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Abstract

In the present work, the anionic doping of a Bataming NdNiO,4s mixed
conductor is proposed as an efficient means ohguitis functional properties for
application as an oxygen/steam electrode matemigdrotonic ceramic electrolysis
cells (PCECs). Single-phase NBay:NiO4.sF, (y = 0, 0.03, 0.05, 0.07 and 0.1)
nickelates having a MNiF,-type structure were prepared and comprehensively
characterised in the range from room temperaturd0@0°C. A combination of
complimentary techniques, including 4-probe DC teleal measurements, an
electron-blocking method, electrochemical impedaswectroscopy and analysis of
equivalent circuit schemes and distribution of xateon times, was employed to
reveal the fundamental correlations between etadtrproperties, oxygen-ionic
transport and electrochemical performance of fhated nickelates. The highest
lonic conductivity in combination with the lowesleetrode polarisation resistance
was found for the composition with= 0.05. The enhanced transport properties of
this material were attributed to mixed anion |&teffect. Electrochemical tests of an
electrolysis cell based on a proton-conducting BafigsY 1Y 01055 electrolyte
with a Nd ¢Bay 1NiO4.5F0 05 0Xygen electrode demonstrated competitive perfooma
compared to state-of-the-art PCECs, thus suppottiagorospective viability of the
proposed approach.

Keywords: F-doping; NdNiOy4; proton-conducting electrolytes; PCECs & PCFCs;
energy conversion; DRT analysis
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1. Introduction

Proton-conducting electrochemical cells based odid saxide materials are
attractive energy conversion devices [1-4]. Sudttedchemical systems meet a
range of target criteria, including high efficienagnvironmental friendliness and
potential industrial application [5-8], which amicial factors for the development of
hydrogen and electrochemical energy technologiestebver, the working life of
such cells can be extended compared with convealtsmlid oxide cells due to their
low- and intermediate-temperature operation modescansequently reduced rate of
degradation processes [9-11]. However, in ordeadioieve commercially viable
performance of protonic ceramic electrolysis cI€ECs) and protonic ceramic fuel
cells (PCFCs), their total resistances must berms®d by optimising the electrolyte
and electrode components [12-15].

Complex oxides based on MO, (where Ln = La, Nd, Pr) have been
intensively studied as possible oxygen / steantrelée materials for PCFCs/PCECs
[16-20]. Of particular interest is their thermochesmh compatibility with
Ba(Ce,Zr)Q-based proton-conducting electrolytes as well asdgelectrochemical
activity towards electrochemical reactions invotywvater [16,21,22]. The utilisation
of undoped LgNiOy4s nickelates as electrodes is limited due to sonavblacks
[23,24]; as a result, different doping strategiasenbeen applied to optimise their
functional properties. Among different strategitbg partial substitutions of Ln-ions
by alkaline-earth elements®(M = Ca, Sr, Ba [25—28]) or Ni-ions by copper,niro
or niobium [29-32] can be highlighted as the mashmonly adopted. At the same
time, modification of the anionic sublattice is @atively new and little explored
approach to governing the target properties of dexnpxides [33-35].

Regarding the functional materials that can be useédCECs or PCFCs, the
anionic modification of brownmillerite-type Bla,Os-based protonic conductors
using halogens has been intensively studied oweta$t decade by Animitsa et al.
[36—40]. Later, F-, Cl- and Br-doping was used fdassical BaCegbased
electrolytes having a perovskite structure [41-43pwever, studies of anionic

modification of oxygen-conducting electrode materidor protonic ceramic



electrochemical cells are limited to only a few ®[45,46] and need to be extended
to gain a better understanding of the corresponelifegts on electrode performance.

