelates L/2NiO4+s are considered as potential cathode materials in solid oxide fuel
cells. In this study, the chemical stability, thermal expansion and electrical conductivity of a number of
layered nickelates, namely La2NiOas+s, Pri7Sro3NiOas+s, Pri7CaosNiOs+s and NdiyCaoiNiOas+s, are
investigated. Based on the chemical stability, thermal expansion and electrical conductivity studies, the
composite material consisting of Pr17Cao3NiO4+s and Sro.gsZro.95Ybo.osO3z_s oxides (PCN-SZYb) was selected
as a suitable oxygen electrode for the proton-conducting SrossZrossYboosOz.s electrolyte. The
electrochemical behavior of the electrolyte-supported cells with the symmetrical porous PCN-SZYb
electrodes was investigated in air with different humidities in the temperature range of 350-800 °C. The
impregnation of a porous electrode backbone with the praseodymium nitrate solution enhanced the
activity of the electrodes by approximately 3 times. The electrochemical behavior of the composite
electrode in contact with the Sro.ssZro.95Ybo.0sOs3-5 electrolyte is consistent with the literature data on the
LmNiOa-+s-based electrodes and related proton-conducting electrolytes.

keywords: layered nickelates, proton-conducting electrolyte, SOFC, polarization resistance,
electrochemical activity, praseodymium nitrate impregnation
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1. Introduction

Due to the growing energy need and aggravation of

(http://creativecommons.org/licenses/by/4.0/).

contribute to an increase in the ionic conductivity [6-14].
We recently studied the phase composition,
microstructure and electrical properties  of
SrZro95YboosOz-s (x=0.94-1.00) series [13,14]. It was

environmental problems associated mainly with CO;
emissions from the combustion of fossil fuels,
electrochemical electricity generation using solid oxide
fuel cells (SOFC) has been attracting significant attention
in recent decades. SOFCs convert the chemical energy of
fuel into electricity with high efficiency and minimal
emissions of pollutants into the atmosphere [lI, 2]. The
SOFCs based on proton-conducting electrolytes operate
at lower temperatures and have higher efficiency
compared to the SOFCs based on oxygen-ion electrolytes
[3-5]. Perovskite structured materials based on strontium
zirconate are promising proton-conducting electrolytes
due to their high thermal and chemical stability,
appreciable ionic conductivity, and low electronic
conductivity. The substitution of zirconium with
acceptor cations, as well as a small strontium deficiency,
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found that the ionic conductivity and the hydration
ability reach a maximum at x=0.98, which was
explained by an increase in the concentration of oxygen
vacancies to maintain electroneutrality. Therefore,
Sro.98Zro95YboosO3-5s was recommended as a promising
electrolyte material.

The search for relevant electrode materials is an
important task in the field of development of efficient
SOFCs. SOFC cathodes must meet the following basic
requirements: (1) mixed electronic and ionic conductivity
in oxidizing atmospheres, (2) high catalytic activity to
oxygen dissociation and reduction, (3) thermal
expansion coefficient similar to that of an electrolyte; (3)
chemical stability in contact with the electrolyte material
in the fabrication and operation conditions; (4)
reasonable cost [I5,16]. In the last decades, layered
nickelates with the generic formula LmNiOas+s (Ln= La,
Pr, Nd) have attracted considerable interest for potential
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application as cathodes for SOFCs operating at
intermediate temperatures (IT-SOFCs) [I7-41]. The
crystalline structure of these materials is alternating
layers of perovskite LnNiOsz and rock salt LnO.
PraNiOas+s-based materials were reported to serve as
effective electrodes in symmetrical reversible protonic
ceramic cells with the Ba(Ce,Zr)Os-based electrolyte
[29-32]. Modified LazNiO4 [33-35] and Nd2NiO4 [36]
were also found to be suitable cathodes in the fuel cells
with the proton-conducting Ba(Ce,Zr)Oz electrolyte.
Nevertheless, only a limited number of studies on the use
of LmNiOas+s-based electrodes in contact with other
proton-conducting electrolytes have been reported
[37-40].

