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Abstract

First-order Ruddlesden-Popper phases A,BO,.s are promising air electrode
materials for solid oxide fuel cell and electrolyzer due to their high oxygen
mobility. Doping the A site with smaller lanthanide cations offers a potential
route to further enhance this property, yet experimental results remain con-
troversial. In this work, for the first time, Pr._.Sm,NiO,.5 (x = 0.2 and 0.4)
are synthesized using both conventional furnace sintering and radiation-
thermal sintering by electron beam, and their oxygen transport properties
are systematically evaluated. Single-phase materials are obtained at 1150 °C,
and scanning electron microscopy reveals porous ceramics — a key micro-
structural feature for electrodes. Oxygen mobility and surface reactivity are
assessed by temperature-programmed isotope exchange with Ci1802 and
1802. The oxygen heteroexchange rate shows minimal dependence on Sm
content, but is strongly influenced by sintering technique and temperature,
reflecting surface-sensitive effects. The oxygen tracer diffusion coefficients of
Sm-doped Pr nickelates are lower compared to those for undoped Pr
nickelate; however, they remain sufficiently high for practical application.
Radiation-thermally sintered samples exhibit the highest oxygen tracer dif-
fusion coefficients (up to 2.5-107 cm?/s at 700 °C) amongst Sm-doped Pr
nickelates, attributed to electron-beam-induced structural disordering,
strain, and defect generation. These findings establish Sm-doped praseodym-
ium nickelates as promising electrode materials and highlight radiation-
thermal sintering as an effective route for fabricating porous ceramics with
enhanced transport properties.

Key findings
® Pr> ,SmxNiO4+s (X = 0.2 and 0.4) materials are synthesized for the first time.
e Single-phase materials are obtained using conventional and e-beam sintering at 1150 °C.

e Materials exhibit high oxygen mobility (D" ~1077 cm?/s at 700 °C), suggesting potential
electrode applications.

e E-beam generates structural disordering and defects, greatly enhancing oxygen transport.
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1. Introduction

The development of air electrodes for low- and intermedi-
ate-temperature solid oxide fuel cells (SOFCs) and electro-
lyzers (SOECs) has emerged as a pivotal challenge in con-
temporary energy, electrochemistry, chemical engineer-
ing, solid state chemistry, and materials science [1-4]. The
oxygen
(ORR/OER), one of critical factors determining cell per-

kinetics  of reduction/evolution  reaction
formance, has been influenced by numerous factors, in-
cluding electrode microstructure, total conductivity, oxy-
reactivity [3-6]. The Ln

nickelates (Ln2NiO4+s, Ln = La, Pr, Nd), the representatives

gen mobility and surface
of the first-order Ruddlesden-Popper (RP) phases, have
attracted extensive attention for these applications due to
their fine chemical stability under operating conditions,
moderate thermal expansion coefficient (TEC), chemical
compatibility with a wide range of electrolytes, reasonable
values of total conductivity, a fine oxygen mobility and
surface reactivity, and, in some cases, proton transport
properties [3,7-10].

One of the main features of first-order RP phases
providing their high oxygen mobility has been a coopera-
tive mechanism of oxygen migration involving both regu-
lar and highly mobile interstitial oxygen. The diffusion of
oxygen occurs via the interstitial movement, i.e., the in-
terstitial oxygen anion in the rock salt layer passes across
the Lnj triangle and displaces the apical oxide anion of the
perovskite layer, thus occupying its position, while the
displaced apical oxide anion passes across the other Ln;
triangle to occupying a neighboring interstitial posi-
tion [9-15]. This mechanism is responsible for high oxy-
gen tracer diffusion values of Ln.NiO4s (D* up to
~1077 cm?/s at 700 °C) [9-11,16,17].

Pr.NiO4+s5-based compounds have been extensively
studied as SOFC/SOEC air electrode materials [9,10,18-
23]. The doping of A- or/and B-site with various cations
has emerged as a strategy for tailoring the properties of
such materials, including their stability, thermal expan-
sion coefficient, and total conductivity. The doping of A-
site with alkaline-earth metal cations (Ca, Sr, Ba) has been
demonstrated to result in enhancement of total conductivi-
ty. However, main drawback of this dopant selection has
been a decrease in oxygen mobility due to a decrease in
the content of highly mobile interstitial oxygen and steric
hindrances for the oxygen transport due to the larger ra-
dius of dopant compared to the host cation. This results in
hampering of the cooperative mechanism of oxygen migra-
tion leading to lower values of oxygen tracer diffusion
coefficient and, in some cases, the emergence of slow oxy-
gen diffusion channels [9,11,23-26].

An alternative strategy has been associated with the
doping of A-site with smaller cations, e.g., lanthanides
such as Sm, Eu and Gd. This would result in the ease of
oxide anions passing across the Lnj triangle and, hence,
facilitating the cooperative mechanism of oxygen migra-

2 of 14

ARTICLE

tion. Indeed, the enhancement of oxygen transport proper-
ties has been demonstrated while doping La:NiO4+s with
Pr [9,23,27-29], Nd [23,28,29], Sm [23,28-31]
Eu [23,28,29]. On the other hand, a decrease in the oxygen
mobility has been observed while doping La:NiO4+s with
Gd [23,28,29,32]. Positive influence on oxygen transport

and

and electrochemical characteristics has been shown while
doping Pr.NiO4+s with Nd [33], Gd [34,35], and Er [36]. It
has been also reported that the doping of Nd:NiO4+s with
Sm can result in both an increase and a decrease in the
oxygen mobility depending on the Sm content and the
sample processing conditions [23,37,38]. It has been pro-
posed that the oxygen transport characteristics of Ln
nickelates doped with smaller lanthanides may depend not
solely on the dopant radius and content, but also on the
interstitial oxygen content, the type of lattice (orthorhom-
bic or tetragonal) lattice distortions, real/defect structure
features as well as the other phenomena, which have been
still unclear [23,28-30,37,38]. Hence, the study of the ox-
ygen transport properties of Ln nickelates doped with
smaller lanthanides has remained an important and rele-
vant problem.