In the present work, we employed a solid-state @ggr to synthesise
fluorinated Nd Ba,1NiO4.sF, nickelate electrode materials. Perovskite-type and
perovskite-related oxyfluoride phases with highdatents are generally considered
to be difficult to synthesise by means of high-tenapure solid-state reaction due to
the high stability of alkaline-earth fluorides AFA = Ca, Sr, Ba) and rare-earth
oxyfluorides LnOF. Therefore, these materials angaily prepared by fluorination of
oxide precursors at relatively low temperatures 400°C) using a variety of
fluorinating agents — k& XeFk, NH;F, MF, (M = Cu, Zn, Ni, Ag), or
poly(vinylidenefluoride) [47,48]. Nevertheless, tbeare numerous reports claiming
the successful preparation of fluorinated oxidesrt®ans of high-temperature solid-
state reaction using alkaline-earth fluorides ascyrsors. The examples include
synthesis of cobalt- and iron-based hexagonal p&mes BaCo;O.65F1x [49],
BasCo035F1« [50] and BaFe@sF, (0.15 < x < 0.35) [51], perovskite-type
SrCq oNby 103 5Fo1 [52] and La ,SrMNOs o5k (X = 0-0.5) [53], KNiF,-type
SrnFeGQF [54], indates and scandates of different strattiypes — perovskite
BaScQF [55], Ruddlesden-Popper BaOs;F [56], Baln,OsF, [57] and BaScOF
[58], as well as SMO4F (M = Al, Ga) [59] and Ca\l;06F [60] oxyfluorides. Since
PCEC/PCFC electrodes are expected to operate\attetetemperatures, solid-state
synthesis was the logical choice in this work.

Thus, the aim of the present work was a compreherstudy of the functional
properties of the prepared NfBay;NiO,sF, nickelates and the evaluation of
possible effects of anionic modification on the geg-ionic transport in these oxides
and their electrochemical activity as oxygen etabts for proton-conducting

electrochemical cells.



2. Experimental

2.1. Synthesis of materials

Nd; Bay 1NiO4ssF, (NBNFy, wherey = 0, 0.03, 0.05, 0.07 and 0.1) nickelates
were synthesised via the solid-state synthesis adetising high-purity X 99.5%)
Nd,O;, BaCQ and NiO. Bak was used as a source of fluorine. The correspgndin
powders were measured in strictly calibrated an®uyetlculated according to

equation (1) and then mixed using a PULVERISETTE 7 planetaigronmill.

O.95Ndzq+(0.1—%j Baco+) Bap Ni@l2 (0.055+ 5 )O.

Nd, sBa, ,NiO,; F +( 0.1—\—9 CO (1)

The obtained precursor mixtures were stepwise faedl050 °C (5 h) and
1100 °C (5 h) with intermediate milling. Followirgubsequent phase analysis, the
synthesised powders were divided into two groupe first group was used for the
preparation of electrodes of symmetrical and ebdygdrs cells, while the second was
used to fabricate the ceramic samples for eletiaied dilatometry measurements.

The electrode slurry was prepared by mixing thetrgised NBNf powders
with o-terpineol, ethyl cellulose and dibutyl phthalate feight ratio of 90:8:2)
dissolved in ethanol media. The ceramic sampleg wbtained by uniaxial pressing
at 250 MPa followed by sintering at 1350 °C for.5 h

2.2. Characterisation of materials

The phase composition of prepared materials waermeted by X-ray
diffraction (XRD) analysis using a Rigaku D/MAX-220L diffractometer. The
XRD patterns were obtained using the Gu#diation in the angle range of 20°-85°
(A =0.02°, A/t = 1° minY). The XRD data were refined using Rietveld analysi
(Fullprof software [61]).

Images of the ceramics surface and the PCEC'’s -sexgn were obtained
using the scanning electron microscopy (SEM) amalyson a
TESCAN MIRA 3 LMU microscope supplied with an Oxfoinstruments X-
MAX 80 energy dispersive spectrometer.
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The oxygen overstoichiometryd)( in NBNFy was analysed using the
thermogravimetric method (STA 449 F3 Jupiter, Net}sFirst, the weight change
of powdered samples was monitored on heating/cgahnflowing ambient air to
calculate a relative change dnThen, the same powders were subjected to complete
reduction in 50 vol.%klin Ar to obtain the absolute values ®fat the initial (room
temperature) conditions. The measurements wererpatl in the temperature range
of 30—-1000 °C with the isothermal equilibrationtbé samples weight during 1 h in
the case of air atmosphere.