Based on the above considerations, the present
research aims to study the applicability of the
LmNiOas+s-based layered nickelates as oxygen electrodes
for the SrogsZrogsYboosOz-s (SZYb) electrolyte.
LazNiOa4+s (LN), PrizSro3sNiO4+s (PSN), Pri7Cao3NiOa+s
(PCN), and NdisCaoiNiOs+s (NCN) were considered as
potential electrode materials. The phase composition,
thermal expansion, electrical conductivity of the
nickelates and their chemical stability in contact with the
SZYD electrolyte at elevated temperatures were studied.
To improve the thermal and chemical compatibility of
the electrode and electrolyte materials, the composite
electrodes L/mNiOas+s-SZYb were prepared, and their
electrical conductivity was studied. Based on the results
obtained, the most suitable oxygen electrode for
application in contact with the SZYb electrolyte in
IT-SOFCs was selected, and its electrochemical behavior
was examined. The effect of the impregnation of a
porous electrode backbone with the praseodymium
nitrate solution on the electrochemical activity was
investigated.

2. Experimental

2.1. Preparation of samples

SZYDb was synthesized by the solution combustion
method using ZrO(NO3)z - 2H20, Yb(NO3)s - nH20 and
SrCOz  (all >99%  purity) as  precursors.
ZrO(NO3)2 - 2H20 and Yb(NOz)z - nH20 were dissolved
in distilled water and ethanol, respectively. These
solutions were mixed and SrCOz powder was added in
the required ratio. Then citric acid and glycine were
added as a complexant and a fuel, respectively, so that
the molar ratio of metal cations, glycine, and citric acid
was 2:2:1. The resulting suspension was slowly heated
on a hotplate while stirring, until strontium carbonate
was completely dissolved, which occurred due to the
presence of nitrate ions formed during the dissolution of
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zirconium and ytterbium nitrates. Then, the mixture was
heated without stirring until it ignited. The resulting
grayish beige powder was ground and calcined at
1200 °C for 2 h to enable the formation of a crystalline
perovskite phase. For the fabrication of ceramic SZYb
samples, the calcined material was thoroughly ground,
uniaxially pressed into pellets under a pressure of
130 MPa, and sintered at 1600 °C for 5 h. The relative
densities of the sintered pellets were calculated as a ratio
of a geometric density, which was determined as a ratio
of the sample weight to its volume, to X-ray density. The
density of the sintered pellets was about 95 % of
the X-ray density.

The powders of LN, PSN, PCN, and NCN were
synthesized by a solid state reaction method from La2zO3
(99.99 %  purity), Nd203  (99.99 %  purity),
Pro(COs)s - 6H20 (99.2 % purity), SrCOsz (99 % purity),
Ca(NO3)2 - 4H20 (99.97 %), Ni(NO3)2 - 6H20 (99.97 %)
starting reagents. The precursors were combined in a
given ratio, activated in a planetary mill for 1 hour with
the addition of isopropyl alcohol, dried and synthesized
at 1150 °C, 10 h and 1250 °C for 5 h with the intermediate
ballmilling for I h. The final powders were milled for 1 h.

To study the chemical stability of the electrolyte
and electrode materials in contact with each other at
high temperatures, the powders of SZYb and LmNiOas.s-
based oxide were mixed in a weight ratio of 1:1,
uniaxially pressed into pellets and calcined at
temperatures of 1200-1400 °C for 5h. To find out
whether the chemical interaction of oxides occurs or not,
the phase composition of the calcined mixtures was
investigated using the XRD method.

For the electrical and thermomechanical studies, the
bar-shaped ceramic samples from the nickelate powders
with the linear dimensions of 5x4 x 25 mm were
prepared by uniaxial pressing with a butyral resin binder
at 6 MPa with following sintering at 1450 °C for 5 h. The
relative density of the samples was in the range of
87-97 %. To measure the electrical conductivity of
LmNiO4+s-SZYb composite materials, the powders of the
corresponding nickelate and SZYb were mixed in a
weight ratio of 1:1, pressed into rectangular bars and
sintered at 1300 °C for 4 h. The resulting composite
ceramics had the dimensions of 1.0 x 0.25 x 0.15 cm3 and
the relative density of 75-80 %.