A discrete task has been allocated to the efficient tech-
nology of fabricating functional electrode layers. Various
techniques for the electrode deposition have been devel-
oped, including painting, screen printing, tape casting,
electrophoretic deposition, etc.[19,39-43]. Sintering of
porous layers deposited using powdered materials has
been a pivotal process in the fabrication of SOFC/SOEC
electrodes [44-47]. Advanced sintering techniques may
help in decreasing sintering temperature and duration
required to achieve the desired adhesion to the electrolyte,
mechanical strength, morphological and textural charac-
teristics. Such techniques have included microwave sinter-
ing [46,48], laser sintering [49,50],
sintering [51,52], hot pressing [53,54], and many oth-
ers [45-47,55]. Radiation-thermal sintering using an elec-
tron beam has been demonstrated to be effective in the
sintering of a wide range of materials exhibiting various
properties [52,56,57], and has been employed in the fabri-
cation of SOFC cathodes and other components [58,59].

In this work, Sm-doped Pr nickelates (Pr>-xSmxNiOg4+s,

0.2 and 0.4) as promising SOFC/SOEC air electrode
materials have been synthesized and studied for the first
time. The powders, synthesized by a modified Pechini
technique, have been compacted using conventional pro-
cedure including dry pressing and following sintering in a
furnace at temperatures up to 1150 °C for 4 hours, and via
the radiation-thermal sintering at temperatures up to
1250 °C for 0.5 hours. Phase composition and morphologi-
cal properties of samples have been characterized by X-ray
diffraction and scanning electron microscopy. Oxygen mo-
bility and surface reactivity of samples have been studied
by a temperature-programmed isotope exchange of oxygen
with C®0. and 0., respectively. The obtaining single-
phase samples has been accomplished under specific con-

radiation-thermal
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ditions. The RTS technique has enabled the fabrication of
porous MIEC ceramics with a high oxygen mobility and
surface reactivity, which has been promising for applica-
tion as SOFC/SOEC air electrodes.

2. Materials and methods

2.1. Synthesis of materials

Pr.-xSmxNiOg4+s (x = 0.2 (PSNO2), 0.4 (PSNO4)) oxides
were synthesized by a modified Pechini technique, as pre-
viously described in [60]. The obtained powders were
pressed into pellets of 10 mm in diameter and 0.9 g in
mass under a pressure of 100 MPa. One batch of pellets
was subjected to conventional sintering in a furnace at
temperatures of 800 °C for 1 hour and 1150 °C for 4 hours
with a heating/cooling rate of 150 °C/hour. The other
batch was subjected to radiation-thermal sintering (RTS)
at temperatures of 1150 °C and 1250 °C, carried out utiliz-
ing an ILU-6 accelerator. The heating rate was 50 °C/min,
and upon reaching the required temperature, the samples
were sintered for 30 min. The electron beam parameters
were as follows: an energy of 2.4 MeV, a beam pulse cur-
rent of 328 mA, and a pulse frequency of up to 25 Hz. The
treatment parameters were set and regulated by an accel-
erator control program, while the sample temperature was
monitored using a Pt-Pt/Rh (S-type) thermocouple. The
beam power was controlled by varying the pulse frequen-
cy.

Additionally, undoped Pr:NiO4+s (PNO) sample was
synthesized by the same modified Pechini technique. It
was first sintered in a furnace at 1150 °C for 5 hours, then
subjected to mechanical activation in a Pulverisette-6
planetary mill for 1 hour, followed by drying, and finally
sintered at 1250 °C for 10 hours.

2.2. Characterization
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subsequently cooled down to 50 °C. For TPIE ¥0,, the flow
of 1 % 02 + He (25 ml/min) was maintained, and for TPIE
C*80,, the flow was switched to 1 % CO. + He (25 ml/min).
After reaching the steady state, the flow was switched to
1% *¥0, (or C*¥0,) + He (25 ml/min), and the sample was
heated linearly from 50 to 800 °C at a rate of 5 °C/min.
The gas phase composition in the reactor outlet was moni-
tored by a SRS UGA-200 (Stanford Research Systems,
USA) mass-spectrometer. The experimental dependencies
of 0 atomic fraction (o) and *0'®0 (or C*0'®0) molecu-
lar fraction f34 (Or f46), respectively) were used for numer-
ic analysis to calculate the oxygen tracer diffusion coeffi-
cient (D) and heteroexchange rate (R values, and their
effective activation energies (Ep, Er) using mathematical
modeling. The mathematical modeling of the TPIE **0. and
C®0, data is described in detail in the works [23,61,62].
The error of calculation of these parameters did not ex-
ceed +15 %.

3. Results and Discussion

3.1. Phase composition and structural features

The phase composition of the materials obtained was stud-
ied by X-ray diffraction (XRD) using a Thermo diffractom-
eter (Thermo Fisher Scientific, Switzerland) and Cu Ka
radiation. XRD patterns were recorded in the 26 range of
15-80° with a step size of 0.05°. The samples obtained
were studied by scanning electron microscopy (SEM) us-
ing FIB-SEM microscope (Tescan Solaris,
Kohoutovice, Czech Republic) equipped with secondary
and reflected electron detectors.