The thermochemical behaviour of the ceramic mdteriwas studied
dilatometrically (Netzsch DIL 402C) in static air in cooling regime starting from
1000 °C and ending at 100 °C with a cooling rat® 6€ min'. Thermal expansion
coefficients (TECs) were calculated using the atgdidilatometric curves.

Electrical conductivity was measured by means aoftandard 4-probe DC
method using bar-shaped ceramic samples in a tamperrange of 100-900 °C,
with a specially developed Zirconia-318 source isgnas temperature and oxygen
partial pressure controller [62]. The oxygen-iooanductivity was measured using a

Wagner-Hebb technique detailedSection 3.3.3

2.3. Fabrication and characterisation of symmetrical cdk

Electrode formation was carried out using a sp@ymethod followed by
sintering at 1100 °C for 1 h. Symmetrical cells evéabricated using dense proton-
conducting BaCgZro3Y01Y 01035 (BCZYYD) electrolyte discs with a thickness of
0.8 mm; the composition of the electrolyte was cel@ based on our recent work
[63]. The electrode slurries were sprayed on opeasdes of the electrolyte discs,
dried and sintered at 1100°C for 1 h.

The electrochemical behaviour of electrodes was luated using
electrochemical impedance spectroscopy (EIS) aisalykis analysis was carried out
using an Amel 2550 potentiostat/galvanostat and aaehblsM 520 FRA-box. The
impedance spectra were collected under the follgvaonditions: T = 500-750 °C,
wet air atmosphere (pB = 0.03 atm), f = 1-18-1-16 Hz, Uxc = 30 mV.



The polarisation resistance jJjRvalues were calculated as half (symmetrical
configuration) of the difference between resistano@responding to intersecting the

real resistances axis with the measured impedgrezgra.

2.4. Fabrication and characterisation of the protonic ceamic electrolysis
cell

A Ni-cermet/electrolyte half-cell as a basis of P@EC was prepared using the
tape-calendering method as described in detalbisee [64]. The electrode slurry of
optimal NBNF composition was applied onto the electrolyte stgfaf the half-cell
(active area of 0.28 cand sintered at 1100 °C for 1 h to obtain a \adhered
anode layer. A current collector of LaMre 4055 (LNF) composition was used to
ensure a good current distribution over the NBNffeam electrode [65,66]. The
single PCEC was tested utilising a home-made eleotmical system. The
voltammetric and EIS measurements were performeétdyube same potentiostat /
galvanostat and FRA unit. The impedance spectrae wamllected under wet
(pH,O = 0.50 atm) air / wet (pi®D = 0.03 atm) K gradient in the frequency range of
1-10%1-16 Hz with an AC perturbation of 30 mV and applied Batage of ~1.0,
l2and 14V.

3. Results and discussion

3.1. Phase composition and crystal structure

The XRD analysis of sintered NBNFeramic samples showed formation of
single-phase materials with orthorhombigN#F,-type structure Kigures 1, S1 and
S2a). The anionic modification of NNiO,4.s was found to have a minor effect on the
structural parametersTdéble 1). No visible shifts in the positions of the XRD
reflections were observe#igure 1b); the calculated unit cell volume varied within a
narrow range of 1-I&nnt with the composition. This can be explained akves.
Firstly, the fluorine doping level in the preparedmpositions is narrow, while
oxygen and fluorine ions have rather close iondiirdn particular, in Shannon’s

system [67], the ionic radius of"Qs equal to 0.138 nm (coordination number (CN)



equals to 4, Ol1-positions) or 0.140 nm (CN = 6,2#ions), while the ionic radius
of F reaches 0.131 or 0.133 nm, respectively. Secomdipor changes in the
anionic sublattice are likely to have a limitedeetf on the average oxidation state

(and consequent average ionic radius) of the vi@radlence nickel cations.

Table 1 Refined structural parameters of NBa, 1NiO4.sF, nickelates.