Based on the obtained results on the thermal
expansion, electrical conductivity and chemical stability
of LmNiOasis-based materials, Pri7Cao3NiO4+s was
selected as the electronconducting phase for the
composite electrode. To study the electrochemical
properties of PCN-SZYb electrodes, three symmetrical
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electrolyte-supported button cells
PCN-SZYDb | SZYb | PCN-SZYb were prepared. The
composite electrodes were made by mixing the powders
of SZYb and Pri7Cao3NiOas+s in a weight ratio of 1:1in
ethanol, drying and mixing with polyvinyl butyral as a
binder; the obtained ink was painted symmetrically on
the opposite faces of SZYb pellets and sintered at 1100 °C
for 2 h. The thickness of SZYb pellets and the electrode
area were 0.134 cm and 0.18 cm2, respectively. It should
be noted that the impregnation of a porous electrode
backbone with the praseodymium nitrate solution
followed by calcination to produce PrOx nanoparticles
distributed inside the porous electrode is widely used to
activate the oxygen electrode [41,42]. To identify the
impact of PrOx addition on the electrochemical
properties of the PCN-based oxygen electrode, one of
the prepared button cells was left in its original state
(Cell 1), while in the two other cells the porous PCN-SZYb
electrodes were impregnated with the solution of
praseodymium nitrate in ethanol (13 g - L) and calcined
at 900 °C for I h to increase the activity of the electrode
to the oxygen reduction reaction. In Cell 2, each of two
electrodes was impregnated with O.14 mL-cm-2 of
solution (1.8 mg PrsOncm-2), while 0.28 mL-cm-2 of
solution (3.6 mg PrsOn cm-2) was added to each electrode
in Cell 3.

2.2. Characterization of samples

The phase composition of the prepared powders of
LmNiO4:s-based oxides, SZYb, and the composite
materials LmNiOas:s-SZYb, calcined at different
temperatures, were characterized by the X-ray
diffraction (XRD) method on a D/MAX-2200 Rigaku
(Japan) diffractometer using monochromatic CuKa
radiation (1=15418 A) at room temperature. The
diffraction patterns were recorded in the range of 260
from 15 ° to 90 ° with a step of 0.02 °. Analysis of the
phase  composition and  calculation of the
crystallographic parameters were carried out using the
software package MDI Jade 6.5 and database PDF-2 ICDD.

The specific surface area of the LmNiOas+s-based
powders was defined using a BET method by means of a
SORBI N.4.1 analyzer. The microstructures of composite
electrodes and ceramic electrolyte were examined using
scanning electron microscopy (SEM) supplemented with
the energy dispersive X-ray spectroscopy (EDX) using the
MIRA 3 LMU (Tescan, Czech Republic) and the INCA
Energy 350 X-Max 80 equipment (Oxford Instruments,
USA). The cross-sectional fracture surface of a button
cell was studied.

The thermal expansion of the bar-shaped samples of
LmNiO4+s was measured under the heating mode
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(2 °C-min-) in a temperature range of 100-200 °C in
air by the dilatometric method using a DIL 402 C
Netzsch GmbH dilatometer. The thermal expansion
coefficient (TEC) was determined from the slope of the
dependence of AL/ Lo (Lo - the sample length at 100 °C,
AL - the length change upon heating) on temperature.

The electrical conductivity of the LmNiO4:s bars
was measured in the temperature range of 300-200 °C
in a cooling mode (5 °C- min-) in air using the four-
probe DC method. The measured conductivities were
corrected to zero porosity using the following equation
as described, for example, in [43]:

1+p/2
O-d = Up (1_p)2/3’ (l)

where p is the porosity and o, and o, are the

conductivities of the dense and porous samples,
respectively.

The measurement of electrical conductivity of the
composite samples L/mNiO4+5-SZYb was carried out in
the air with different humidities (pH20 = 0.04; 0.61 and
3.3 kPa) in the temperature range of 250-900 °C. The
current electrodes were made by painting Pt paste on the
ends of the bars and sintering at 1000 °C for 2 h, while
the potential probes for measuring a voltage drop were
prepared by winding two Pt wires around the bars. The
electrochemical performance of the button cells with the
supporting SZYb electrolyte and PCN-SZYb electrodes
was investigated by the impedance spectroscopy and
cyclic voltammetry methods using potentiostat-
galvanostat Elins P-45X (Electrochemical instruments,
Russia). Impedance spectra were recorded in the
frequency range of 5 -105-10-2 Hz with an amplitude of
30 mV. The current-voltage dependencies were
measured at a scan rate of I mV -sec! in the range of
-0.1-0.1 V. The measurements were carried out in the
temperature range of 350-800 °C. Both DC and AC
electrical measurements were carried out in dry and
humid atmospheres. The dry atmosphere was obtained
by blowing the atmospheric air through a column filled
with zeolite beads. The residual water vapor partial
pressure was equal to 0.04 kPa (measured by Baikal-3M
hygrometer (JSC Etalon, Russia)). The humid air was
obtained by pumping the atmospheric air through a
bubbler with thermostatically controlled water (at O °C,
PH20 = 0.6 kPa, and at 26 °C, pH20 = 3.3 kPa).