Brno-

2.3. Oxygen mobility and surface reactivity study

The oxygen mobility and surface reactivity of the samples
were studied by a temperature-programmed isotope ex-
change (TPIE) of oxygen in a flow reactor using 0. and
C®0. as isotope-labeled reagents, respectively. The sam-
ples (50 mg weight, fraction 0.25-0.5 mm) were loaded
into a quartz tubular reactor with an inner diameter of
3 mm. The pretreatment was carried out in the flow of 1 %
O2 + He (25 ml/min) at 700 °C for 0.5 h. The sample was

3 o0f14

Figure 1 presents the XRD patterns acquired for the
Pr2-xSmxNiO4+s (x = 0.2 and 0.4) samples. The RP struc-
ture does not form at a low sintering temperature of
800 °C; instead, the samples consist of a mixture of cubic
phase corresponding to Smo.4Pro.601.8 (space group Fm3m)
and NiO. Sintering both PSNO2 and PSNO4 in the furnace
at 1150 °C results in the formation of a single-phase ortho-
rhombic RP phase corresponding to Pr:NiO4iss (ICSD
50439), as shown by the black lines at the bottom of Fig-
ures 1a and 1b. Apparently, this phase also contains Sm.

The PSNO2 sample sintered by RTS at 1150 °C is single-
phase and exhibit the orthorhombic RP structure (Fig-
ure 1a), while the PSNO4 sample sintered at the same con-
ditions contains small amount of an impurity phase corre-
sponding to PrNiO; (PDF 80-1359), which apparently also
contains Sm (Figure 1b). The XRD patterns of both PSNO2
and PSNO4 samples sintered by RTS at 1250 °C contain a
low-intensity peak corresponding to Smo.4Pro.601.s.

The undoped Pr.NiO4+s sample sintered in a furnace at
1250 °C is a single-phase orthorhombic RP phase (not
shown for brevity). The phase composition of the samples
is summarized in Table 1.

The unit cell parameter c decreases with increasing Sm
content for all Pr.-xSmxNiO4+s (x = 0.2 and 0.4) samples
(Figure 2) compared to the undoped Pr.NiO4+s, (Table 1).
For the samples sintered by RTS at 1150 °C, both a and b
unit cell parameters tend to decrease, which can be at-
tributed to the tendency of Jahn-Teller Ni** ions to form
elongated NiOes octahedra [63-65]. For the samples sin-
tered in a furnace at 1150 °C, the a and b unit cell parame-
ters exhibit opposing trends, indicating a more complex
distortion of the RP structure. Concurrently, the strains
calculated for the RP phase in the PSNO2 samples sintered

DOI: 10.15826/chimtech.10130
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in a furnace and by RTS at 1150 °C are identical (0.07 %).
Such features may be attributable to the size factor associ-
ated with the substitution of host Pr cations by smaller Sm
cations [66], as well as to the effect of the sintering tech-
nique, consistent with observations for Nd:-xSmxNiOg4+s
samples reported in earlier studies [37,38]. In contrast to
the samples sintered by RTS at 1150 °C, for those sintered
by RTS at 1250 °C all a, b and c unit cell parameters de-
crease with increasing Sm content, which is apparently
related to the substitution of larger Pr3* cations with

(a)

t NiO * Sm, Pr O, ¢

MMMMA RTS 1250
% RTS 1150
1150

800

Intensity, [arb. units]

20 30 40 50 60 70 80
26, 1°
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smaller Sm3* ones [66]. In all cases, increase in Sm con-
tent leads to a decrease in the unit cell volume.

While comparing the phase composition of the PSNO2
samples sintered in the furnace and by RTS at 1150 °C,
both remain single-phase with strain values of 0.07 %
(Table 1), indicating a similar level of structural disorder-
ing. The a unit cell parameter remains unchanged, while
the b and c unit cell parameters are slightly larger for the
RTS sample, which indicates a slight distortion of the RP
structure via expansion of the unit cell along the bc plane.

(b)
i NiO & PNiO,
* SmyPr, 0,4

lm—M—-j\__ﬂ\M)\L‘)\_u\_ﬁNA RTS 1250

*
\LU% RTS 1150
- 1150

- 800

Intensity, [arb. units|

20 30 40 50 60 70 80
26,1°

Figure 1 XRD patterns for Pr;sSm,,NiO,.s (a) and Pr;sSm,4NiO,.s (b) samples sintered in a furnace and by RTS at different tempera-
tures. The black lines in the bottom correspond to the Pr,NiO, (ICSD 50439) phase.

Table 1 Phase composition, unit cell parameters, crystal size and strains of the Pr,_,Sm,NiO,4.s (x = 0.0, 0.2 and 0.4) samples sintered

in a furnace and by RTS at different temperatures.