Concentration of F,y 0 0.03 0.05 0.07 0.1
Space group Fmmm
a, nm 0.5377 0.5378 0.5379 0.5380 0.5381
b, nm 0.5431 0.5431 0.5430 0.5428 0.5425
c, nm 1.2402 1.2403 1.2403 1.2404 1.2406
Vx10°, nm 362.17 362.27 362.27 362.23 362.16
X 0 0 0 0 0
Nd y 0 0 0 0 0
z 0.360 0.360 0.360 0.360 0.3600
8i Occ. 2.040 2.012 2.029 2.006 1.985
Ni X 0 0 0 0 0
! y 0 0 0 0 0
z 0 0 0 0 0
4a Occ. 0.976 0.995 0.999 0.965 0.978
o1 X 0.25 0.25 0.25 0.25 0.25
y 0.25 0.25 0.25 0.25 0.25
z 0 0 0 0 0
8e Occ. 2.080 2.111 2.120 2.077 1.923
X 0 0 0 0 0
02 y 0 0 0 0 0
z 0.173 0.172 0.171 0.171 0.170
8i Occ. 2.021 2.064 2.068 2.033 2.058
Ry, % 7.7 9.2 9.3 9.9 9.3
Rup, % 13.3 14.3 13.3 14.7 16.9
Rexp, %0 9.7 9.3 9.7 11.3 10.2
P 1.9 2.4 1.7 1.7 2.7
R-Bragg, % 2.7 2.0 3.6 2.6 4.7

It should be noted that the presence of phase itrgmi(such as Balf was
detected neither in the XRD patterns nor by therasituctural (SEM/EDS)
inspection of the ceramic samples. It may be exgktherefore that solid-state

synthesis promotes the formation of fluorinateddeximaterials without a noticeable
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deviation from the nominal fluorine content. Thelisd&tion of other preparation
techniques such as combustion synthesis methodsA§488] may result in the

formation of fluorine-depleted compositions duepossible HF volatility at high

temperatures.
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Figure 1. XRD patterns of the sintered N#Ba, 1NiO4.sF, ceramic samples: (a) in a
wide 2 range; (b) expanded view & 2 31°-34°
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3.2. Oxygen overstoichiometry

Oxygen-ionic transport in oxide materials, whichase of the key factors
defining their electrical / electrochemical propest depends both on the mobility of
oxygen ions and their concentration. The latter loardetermined by means of the
TG technique.

The absolute level of the oxygen overstoichiomdtyin the reference state
(room temperature) was calculated from the datardigg the weight loss of the
NBNFy powders upon their complete reduction on heating H-containing
atmosphere Higure 2d). As it can be seen, the TG curves consist of Gigarly
distinguished regions:

1) The first region extends to 300-350 °C. This cgroesls to a marginal

weight loss, when the materials cannot be condiieraduced due to slow



reaction kinetics. Correspondingly, the oxygen em@tion also changes
insignificantly.

2) The second region, observed between 350 and 476di@&sponds to the
reduction of Ni*-cations to the Nf state. This process can be expressed (in
conventional and quasi-chemical forms) by:

00543+ 0.5)

o4 . [H] .
Ndl.gBao.1N|20.9 y N|3S.a a+yO 45 E/ - Nd 1.53 O.ZNf O 3.95 o.sl/:"' 5

(2)

[H]
0"+ 2Niy, -V +2NiX +1/2Q (3)
Here, Q' is the interstitial oxygen ion an¥’ is the interstitial vacancy,

NiX, =Ni*", and Nij, =Ni* (i.e. the concentration of Niis equivalent to the

concentration of electron-holes charge-compensatiegstitial oxygen ions).
3) Ni**-ions possess tolerance towards the further restuati the third region,
within the temperature range of 470-550°C.
4) The fourth region in the TG curves (between 550 @612l °C) corresponds to
the complete reduction of Niions to a metallic nickel and decomposition of
NBNFy:

[H]

Ndl.gBao.1Ni2+O3.95 0.35 > "Ndl.sE’ao.loz.es (ysF "+ l\ﬁ + 0.50 (4)

This yields a mechanical mixture of neodymium amgium oxides, fluorides
and / or oxyfluorides (designated as 1M8iay 10, 95 0.5F,").

5) No further weight changes occur in the last regithrus confirming the

complete Ni*-to-Ni° reduction at the previous stage.