3. Results

3.1. Phase composition and morphology of samples

The XRD patterns of the SZYb and LmNiOs+s
powders presented in Figuresla—e indicate that all



Electrochem. Mater. Technol. 4 (2025) 20254047

ARTICLE

synthesized oxides are single phase and have the same with the wunit cell parameters: a=5.8I90(I) A,
structures as the parent materials. SZYb has an A =5.8190(1) A, c=5.7946(2) A.
orthorhombic perovskite structure (Pnma space group)
() (b)
SZYb N
J l JL ] W} I |
ICDD <44-0161>81Z10; ICDD <72-1241> LagNiOy s
b - - l - I - i  — ] I I L | . |I I —lll I . - T
20 30 40 50 60 70 80 20 30 40 50 60 70 80
20, degree 20, degree
(© (d)
d PCN PSN
J_L,J M L»M l 1 ll l ll‘.l '
ICDD <86-0870> Pr,NiO, .
I i “ we: ] e % ICDD <86-0870= Pr,NiO,
3 y y ) ! ' & ; | 1 Il - w | - wrll . ! .
20 30 40 50 60 70 80 20 30 40 50 60 20 30
20, degree 20, degree
(e)
NCN
_—l._.LJlA U A, A
ICDD <89-0131>Nd,NiO,_;
I L " Ll I Ll L
20 30 40 50 60 70 80
20, degree

Figurel Powder XRD patterns of (a) SrogsZrogsYboosOs-s5, (b) LazNiOs4, (c) Pri7Cao3NiOs+s, (d) Pri7Sro3NiOs+s,
(€) Ndi9Cao.NiOas+s.

Figure 2 SEM images of SZYb powder synthesized by the solution combustion method (a, b) and surface of sintered SZYb
ceramics (c).
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LN and NCN exhibit an orthorhombic structure (Fmmm
space group) with the unit cell parameters of
a=5.4568(8) A, h=15.4647(8) A, c=12.6868(13) A, and
a=54568(8) A, bH=54647(8) A, =12.6868(13) A,
respectively. PCN and PSN possess a tetragonal structure
(A/mmm space group) with a= bh=3.8044(1) A,
c=12.3900(2) A, and a=bh=73.82I5() A,
c=12.5011(3) A, respectively. The specific surface area of
the LmNiOas+s powders was found to be 2.1 (LN), 2.4
(PSN), 2.0 (PCN) and 2.3 (NCN) m2-g' The
morphology and particle size of the SZYb powder was
evaluated from the SEM images (Figure 2a,b). As can be
seen, the powder consists of spherical shaped particles of
100-150 nm aggregated into larger agglomerates. The
ceramic sample exhibits a dense structure with the
average grain size of ~ 0.5 um, as was evaluated from the

(a) LN-SZYb

L 1400 °C
l‘ A ,jL. T | P

A i
l 1300 °C
| -1 l IA A )'L A A A
ﬁ 1200 °C
| Ao
| ICDD =72-1241La;NiOy
I 1 | II I |||I PR
| [CDD <44-0161> 81710,
: —1 | —_— — .
20 30 40 S0 60 70 80
20, degree
(c) PSN-SZYb

1400 =C

1 LJJJ IL LA
I 1300 °C

1200 °C

l.LJ Ao Ao s

ICDD <86-0870> Pr;NiCs.s
" .

1 w | aasll

I ICDD <44-0161 = S1Z10y

20 30 40 50 60 70 80
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Figure3 XRD patterns of
(d) Ndi9Cao0sNiO4+s-SZYb.

composites

(a) LazNiO4+sSZYb,

ARTICLE

SEM image of the surface of the sintered sample
(Figure 2c).