Sample Sintering Sintering Phase composition, Cell pa- Cell Crystal Strains,
(designation) technique temperature, [wt. %] rameters, volume, size, [%]
[°C] [A] [A3] [nm]
Pr,NiOy.s furnace 1250 Pr,NiOy.s 5.392(2) 366.4 ~100 -
(PNO) 5.461(2)
12.444(5)
Pr;.sSm, 2NiOy.s furnace 800 Sm, 4Pro60:s, 84 % 5.459(1) 162.7 54 0.12
(PSNO2) NiO, 16 % 4.175(1) 72.8 47 0.08
1150 (Pr,Sm),NiO,.s 5.389(5) 364.6 >150 0.07
5.448(5)
12.420(1)
RTS 1150 (Pr,Sm),NiO,.s 5.389(1) 365.0 >150 0.07
5.452(1)
12.424(1)
1250 (Pr,Sm),NiO,.s, 97 % 5.391(1) 364.7 >150 0.09
5.447(1)
12.419(1)
Sm, 4Pro60:1.5, 3 % - - 20 -
Pr;.6Smy 4NiOy.s furnace 800 Sm, 4Pro60.3, 80 % 5.456(1) 162.4 59 0.13
(PSNO4) NiO, 20 % 4.175(1) 72.8 50 0.09
1150 (Pr,Sm),NiO,.s 5.385(1) 364.0 120 0.04
5.450(1)
12.404(1)
RTS 1150 (Pr,Sm),NiO,.s, 80 % 5.391(5) 364.5 >150 0.09
5.453(5)
12.400(1)
(Pr,Sm)NiO;_s, 20 % 5.453(2)=a 394.2 40 -
=b
13.258(7)
1250 (Pr,Sm),NiO,.s, 95 % 5.388(1) 363.8 >150 0.08
5.445(1)
12.401(1)
smoA4ProA601A8y 5 % - - 25 -
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o—1150
& - RTS 1150
& <RTS 1250

~@—1150
=B =RTS 1150]
QO -RTS 1250
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=RTS 115
O -RTS 125

0.2 xin Pr, SmNiO,.; 0.4

Figure 2 The unit cell parameters of the (Pr,Sm),NiO,.s phase for
the PSNO2 and PSNO4 samples sintered in a furnace at 1150 °C
and by RTS at 1150 and 1250 °C.

For the PSNO4 sample sintered by RTS at 1150 °C, a
small amount of an additional perovskite phase is formed
(Figure 1b, Table 1). This may be attributed to an irradia-
tion-induced phase transition [54,67,68]. When comparing
the PSNO4 samples sintered in the furnace and by RTS at
1150 °C, the RTS sample exhibits a larger crystal size
(>150 nm compared to 120 nm for the furnace-sintered
sample) and larger level of strains (0.09 % for RTS ver-
sus 0.04 % for furnace sintering, Table 1). These observa-
tions indicate that RTS results in domain enlargement and
increased disordering of the RP structure.

3.2. Morphology

ARTICLE

cles exhibiting irregular shapes and varying degrees of
interparticle neck formation, suggesting diverse levels of
sintering and densification accompanied by the develop-
ment of an open porous microstructure. This microstruc-
ture is imperative for the effective operation of
SOFC/SOEC air electrodes.

3.3. Oxygen mobility and surface reactivity

The scanning electron microscopy (SEM) images of the
Pr.-xSmxNiO4+s samples are presented in Figure 3. The
samples demonstrate the presence of agglomerated parti-

- .

During the TPIE experiments, at the moment of the onset
of isotope exchange with '®0. (Figure 4), the fraction of
the exchanged bulk oxygen in the experiments with C*®0.
(Figure 5) reaches 70-80 %. Consequently, the substitu-
tion of oxygen from the bulk in the case of exchange with
80, is strictly limited by the rate of interphase exchange
between the gas and the oxide surface. In this particular
instance, the determination of the oxygen tracer diffusion
coefficient values is not possible. Based on the numerical
analysis of the experimental dependencies a(T) and f34(T)
(Figure 4), the oxygen surface heteroexchange rate (R
values, their effective activation energies (Er), and the
contributions of the R' and R* types of exchange mecha-
nism (according to Muzykantov classification [69,70]) into
the total heteroexhcange rate (R"= 0.5R!'+ R?) are deter-
mined (Table 2). Arrhenius plots of the oxygen heteroex-
change rate are given in Figure 6a. Corresponding oxygen
surface exchange constants calculated from R* as fol-
lows [71]:

k*=R*L (1)

where V is the sample volume, No is total number of oxide
anions in the sample, are presented in Figure 6b.

\ ) =2 o
Figure 3 SEM images of the Pr,_,Sm,NiO,.s samples: (a) x = 0.2 (1150 °C, furnace), (b) x = 0.2 (1150 °C, RTS), (c) x = 0.2 (1250 °C,
RTS), (d) x = 0.4 (1150 °C, furnace), (e) x = 0.4 (1150 °C, RTS), (f) x = 0.4 (1250 °C, RTS).
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(a) 1.0 4

0.9 = S L
0.8 1

0.7
> PSNO2 1150
PSNO2 RTS 1150
PSNO2 RTS 1250

0.6

0.5

0.4+

0.34

Isotope fraction

0.2 4

0.14

0.0 =

T T T T 1
200 300 400 500 600 700 800

T, [°C]

+ PSNO41150
*  PSNO4 RTS 1150
PSNO4 RTS 1250

0.4 1

0.3+

Isotope fraction

0.2
f34\
0.1 N

0.0

200 300 400 500 600 700 800
[
T, |°C]
Figure 4 Temperature-programmed isotope exchange of oxygen
with 0, in a flow reactor for Pr,..SmNiO,.s (x = (a) 0.2

(PSNO2), (b) 0.4 (PSNO4)) sintered in a furnace and by RTS at
1150 and 1250 °C. Points - experiment, lines - modeling.

Table 2 Oxygen heteroexchange rate (R”) values at 600 K, their
effective activation energies (Ex) and contribution of R* type of
mechanism according to the TPIE **0, modeling.