Consideringequations (2)and(4), thed value at room temperature as well as its
change at other temperatures can be calculatesthoa# inFigure 2b. In the case of
NBNFO, the oxygen content at room temperature wasutated equal to ~4.24
oxygen atoms per formula uné € 0.24), which is close to that for parent,N®D4.;
[69-71].
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Figure 2. Thermogravimetric curves of NeBay;NiO,.sF, powdered samples on
heating in 50%HKAr: (a) relative weight loss, and (b) correspomgdichanges in

oxygen content (43

Variations of oxygen content on thermal cyclingaincan be estimated on the
basis of the known absolute value ®fat room temperature (assuming a fixed
nominal fluorine content). As illustrated byigure 3a, there are two common
tendencies. Firstly, the nickelate lattice stadsldse oxygen gquation (3) on
heating above 300-400°C. This happens when the evxyactivity equilibrium
between the sample and gas media is reached. Toadsdendency relates to a
decrease in the overall oxygen content 54when the fluorine concentration
increases in NBNf: Considering the intentional partial substitutiohoxygen by

fluorine (or BaO by Ba}; equation (1)), this result is expectable.
4.25 -
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Figure 3. (a) Temperature dependency of oxygen content dhB& NiO,.sF,
nickelates in air, and (b) compositional dependeotyxygen and overall anion

content in these phases at room temperature
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In all cases, the calculated oxygen content excdeat®oms per formula unit
implying that the NBNk materials are oxygen over-stoichiometric phasethe
entire studied range of temperature and fluorineceatration. It is interesting to note
that the overall concentration of aniof3gure 3b) is virtually the same (&ty =
4.235 £ 0.005 at room temperature), except in e ofy = 0.07, when a certain
deviation (48+y = 4.21) is observed.

3.3.  Functionality of the Nd; ¢Bag 1NiO4.sF, materials

3.3.1. Thermomechanical properties

Thermomechanical behaviour is considered as onehef most important
properties required for joint application of difféet materials in multi-layered
structures, especially at elevated temperaturdatddnetry may be effectively used
to reveal possible phase transitions and deterritivemal expansion coefficients
(TECs) under dynamically changing conditions (terapee).

From the viewpoint of TECs, Ni-based oxides witlyele@ed structures are
promising candidate components for PCFC/PCEC dusatong much lower TEC
values as compared with Fe- and Co-based oxidds patovskite-type structures
[72]. According toFigure 4a, the dilatometric curves of all the NBMFmaterials
demonstrate a smooth behaviour, although a phassition from orthorhombic
(sp. gr. Fmmm) to tetragonal (sp. gr. [4/mmm) dtice can be expected to occur on
heating. In the case of undoped,NiD,.;s, this phase transition is detected between
560 and 640 °C depending on thievel [71,73,74].

The average and differential TECs of NBNFEeramics were calculated
according to the following expressions:
o(AL)

1
a,=——, Oy =————"7+ 5
YL AT WL, ar )

where L, is the initial length of a sampl@L is its linear change under temperature

variation. The average (or integral) TEC values amtido around 13.6 + 0.4 ppmi K

for all the studied materials, when a wide tempggmtrange of 100-1000 °C is

considered. Since no changes in the cationic diddadccurred with the F-doping,
12



such insignificant deviations might be explained thg mentioned rigidity of the

cationic framework of NBNf-

20 60
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Figure 4. (a) Dilatometric curves of NdBa, 1NiO4.sF, ceramics in air (shifted along
Y axis for clarity), and (b) temperature dependeatylifferential TECs calculated
from the dilatometric data. Dotted line in (b) slothe temperature dependency of

Ni2* fraction in the nickel sublattice of NBNFO

As it can be seen ikrigure 4b, the differential TECs are also close at any
selected temperature. Moreover, although disaggeeith some literature results on
the related materials, in which TECs are found ¢ocbnstant at the temperature
variation [75], they are observed to decline as thmperature decreases. This
anomaly can be attributed to insignificant chanigethe oxygen overstoichiometry.
In the present case, the 4 {evel decreases with heatingdure 3a), which causes a
reverse increase in the Nions concentrationequation (2) Figure 4b). Within the
same coordination state, the reduced cations hayet ionic radii than their
oxidised counterparts [67]. This initiates a cheahexpansion effect, which results in
an increase in differential TECs at higher tempeest [76].