3.2. Study of electrode-electrolyte chemical interaction

To study the chemical stability of the electrolyte
and electrode materials in contact with each other at
high temperatures, the XRD patterns of the mixtures of
SZYb and LmNiO4+s powders calcined at temperatures
of 1200, 1300 and 1400 °C were analyzed. The
diffraction and Ln2NiOs+s powders calcined at
temperatures of 1200, 1300 and 1400 °C were analyzed.
The diffraction patterns of the mixtures show only the
maxima of the original phases, which indicates high
chemical stability of all considered nickelates in contact
with SZYb perovskite (Figure 3).

(b) PCN-SZYb

L

1400 °

M——M—A—M

A A lh l.h A }l. A An AI:‘.H.I N

[CDD <86-0870= ProNiOy,,
"
ICDD < 440161~ S1710,
20 20 40 50 60 70 8o
20, degree
@) NCN-SZYb

J_l A l 1400 °C
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— | TR P
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| 1CDD <89-0131-Nd,Ni0y, 5
1L "

| ICDD <44-0161 > 81710
| 1
20 0 40 S0 &0 70 S0

20, degree

(b) Pri7Cao3NiO4+5-SZYb, (c) Pri7Sro3NiO4+s-SZYDb,
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3.3. Thermal expansion

The relative expansion of the LmNiOa+s samples in
the range of 100-900 °C is presented in Figure 4. The
LN, PCN and PSN ceramics demonstrate the linear
behavior in this range, while the NCN exhibits a small
inflection at ~ 560 °C. It can be related to the structural
transition Fmmm — A/mmm caused by the interstitial
oxygen release, which was confirmed by the HT-XRD
study in [44]. The tetragonal structure was reliably
defined at the temperature of ~ 400 °C; however, the
inflection point appears at a higher temperature on the
dilatometry curve due to the dynamic regime of
measurements. The values of the thermal expansion
coefficient (TEC) for the NCN sample were found to be
14.2-10¢K-' and 16.2-10¢K- in the ranges of
100-560 °C and 560-900 °C, respectively. In the LN
material, the Fmmm — A/mmm transition does not
occur up to 700 °C according to the HT-XRD study [45].
That is why there is no inflection point on the
dilatometric curve of LN in the studied temperature
range. The average TEC values at 100-900 °C were
14.2-10-6 K-+ (LN), 14.1-10-¢K- (PCN), 15.0-10-¢ K-
(PSN) and 15.1 - 10-¢ K- (NCN) (see the insert in Figure 4).

The obtained TEC values of the studied nickelates
are consistent with the literature data: TECs of
LmNiOs+s-based materials were reported to vary within
11.5 - 10-6-15.5 - 10-6 K-! in the RT to 1000 °C range in air
[18. The thermal expansion coefficient of
SrZrossYboosOz-s was reported to be ~10-10-6 K-, as
followed from the experiments on the unit cell
parameters variation upon heating from R7 to 1200 °C
[19. Thus, from the point of view of thermal
compatibility, PSN and NCN are less suitable for the
SZYDb electrolyte compared to LN and PCN.

18 —5
2
157§.14 || || " N
12 {813
_.]O LN PCN PSN NCN
277
[—]
=6 * La2NiO4
« Pr1.7Ca0.3Ni04
3 « Pr1.7810.3NiO4
0 | | | __+Nd1.9Ca0.INiO4
100 200 300 400 500 600 700 800 900
T, °C

Figure 4 Temperature dependences of the relative expansion
of LN, PCN, PSN and NCN samples (shifted along the ordinate
axis for better visibility).
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3.4. Electrical conductivity of LmNiOs+s-based samples
and LmNiO4+sSZYb composites

The electrical conductivity of the LmNiOa.s
materials was reported to be ptype, as followed from
their positive Seebeck coefficients in a wide range of
temperature [46, 47]. In the low temperature range, the
conductivity increases with increasing temperature, like
in semiconductors. On the basis of the electrical
conductivity and oxygen content studies, the hole
mobility was found to decrease slightly with increasing
temperature, like in metals. In the range of 400-450 °C,
the electrical conductivity of L/»NiO4+s displays a broad
maximum, which was supposed to be caused by the
transition from semiconducting to pseudo-metallic
behavior induced by the loss of interstitial oxygen and
related decrease in the concentration of electron holes,
and by a decrease in the hole mobility with increasing
temperature [46,47]. As can be seen in Figure5, the
electrical conductivity of the studied nickelates exhibits
the similar behavior, which implies the same conduction
mechanism. PCN, PSN and NCN demonstrate similar
conductivities, while LN has a much lower conductivity.