Sample R™x107, R?, Eg,
(Tsint, [°C]) [mol/(m?s)] [%] [kJ/mol]
PSNO2 (1150) 1.0 88 145
PSNO4 (1150) 1.5 85 130
PSNO2 (RTS 1150) 0.053 85 140
PSNO4 (RTS 1150) 0.054 82 140
PSNO2 (RTS 1250) 0.31 85 135
PSNO4 (RTS 1250) 0.2 91 135

As demonstrated in Table 2 and Figure 6, the sample
sintering technique and conditions exert a substantial in-
fluence on the oxygen heteroexchange rate per surface
area unit. The highest oxygen heteroexchange rate is ob-
served for the samples sintered in a furnace at 1150 °C
(R"~1072 mol/(m?3s) or k" ~1075 cm/s at 700 °C). For the
RTS samples, the heteroexchange rate underwent a sub-
stantial decrease. For the samples sintered by RTS at
1150 °C, the oxygen heteroexchange rate is significantly
lower (R"~10"*mol/(m3s) or k* ~1077 cm/s at 700 °C)
compared to the samples sintered by RTS at 1250 °C
(R" ~1073 mol/(m3s) or k" ~107% cm/s at 700 °C). In con-
trast to the sintering technique and conditions, the Sm
content exhibits minimal influence on the oxygen hetero-
exchange rate values (Table 2, Figure 6). Nevertheless,
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values of the oxygen heteroexchange rate with '®0. for
Sm-doped Pr nickelates exceed those for undoped
ProNiOg4+s by ~1-3 orders of magnitude [72-74].

The findings indicate a significant impact of the sample
sintering technique and temperature, with a minor effect
on the Sm content. These observations suggest that the
surface state plays a predominant role in determining the
oxygen heteroexchange rate. Difference in k™ values for
Pr:NiO4+s in ~0.5-2 orders of magnitude is shown in the
works [73,75]. In the works [73,76], the strong influence
of the composition and morphology of the outermost layer
of the oxides on the oxygen surface reactivity is demon-
strated.

As indicated by the TPIE 0, data, the predominance of
the R*> mechanism (Table 2) suggests a high rate of the
surface diffusion of weakly bound oxygen, which may play
a crucial role in redox reactions (such as ORR/OER).

The contribution of the two-atomic (R*) type of ex-
change mechanism exceeds 80 % for all samples (Ta-
ble 2). The single-atomic type (R") is frequently interpret-
ed within the framework of the Eley-Rideal mechanism,
occurring via a three-atomic surface complex consisting of
two atoms of oxygen molecule and one atom of the oxide
surface. The two-atomic type (R?) is frequently interpret-
ed within the framework of a two-step Bohhoffer-Farkas
mechanism (reversible dissociation of oxygen molecule
with the formation of two identical adsorbed oxygen at-
oms followed by incorporation of the adsorbed oxygen into
the oxide lattice). Surface anionic defects (i.e., oxygen va-
cancies) play a crucial role in the activation of the molecu-
lar oxygen. However, concentration of these defects is typ-
ically low, and the probability of oxygen molecule interact-
ing simultaneously with two defects is also low. Hence,
the proposed by  Muzykantov and
Boreskov [76,77] is the most physically sound. The first
stage is dissociation of the oxygen molecule on the vacant
site with the formation of one strongly bound lattice oxy-
gen atom occupying the oxygen vacancy, and one weakly

mechanism

bound surface oxygen atom:

W,
1 )
O, +[ ], +( )s T[O]v +[0],. ()
where [O]v and [ ]v are occupied and free lattice oxygen
vacancy, respectively, (O)s and ( )s is weakly bound oxy-
gen atom and a vacant place on the oxide surface. If oxy-
gen surface diffusion rate is high enough, (O)s may occupy
another oxygen vacancy:
W
2 )
(O)s +[ ]v T[O]v +( )s (3)

Within the framework of the Muzykantov-Boreskov
mechanism, both single-atomic and two-atomic types of
exchange mechanism can be interpreted. If the rates
W1 = W_; are significantly higher than W>=W_,, a single-
atomic type is indicated; in the opposite case, there is two-
atomic one.
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Figure 5 Temperature-programmed isotope exchange of oxygen with C*®0, in a flow reactor for Pr,-,Sm,NiO4.s (x = (a) 0.0 (PNO) and
0.2 (PSNO2), (b) 0.4 (PSNO4)) sintered in a furnace and by RTS at 1150 and 1250 °C. Points - experiment, lines - modeling.
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Figure 6 Arrhenius plots for oxygen heteroexchange rate (a) and
surface exchange constant (b) according to the TPIE '¥0, in a flow
reactor for the Pr,_,Sm,NiO,.s samples.

For the TPIE C®0. experiments (Figure 5), the oxygen
substitution rate for samples sintered in the furnace is
visibly higher in comparison to the RTS samples. However,
when the difference in specific surface area is taken into
account, the calculated oxygen tracer diffusion coefficient
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values (D", [cm?/s]) are comparable and are ~107'3 cm?/s
at 600 K (Table 3). It is noteworthy that such D" values
high  for
pounds [59,78-81]. At the same time, the difference in the
effective activation energy can be noted, they are signifi-
cantly higher for the RTS samples (180-190 kJ/mol) com-
pared to the samples sintered in a furnace (130 kJ/mol;
Table 3).