Nevertheless, even under extreme conditions caynebpg to the highest
differential TECs (~16 ppm K at 900 °C), the NBNF materials have a distinct
advantage over the Fe- and Co-based complex oxdes. rule, the integral TECs

for the latter oxides exceed 20 ppri Kwhile the chemical strain may increase the
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differential TECs up to the particularly undesimblevels of 30-40 ppmK
[65,77,78].

3.3.2. Electronic conductivity

In order to be used as electrodes of solid oxidetelchemical cells, the NBNF
materials should provide a good combination of hajlctronic and high ionic
conduction, since they both promote fast electrotbal reactions.

The contribution of oxygen-ionic transport to tla¢at electrical conductivity of
Ln,NiO4.s nickelates is known to be comparatively low. Fmstance, estimations of
lonic transference numbers from the oxygen permeatata demonstrated that ionic
conductivity in LaNiO,-based phases is 4010 times lower compared to electronic
conductivity at 700-1000°C [79,80]. Therefore, anay reasonably assume that the
total electrical conductivity of NBNfceramics measured using a standard 4-probe
DC method Figure 5) is a predominantly electronic conductivity. Thenductivity
of NBNFy as a function of temperature forms dome-type deépecies, when the
conductivity grows and then drops with a graduaigerature riseHigure 5a). The

first part of these curves is associated with @neiase in the electron hole mobility (
K., h=Ni,), while the corresponding concentrationp<[Niy]) changes

insignificantly (see the grey dotted line KFigure 53). This is due to the close
relationship between the electron hole concentratiand the oxygen
overstoichiometry [25,32], which also has a weakeaihglency on the temperature
(below 300 °CFigure 3d). It should be noted that the conductivity extslat semi-
conducting behaviour over the low-temperature rafiggure S3g, with quite low
characteristic activation energy valu€sglre S3b). The second part corresponds to
the metallic-like behaviour of conductivity causdyy the existence of two
simultaneous processes. a decrease in both thdrogletiole mobility and
concentration. However, the latter effect prevailer the former having a substantial

effect on conductivity deterioration.
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Figure 5. Electrical properties of NdBa, 1NiO4.sF, ceramics in air: total electrical
conductivity as a function of (a) temperature amdH-content. The dotted line in (a)
shows the temperature dependency of* Niaction in the nickel sublattice of
NBNFO.

By plotting the concentration-based curves of catidily, the local minimum
for y = 0.05 can be reveale#igure 5b). A possible reason for such a result will be
proposed in the next section in terms of an amalgsithe oxygen dynamics of the
NBNFy crystals.

3.3.3. lonic conductivity

As mentioned above, the oxygen-ionic conductivity the Ni-based
Ruddlesden-Popper phases is typically several ®rdemagnitude lower than the
electronic conductivity. As a result, the accurdétermination of ionic conductivity
in these materials requires the utilisation of mowmmplex techniques (such as
oxygen permeability and oxygen diffusivity measuesans, blocking methods and
others) [70,81,82]. In the present work, we too& #tectron-blocking approach, in
which one component of the electrochemical systermwes as an ionic filter with the
result that electrons are not conducted (Sgare S4).

We used the following experimental sequence tordwte the oxygen-ionic
conductivity of NBNF. First, Cg¢Gdy 10,5 (gadolinia-doped ceria, GDC) ceramic
materials were fabricated in the form of gas-tiglstcs with a thickness of ~2 mm.

The GDC composition was selected due to its higd anipolar oxygen-ionic
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conductivity under oxidising atmospheres at elevasmperatures [83,84]. The
type electronic contribution to the total conduityivof doped ceria under these
conditions is very limited (electron-hole transfeze number,t= 0.005 at 900 °C and
0.0015 at 700 °C in the case ofy@8d,0,_5) [85—87] and, therefore, was neglected
in this work. Both sides of the GDC disc were thayoly polished. The porous
platinum (Pt) electrodes were symmetrically pairdadhe opposite sides of the disc,
sintered at 1050 °C for 1 h and catalytically aatidd by an ethanol solution of
Pr(NGs)s. Then the resistance of the GDC discs was cakulilatcording to the Ohm
equation:

U
RGDC :T (S (6)

Here, U is the voltage drop (U = 100, 200 and 38Q),is the passing current,
and S is the electrode surface area.