The electrical conductivity of SZYb perovskite was
studied in our recent research [I3]; the Arrhenius
dependences in the air with different pH2O values were
found to be nearly linear, with the activation energy
increasing from 95 to 112 k] - mol- (0.99-1.16 eV) with
decreasing pH2O from 3.2 to 0.04 kPa. At high
temperatures (above ~ 700 °C), the conductivity does
not vary with pH2O, while at lower temperatures it
increases with pH20. These features confirm the ionic
type of electrical conductivity with the predominance of

protonic conductivity in humid air at lower
temperatures.
120
100 - s 28
o & © ' ’ $ g
i |
T 804 * Y
£ L a
“ 4
[ 60 - A A
A
40 -
4 IN e PCN ¢ PSN = NCN
20 T T T T
250 450 650 850 1050
T, °C

Figure 5 Electrical conductivity of LN, PCN, PSN and NCN vs
temperature in air.
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The temperature dependencies of the electrical
conductivity of the L/mNiO4+s-SZYb composite ceramics
are presented in Figure éa. The conductivities increase
with temperature displaying a smooth bend at ~ 450 °C,
which can be explained by the contribution of
LmNiO4+s-based phase. In contrast to single-phase
lanthanide nickelates, the PCN-containing composite
ceramic exhibits the highest conductivity, significantly
exceeding the conductivity of other composite ceramics,
although all samples have a similar density. The
regularity in changes in the conductivity of the
LmNiO4+s-SZYb composite ceramics differs from that of
single-phase L/mNiOas+s ceramics (see Figures 5 and é6a).
This can be caused by differences in the microstructure
of the composite ceramics, in particular, the proximity of
TEC values of PCN and SZYb should result in the
stronger adhesion of the particles and thus improve the
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composites can also be affected by the formation of
impurity phases at the LmNiO4+s/SZYb interfaces that
are indistinguishable by the X-ray method. Based on a
comparison of the conductivities of PCN and SZYb
samples along with those of the PCN-SZYb composite
ceramic presented in Figure éb, it can be concluded that
the conductivity of the composite material is mainly
determined by the electron-conducting PCN constituent.

As can be seen from Figure éc, the conductivity of
PCN-SZYb does not change with changes in pH20,
indicating that humidity does not influence the
conductivity of the PCN constituent, whose transport
properties largely determine the conductivity of the
composite ceramic. Taking into account high
conductivity, excellent chemical stability and satisfactory
thermal behavior, the PCN-SZYb composite material was
selected for the study of electrochemical activity as the

inter-particle contact. The electrical conductivity of oxygen electrode for the SZYb electrolyte.
(@) & LN-SZYD (b)
B NCN-SZYb 3 - PON
11 | * PSN-SZYb e ® ]
®PON-SZYh o @ ® ° 1]
o® ° 2 PCN-SZYb
T o1
;:J ....IIII..... o SZYb
] on 3 4
© —
3 4
AAAAAAALLALAL 5 |
POPOPENE I IR I 2 2 g
-1 . . . -7 T T T T
250 450 650 850 100 300 500 700 900
T, °C T,°C
() PCN-SZYb
oo "®
a®
9.5 (] a
w
» m
L .
3 7 . m0.04kPa
“L; ©3.3KPa
5.5 '
3.5 T T T
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Figure 6 Temperature dependencies of electrical conductivity of (a) L/mNiOa4+s-SZYb composites in dry air, (b) PCN, SZYb and
PCN-SZYb composite in dry air, (c) PCN-SZYb composite in dry and humid air.
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3.5. Electrochemical performance of
the PCN-SZYb | SZYb | PCN-SZYb cells

The SEM image of the cross-sectional surface of the
button cell PCN-SZYb | SZYb | PCN-SZYD is shown in
Figure 7. The thickness of the composite electrode layer
is about 15 um. For the electrochemical measurements,
the Pt current collector of the same thickness was applied
on the composite electrode surface for a more
homogeneous current distribution. As follows from the
SEM image, the electrode layer adheres well to the
electrolyte and has a porous microstructure, which is
required for the fast gas diffusion.