A high D" values can be explained by easing oxide ani-

are remarkably perovskite-like  com-

ons passage across the Pri;-xSmx triangles due to the small-
er Sm ionic radius [66], facilitating cooperative mecha-
nism of oxygen migration [23,29,30,37,81]. An increase in
the effective activation energy for the RTS samples can be
explained by relatively high disordering and distortion of
the lattice compared to the samples sintered in a furnace,
as indicated by the strain values and the variation of unit
cell parameters (Figure 2, Table 1). This may lead to the
change of the Pr3;-xSmy triangle shape [13,82] and compli-
cations in particular oxide anion pathways due to the lat-
tice distortion [34,35]. On the other hand, the RTS samples
exhibited higher D* values at elevated temperatures
(> 400-500 °C) compared to the samples sintered in a
furnace (Figure 7). This can be attributed to the variation
in the interstitial oxygen content, the frequency of oxygen
jump attempts, and other factors that will be further elu-
cidated in future research. Nevertheless, the D" values
remain high for all Pr.-xSmxNiO4+s samples (Figure 7).
While comparing undoped (Figure 7, olive curve) and
Sm-doped Pr:NiO4+s samples sintered in a furnace, at low
temperatures (< 400 °C), an increase in D" values is ob-
the Pri6Smo.4NiOg4+s <
Pr1.8Smo.2NiO4+s < ProNiOg4+s. Such features of oxygen mo-

served in following order
bility can be explained not only by the effects of ionic ra-
dius size [66], but also by the formation of oxygen vacan-
cies while substituting Pr** cations with Sm3* ones, and
negative effects of lattice distortions for higher dopant

content, as discussed in the works [34-36] devoted to Gd-
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and Er-doped Pr:NiOg4+s, as well as other reasons, such as
the structural partial disordering (strains are given in Ta-
ble 1), the effect of Sm cations doping on the intensity of
the oxygen exchange between perovskite and rock salt
layers [30,83], the Pr/Sm-O bond length [30,32,84,85],
and the other possible factors affecting the cooperative
migration of oxygen to be clarified in the future.

The D" values for the RTS samples are lower at low
temperatures and higher at high temperatures in compari-
son to the samples sintered in a furnace. Lower oxygen
mobility for the RTS samples compared to the samples
sintered in a furnace at low temperatures and higher oxy-
gen mobility for the RTS samples compared to the samples
sintered in a furnace at high temperatures reflects the
difference in the effective activation energies (Figure 7,
compare solid, dashed and dotted curves). A clear trend in
the dependence of D" values on the RTS temperature is not
evident. The values are higher for the PSNO2 sample sin-
tered at 1250 °C compared to the sample sintered at
1150 °C, and the opposite is observed for the PSNO4 sam-
ples (Figure 7). This may be related to the phase composi-
tion: some samples are single-phase, the other contain
(Pr,Sm)NiO3-5
Smo.4Pro.601.8 fluorite (Table 1). ABO5; perovskites typically
possess lower D" values compared to A.BO; RP phas-
es [23,29,81,86,87]. Unfortunately,
mation on Smo.4Pro.601.8, however, it may demonstrate the
properties similar to those for PreOu possessing a high
oxygen mobility [88]. Nevertheless, the admixture content
(Table 1) is not high enough to form additional diffusion
channels.

Concurrently, the Ep values for all RTS samples are
close (180-190 kJ/mol). This may reflect the difference in
oxide anion jump attention frequency and/or in the con-
tent of highly mobile interstitial oxygen. The interstitial
oxygen content for the RTS samples may vary not only due
to the substitution of Pr4* by Sm3*, but also due to the re-

admixtures such as perovskite and

there is no infor-

duction of the oxide under the e-beam irradiation. Such a
reduction may occur due to transfer of electrons from ox-
ide anions to metal cations with highest valence state
(Sm3*) leading to the conversion of O anions into neutral
0° or even positively charged O* species, followed by the
desorption of the oxygen molecule. This oxide reduction
process is referred to as the Knotek-Feibelman mecha-
nism [56,67,89,90].

ARTICLE

Structure disordering may also affect the oxygen mo-
bility. Strain values are 0.07 % and 0.09 % for the PSNO2
samples sintered by RTS at 1150 °C and 1250 °C, respec-
tively, and 0.09 % and 0.08 % for the PSNO4 samples
sintered by RTS at 1150 °C and 1250 °C, respectively (Ta-
ble 1). Surprisingly, there is reverse correlation of the
strains and the oxygen mobility: the samples with higher
strain value (Table 1) possess higher D" values (Table 3,
Figure 7); the opposite tendencies are observed in previ-
ous studies [37,38]. This may indicate that more disor-
dered RP structure in this particular case is more favora-
ble for cooperative oxygen migration; or it is just a coinci-
dence.

Nd
nickelates [37,38], RTS does not cause such negative ef-

Nevertheless, differing from Sm-doped

fects on the oxygen mobility of Sm-doped Pr nickelates.

The highest D* values are demonstrated for the
Pri6Smo.4NiO4+s sample sintered by RTS at 1150 °C
(2.5:107cm?/s at 700°C, Figure7) and the

Pr18Smo..NiO4+s sample sintered by RTS at 1250 °C
(1.7-1077 cm?/s at 700 °C, Figure 7), however, these values
are slightly lower compared to the undoped PNO sample
(4.7-1077 cm?/s at 700 °C). Notwithstanding this fact, the
D" values for Sm-doped Pr nickelates remain sufficiently
high for application as SOFC/SOEC air electrodes. Howev-
er, further studies are required to comprehensively evalu-
ate the advantages and disadvantages of the Sm-doping
strategy. These studies should include measurements of
total conductivity, thermal expansion coefficients, assess-
ment of compatibility with solid electrolytes, and optimi-
zation of the electrode microstructure.