In order to fabricate the two-layered system, theelectrode was carefully
removed from one side of the GDC disc by polishingform a nearly mirror-
polished surface. This surface was then brouglot ahdse contact with the mirror-
polished surface of a 1.5 mm-thick NBN&isc onto the other side of which a porous
Pt electrode was applied. These two discs wereestdn to a certain external
pressure and heated to melt the high-temperatuasitioate glass (placed as shown
in Figure S4) so as to avoid any contact between the ambientaga the space
between two contacting surfaces. The resistancheftwo-layered glued systems
was also determined according to the equation:

U

total —
|

R B (7)

On the basis of these two known resistances, aksaseihe thickness of the
NBNFy discs (H), the oxygen-ionic conductivity can beafly calculated:

Gion :ﬂ El;

S Rtotal - RGDC

Here, the U, U' and | levels were measured by thi¢hkey digital multimeters.

(8)
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Figure 6 displays the obtained experimental data. The tesllow that the
oxygen-ionic conductivity of the studied materiaigries in the wide range from
2x10%to 9x10% S cm* depending on the temperature and fluorine content.

It is seen that the oxygen-ionic conductivity extsithermo-activated nature,
with the characteristic activation energies of +D@&5 eV Figure 6b). The obtained
values are consistent with the activation energésoxygen diffusion of the
Ln,NiO4.s-based oxides [88]. As a reminder, such a cormelashould indeed be
observed according to the Nernst-Einstein equa@amsidering the absolute level of

the oxygen-ionic conductivity, this correlates watiata for other nickelates [70,89].

100 3 1.3

3 5 1 (b)
710 E . - 1.2
5" :
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’ “ rﬂ

0.1 T T T 1 = T T T T o 1
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1000/T, K! Y in Nd, ,Ba, ;NiO,;F,

Figure 6. (a) Temperature dependency of partial oxygenciotwnductivity of
Nd; Bay 1NiO4s5F, nickelates in air; (b) ionic conductivity (600 °Cand

corresponding values activation energy (500—-800v&J)uorine content

In the isothermal regime, the oxygen-ionic conduistiof NBNFy tends to
increase fromy = 0 toy = 0.05 and then to drop with a further increase. ifhis is
correct for almost all the studied temperaturesraag indicate the realisation of two
competing effects.

At low vy levels, the enhancement of conductivity suggesisxad anion effect,
which is confirmed and described in detail by Arigals group for a wide range of
F- and Cl-doped complex oxides [90-94]. There migkt several reasons for
appearance of this effect: changing the electrorsitie of oxygen ions affected the

binding energy and ionicity of M—O bonds, and elestiatic repulsion of different
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anions located within one or neighbouring octaheslrovhich seems to have a
defining contribution. According to the mixed anoreffect concept, the ionic
transport enhancement is observed at small coratemts of F- or Cl-ions, where the
F -contribution to the ion transport is negligiblejtlihe repulsion energy becomes
considerable.

At the highery levels, the concentration of mobile (interstitiaRygen defects
consequently decrease$-iqure 3), which leads to a natural drop in ionic
conductivity. Moreover, the mobility of oxygen-ionan be also diminished due to an

overlapping of the migration paths betweéndnd G-ions [93].

It should be mentioned that ionic conductivity denmeasured via the blocking
method if the ceramic materials exhibit a gas-tiginticture. As can be seen from
Figure S5 all sintered materials are highly dense (thdatiee density exceeds 95%)
with no visible pores. Moreover, close relative sigas allow the total conductivities
to be considered as correct data, which do notineguaditional corrections taking
the porosity of the samples into account [95].

In conclusion of this section it should be mentwn#at the performed
experiments do not exclude the possible electrodmrigation effects in the
determination of ionic conductivity, although theyere purposefully minimised.
Despite of this approximation, the provided diseussis valid since only one
parameter (the NBNFcomposition of the electrochemical cells) has besnged,
and the obtained results imply that the highestcia@onductivity is reached for
NBNFO0.05.