The electrochemical performance of
the PCN-SZYDb | SZYb | PCN-SZYb cells with pure

(Cell 1) and PrsOn-treated electrodes (Cells 2 and 3) was
investigated by means of impedance spectroscopy and

S
3"" ’\‘_ tel\n' “1
een'szvo A B

.
.

Figure 7 SEM image of the cross-sectional fracture surface of
the cell PCN-SZYb | SZYb | PCN-SZYb.
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cyclic voltammetry. To illustrate the processing of
impedance and current-voltage data, Figure8 a
demonstrates the Nyquist plots of Cell 3 recorded at
550 °C in air with different pH20s. As can be seen, each
hodograph consists of a high-frequency semicircle
intersecting the abscissa axis if extrapolated to higher
frequencies, and a part of a low-frequency arc. Taking
into account the characteristic capacitance (~ 109 F) of
the high-frequency semicircle, it was attributed to the
grain boundaries of SZYb electrolyte; and the segment
cut off at high frequencies was ascribed to the resistance
of grain interior of the electrolyte. As can be seen from
Figure 8a, the resistance of SZYb decreases with pH2O,
confirming the increasing contribution of proton
transport.

The low frequency part of hodographs can be
attributed to the polarization resistance of the electrodes.
Since the capabilities of the device do not allow us to
obtain the lowest frequency part of the hodographs, the
reliable determination of the total cell resistance, and,
therefore, the electrode polarization resistance, from the
impedance spectra is difficult. For solving this problem,
after recording each hodograph, we measured the
current-voltage dependence at low applied voltages.
These dependencies were found to be nearly linear (see
Figure 8b), which allowed us to determine the total cell
resistance from their slopes.

In Figure 8a, the total cell resistances are marked
with empty symbols. The polarization resistance was
determined as a segment, the left end of which is the
intersection of the low-frequency arc with the abscissa
axis, and the right end is the total cell resistance
calculated from the current-voltage dependence.
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Figure 8 Impedance spectra (a) and current-voltage dependencies (b) of Cell 3 recorded at 550 °C in air with different humidities.
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The dependencies of the reciprocal area specific
polarization resistance of Cells1-3 on temperature at
PH20 = 0.6 kPa are summarized in Figure 9. In the high
temperature range (500-800 °C), the dependencies are
almost linear and display close slopes, which indicates
similar values of the apparent activation energy
(~1.73 eV). A smooth bend is observed at ~ 500 °C, so
that the activation energy in the low temperature range
decreases to ~ 0.95 eV. This deviation can be caused by
the change in the conductivity of PCN component of the
electrode (see Figures 5 and 6).

The appearance of proton conduction in SZYb,
which is a part of the composite electrode, may also
contribute to a decrease in the apparent activation
energy with decreasing temperature. The impregnation
of the electrodes with the praseodymium nitrate solution
results in a decrease in the polarization resistance by
about 3 times. Cells 2 and 3 demonstrate almost identical
behavior, which indicates that the addition of more than
0.4 mL-cm-2 of solution (1.8 mg PrsOncm-2) is not
justified.

Thus, the impregnation of the PCN-SZYb electrodes
with the praseodymium nitrate solution decreases the
polarization resistance. Nevertheless, in the both pristine
and PréOi-treated cells, the area specific polarization
resistance increases with increasing pHz20, as can be seen
in Figure 10 which displays the temperature dependences
of the reciprocal area specific polarization resistance of
Cells1-3 at different values of pH20 in air. This
phenomenon can be explained by a decrease in the hole
concentration in the proton-conducting electrolytes in
humid air due to the incorporation of water and the
related shrinkage of the area where electrochemical
reactions occur, as was discussed, for example, in [I3, 48].
Besides, adsorption of water molecules may inhibit the
electrode surface activity by blocking the electrocatalytic
active sites for the redox reactions [49].
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Figure 9 Temperature dependencies of the reciprocal area
specific polarization resistance of Cells 1-3 at pH20 = 0.6l kPa.
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Figure Il shows the total, ohmic and polarization
area specific resistances of Cell 2 as the functions of
humidity at different temperatures. As can be seen,
increasing air humidity has the opposite effect on the
ohmic and polarization resistances of the cell. The ohmic
losses decrease with increasing pH20 obviously due to
the increasing contribution of proton transport in the
SZYb electrolyte, while the electrode polarization
increases. However, a more intense change in the ohmic
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Figure 1l Total, ohmic and polarization area specific resistances of Cell 2 vs pH2O at (a) 550 °C, (b) 650 °C, (c) 750 °C.