T, [°C]
400

800 700 600 500 300 200

T T T T T T T

_12/[—PNo 1250
—— PSNO2 1150

k- --PSNO2 RTS 115(
| = PSNO2 RTS 125(
—— PSNO4 1150
—161L . . _ pSNO4 RTS 115

10 12 1.4 1.6 18 20
1000/7, [K™)

Figure 7 Arrhenius plots for oxygen tracer diffusion coefficient
according to the TPIE C®0, in a flow reactor for the
Pr,_.Sm,NiO,.s samples.

Table 3 Average diffusion path (L), oxygen tracer diffusion coefficient (D) values at 600 K and their effective activation energies (Ep)

according to the TPIE C'®0, modeling.

Sample (D*/L?)x10* Lx10%, Ep, D*x107
(Tsine, [°CD) [s7] [cm] [kJ/mol] [cm?/s]
PNO (1250) 2.5 2.0 140 10
PSNO2 (1150) 8 0.21 130 0.35
PSNO4 (1150) 8 0.17 130 0.22
PSNO2 (RTS 1150) 0.3 0.34 180 0.035
PSNO4 (RTS 1150) 0.4 0.53 190 0.11
PSNO2 (RTS 1250) 0.8 0.45 180 0.16
PSNO4 (RTS 1250) 0.25 0.55 180 0.076
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Table 4 Comparison of D" and k” values for the studied samples compared to various RP phases and other state-of-the-art electrode

materials [17,24,25,30,37,63,73,74,78,88,91-102].

Composition Synthesis technique Tsints Method® T, DY, K, Reference
[°C] [°C] [cm?/s] [cm/s]
Pr,NiO,.s5 Pechini 1250 TPIE C*®0, 700  4.7-1077 - This work
Pr,NiO,.s5 Solid-state reaction 1250 GPE *®0, 700  3-107° 2-1077 [73]
Pr,NiOg.s Nitrate-citrate 1075 IEDP SIMS 725 71078 1-107° [74]
Pr, sSm, ,NiO,.s Pechini 1150 TPIE C*®0, 700  7.8-107° - This work
Pr, sSm, ,NiO,.s Pechini 1150 TPIE *®0, 700 - 9.8:107° This work
Pr; §Sm, ;NiOy.s Pechini 1250 (RTS)  TPIE C*®0, 700 1.7-1077 - This work
Pr, sSm, ,NiO,.s Pechini 1250 (RTS)  TPIE **0, 700 - 1.4-10°6 This work
Pr; 6Sm, 4NiOy.s Pechini 1150 (RTS) TPIE C*®0, 700 2.5-1077 - This work
Pr; 6Smo 4NiOy.s Pechini 1150 (RTS) TPIE 80, 700 - 3.4-1077 This work
Nd,NiOy.s Solution-assisted solid 1150 TPIE C*%0, 700  4.5-10°% - [91]
state reaction
Nd,NiO,.s Solution-assisted solid 1150 TPIE %0, 700 - 5.9-10°% [91]
state reaction
Nd, sSm, 2NiOy.s Pechini 1150 TPIE C*®0, 700  7.5-107% - [37]
Nd, sSm, .NiOy.s Pechini 1150 (RTS)  TPIE C*®0, 700 2.5-107° - [37]
La,NiO,.s Two-step solid-state 1250 TPIE C**0, 700 5.5-107*° 7.7-107° [24]
reaction
La,NiOy.s Two-step ceramic 1450 GPE %0, 700 1-1078 3-1077 [17]
technology
La,NiO,.s Nitrate-citrate 950 IEDP SIMS 725 7.1078 3-107° [74]
La;sSmy >NiOy.s Glycerol-nitrate 1170 TPIE C**0, 700 2.1-107° 4.6-107° [30]
La; 6Smo 4NiO,.s Glycerol-nitrate 1170 TPIE C**0, 700 2.2-107° 7.6-107° [30]
La;,Sm,gNiOy,.s Glycerol-nitrate 1170 TPIE C**0, 700 5.4-107° 2.5-1074 [30]
La,CuOy.s Pechini 1000 IIE ®0, 800 >2.107" 3.4-1078 [92]
Pr,.6Cao.4NiosCUo 20,45 Nitrate combustion 1100 TPIE C**0, 700  9.4-1078 (fast) - [63]
~107'° (middle)
2.2-107"2 (slow)
Pr, 6Cao 4Nio gClUo 20,45 Nitrate combustion 1100 TPIE 0, 700 - 1.0-107° [93]
Pr,,5ST0.25Nio,5C002504+  Citrate-nitrate 1200 GPE %0, 700  1.8-107% (D)) 4.4-1077 [25]
5 3.8-107" (D,)
La,Nio.gC00.104+5 Sol-gel 1350 ECR 700 9.66-10°% 1.05-10°  [94]
Sr.Fe,0, 5 Solid-state reaction 1300 PIE 80, 500 - 3.69-107% [95]
Pr,Ni, ,C003010-5 Freeze drying 950 EIS 700 - ~1078- [96]
1077
Bao.5Sr6.5C00.8F€6.,05-5 Pulsed laser deposi- - IEDP SIMS 700 6-1077 1-107% [78]
tion
PrBaCo,Os.s Solid-state reaction 1150 IEDP SIMS 670 2.1078 8-1077 [97]
Sr,Fe; sM0,.506-5 Solid-state reaction 1250 GPE %0, 700  4-1078 2.1077 [99]
Bi; sMn, ,sNbRu, 50;-5 Organic-inorganic 1150 TPIE C*¥0, 700 7.0-107*2 (fast) - [99]
precursors combustion 8.3-107%% (slow)
Ca, ;S103C0,04 Solid-state reaction 900 IIE ®0, 694 4.1-107%° 3.0-107° [100]
Ba,Coq0y4 Solid-state reaction 900 IIE %0, 700 5.0-107*2 4.0-107*°  [100]
La,Mo0,04-La,M050;, Mechanical mixing 950 IIE *®0, 800 2.35-1077 (fast) 6.76-1077  [101]
4.31-107*° (slow)
Lao.6STo.4Fe0.8C00.205-5— Mechanical activation 1200 IEDP SIMS 800 4.18-1078 5.51-107° [102]
Ceo.8Gdo.20,-5
LaogSTo.Feo,Nip30;5-5~  Ultrasonic dispersion - 1IE 0, 700 >5.10"° (interface) 3.6-107% [92]
Ceo.8Gdo 2055 >3-107"3 (fluorite)
9-107'4 (perov-
skite)
PrNi, 5C00.505-5— Ultrasonic dispersion 1100 TPIE C*®0, 700 3.9-1077 (fast) - [88]

Ceo.9Y0.102—5

7.9-10""* (slow)

2 TPIE - temperature-programmed isotope exchange; GPE - gas-phase equilibriation isotope exchange; IEDP SIMS - secondary ion mass spectroscopy with
isotope exchange depth profile; IIE - isothermal isotope exchange; ECR - electrical conductivity relaxation; PIE - pulse isotope exchange; EIS - electro-

chemical impedance spectroscopy.

The comparison of the D" and k* values for the samples
involved with various RP phas-
es [17,24,25,30,37,63,73,74,91-96] and other materials
[78,88,92,97-102] are given in Table 4. The comparison
reveals that the D" and k" values for the Pr.-xSmxNiO+s
samples remain high, which is promising for application
as SOFC/SOEC air electrodes.

To select the most suitable air electrode materials re-
garding oxygen transport properties, both D" and k" values

g of 14

must be taken into consideration. The Adler-Lane-Steele
(ALS) model [103-105] correlates electrode performance
with (D"k")°5 values as well as textural and morphological
characteristics of the electrode. The highest (D"k")°5 val-
ues amongst the Sm-doped samples are demonstrated for
the PSNO2 and PSNO4 samples sintered in a furnace at
1150 °C in the low and intermediate temperature range
(<500 °C) and for the PSNO2 sample sintered by RTS at
1250 °C and the PSNO4 sample sintered by RTS at 1150 °C
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at high temperatures (>500 °C). With proper and opti-
mized microstructure and textural characteristic, this may
be one of the criteria for choosing SOFC/SOEC air elec-
trode materials.

4. Limitations

The mean diffusion path length is taken as the mean parti-
cle radius according to the SEM data. In the course of ana-
lyzing the RTS effect on the materials’ properties, the pre-
viously observed trends and the information in the litera-
ture for analogous materials are taken into consideration,
given the paucity of experimental data on the e-beam irra-
diation effects on the Ruddlesden-Popper phases. The ox-
ygen overstoichiometry studies are required for the analy-
sis of trends in oxygen mobility and surface reactivity,
which will be conducted in the authors’ future works.
Based on the results of this work, RTS can be considered
as an efficient technique for fabricating high-performance
porous MIEC ceramics for SOFC/SOEC air electrodes.
However, the further optimization is required for achiev-
ing better results and evaluating the RTS effect on the
electrode microstructure. Future work should focus on
optimizing RTS parameters to further control defect chem-
istry and microstructure, as well as evaluating electro-
chemical performance and stability under operating condi-
tions. Thermal, phase and redox stability, and long-term
operational durability should be studied as well.

5. Conclusions

In this study, the Pr>-xSmxNiO4+s (x = 0.2 and 0.4) materi-
als were synthesized for the first time. The Ruddlesden-
Popper (RP) structure was confirmed to form after sinter-
ing at 1150 °C. Single-phase oxides were obtained via con-
ventional furnace sintering at 1150 °C for both composi-
tions (x = 0.2 and 0.4) and via radiation-thermal sintering
at 1150 °C for x = 0.2. Samples that underwent sintering
under alternative conditions (e.g., RTS at 1150 °C for x =
0.4, and RTS at 1250 °C for both compositions) exhibited
the presence of impurity phases, including perovskite
(PrNiO3) and fluorite (Smo.4Pro.s018). The fabrication of
porous MIEC ceramics, derived from these materials,
holds considerable promise for the design of SOFC/SOEC
air electrodes.

The samples exhibited high oxygen mobility (D" up to
~1077 cm?/s at 700 °C) provided by a cooperative oxygen
migration via the interstitialcy mechanism involving both
regular and highly mobile interstitial oxygen. However, no
clear trend was observed regarding the effect of Sm con-
tent and the sintering temperature on oxygen transport.
The present study demonstrated that the oxygen surface
exchange rate was significantly influenced by the sintering
technique and temperature, whereas the Sm content
showed a minimal and nearly independent effect. Several
factors were identified as potential contributors to the
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observed variations in oxygen mobility and surface reac-
tivity, including the size effect arising from substitution of
Pr3* by smaller Sm3* cations, differences in phase compo-
sition, structural disorder, and lattice strains. The use of
radiation-thermal sintering (RTS) was shown to enhance
oxygen mobility at elevated temperatures, particularly for
samples sintered in the range of 1150-1250 °C. This en-
hancement is attributed to electron-beam-induced struc-
tural disordering, strain generation, and defect formation.
Notably, the highest oxygen transport performance was
achieved for RTS-sintered samples, outperforming those
prepared by conventional furnace sintering. Despite the
oxygen tracer diffusion coefficient values for Sm-doped Pr
nickelates being lower compared to those for undoped
Pr2NiOgy+s, they remain sufficiently high.
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