contribution compared to the polarization one leads to
a decrease in the total resistance with increasing
humidity.  With  increasing temperature, the
polarization resistance decreases faster than the
resistance of the electrolyte due to a higher activation
energy (1.73eV vs 0.99-1.16 eV), as a result, the
electrolyte resistance is almost an order of magnitude
higher than the polarization resistance at 750 °C.
However, the ohmic losses can be significantly
diminished by reducing the electrolyte thickness: the
area specific ohmic resistance will decrease by almost
an order of magnitude if the thickness of a supporting
electrolyte is reduced to 150 um, which is achievable
using, for example, tape-casting technology [50].

The obtained results on the polarization resistance
of the SZYb electrolyte-supported cells with the
composite PCN-SZYb electrodes were compared with
the data reported in literature. It should be mentioned
that the rate of redox reactions occurring at the triple
phase boundary strongly depends on the charge
transport properties (the ionic and electronic
conductivities, the ionic transference number) of both
the electrolyte and electrode materials; therefore, the
performance of the cells made of the related materials
must be analyzed. The electrochemical cells with the
proton-conducting  CaZrossSco05O3-s  supporting

electrolyte and the composite electrodes containing the
LmNiOas+s-based phase exhibited the area specific
polarization resistances in the range of ~ 10-100 Q + cm?
at 700 °C in humid air (pH20 = 2.5 kPa) [51]. On the
other hand, the cells with the Ba(Ce,Zr)O3z-based
electrolyte, which possess the higher ionic conductivity,
but lower ionic transference numbers than CaZrOsz-
and SrZrOsz-based electrolytes [52-54], and the
nickelate-containing  composite  electrodes  were
reported to have the polarization resistance of
~0.-1Q-cm2 (700 °C, ambient air) [55]. The higher
values of the polarization resistances obtained in the
present research (Cell 22 ~10 Q-cm2 at 700 °C, air,
PH20 = 3.3 kPa) than those for PCN-based electrodes
in the case of Ba(Ce,Zr)O3-based electrolytes [55], can
be explained by the intrinsic electrolyte properties.

4, Conclusions

The research explored the possibility of using
some layered nickelates, namely LazNiOas+s (LN),
Pri7Sro3NiO4+s (PSN), Pri7CaosNiO4+s (PCN), and
NdisCaoiNiO4+s (NCN), as oxygen electrodes for the
Sro.98Zro.95Ybo.0sO3-5 (SZYb) electrolyte for application
in proton-conducting electrochemical cells. Based on
the chemical stability, thermal expansion and electrical
conductivity studies, the composite material consisting
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of PCN and SZYb oxides in a weight ratio of 1:1 was
selected as the most suitable oxygen electrode. The
electrochemical behavior of the SZYb-supported cells
with the symmetrical porous PCN-SZYb electrodes
supplied with Pt collector was investigated in air with
different humidities in the temperature range of
350-800°C. It was found that the polarization
resistance of the cells obeys the Arrhenius law and
increases with pH2O. The impregnation of the porous
electrode backbone with the praseodymium nitrate
solution enhanced the activity of the electrodes by
about 3times. The electrochemical behavior of the
PCN-SZYb electrode in contact with the SZYb
electrolyte is consistent with the literature data on the
Ln2NiO4+s-based electrodes and related proton-
conducting electrolytes. The PCN-SZYb composite
electrode impregnated with the praseodymium nitrate
solution can be used as the oxygen electrode in SZYb-
based IT-SOFCs. Further studies can be directed on the
modification of microstructure of the composite
electrodes and selection of suitable oxide collectors to
enhance electrochemical activity and cost efficiency.
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