3.4. Performance of the NdBa;iNiO4;F, electrodes: symmetrically
designed cells

3.4.1. Polarisation behaviours of the Nd; ¢Bag 1NiO,. sF, electrodes

The fabricated symmetrical cells of NBNBCZYYbINBNFy were
electrochemically characterised in wet air atmosplmetween 500 and 750 °C, see
Figure 7. The obtained impedance spectra show differenavaebr depending on
temperature or compositiorFiQure 7a,b), so for the initial evaluation only the
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overall polarisation resistances were calculated @ompared. As shown in
Figure 7c,d the R values drop in a range of 0.45-23@nt; the minimally
achievable values are observed for the NBMFectrodes witly = 0.05 (0.452 cn?

at 750 °C and ~6@ cnt at 500 °C). From a macroscopic viewpoint, an etef's
performance is correlated with the ionic condutyivof the material used in its
fabrication, which should be as high as possibleorider to ensure not only an
excellent distribution of ionic current along witlhe electronic one determined by the
electronic conductivity. Although NBNFO0.05 has tloevest electronic conductivity
(Figure 5a,b), it exhibits the highest (apparent) oxygen-iomonductivity, cion
(Figure 6).

Comparing the EIS results with the data of the iotey sections, the strictly
reverse relation in the NBNFsystem is observed between ionic conductivity ted
overall polarisation resistance. Despite the dental effect of the ionic transport,
the apparent activation energy of the overall psddion resistance increases
gradually with increased the fluorine concentrafimset inFigure 7¢), whereas the
inverse tendency occurs for the ionic conductiyiiigure 6b). This can be explained
by the fact that the electrode processes are stalgje, which involve a number of
elementary steps affecting the overall polarisatiesistance and corresponding

activation energy.
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Figure 7. Electrochemical properties of NgBa, 1NiO..sF, electrodes: examples of
impedance spectra of the symmetrical NBEZYYbINBNFy cells for (a)y = 0.05

at various temperatures and (b) different NBNE&lectrodes at 600°C; (c)
temperature-dependence of overall electrode palk#wiz dependence; (d) overall
polarisation resistance vs fluorine content at @068 600°C. Inset in (c) shows the

values of activation energy of electrode process.

3.4.2. Detailed analysis of the Nd; gBag 1NiO4. sFo 05 €l ectrode performance

In order to reveal possible contributions to thecebdes response, we selected
the most promising electrode, NBNFO0.05, as welpesviding the distribution of
relaxation times (DRT) analysis. This analysis, ahhiwas carried out using
a DRTtools software of Optimisation Toolbox MATLAP6,97], is based on
Tikhonov Regularisation method, enabling spectealothvolution as well as a precise
identification of separate processes corresponttingdividual stages of the overall

electrode process.
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Figure 8. DRT analysis of the impedance spectra collectedHe symmetrical cell
with Nd; Bay 1NiO445F0 05 electrodes: (a) a general view; (b) normalised BRT
functions; (c) an example of the spectra fittinghgghe determined values of-HRs

at 600°C; and (d) data on the partial polarisatiesistances with corresponding

values of activation energy.

The DRT-curves in general and normalised formspaesented irFigure 8a,h.
These curves show a number of reflexes correspgndirthe various stages of an
electrode process. The following limiting processas be distinguished:; Rwith
characteristic frequencies of 10-50 kHz)(4#-11 kHz), B (2—6 kHz), R (2-150 Hz)
and R (60-400 mHz). Moreover, an additional stage dppears at the lowest
measured temperature, which is obviously not inedlin the temperature evolution
of the remaining reflexes.

The spectral deconvolution was performed on théeshiHghe area values under
the DRT-peaks Kigures S6 and 8t and the partial resistances were estimated
(Figure 8d). According to the provided analysis, the eleatrpdocess is multi-stage

and corresponds to the case when the overall pataon resistance is determined by
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three main elementary stages; P, and B dominated at high, medium and low
temperatures, respectively.

The R stage, having a capacitance of 0.2—1 nFcimassumed to be associated
with oxygen-ionic [98,99] or protonic [100] transéace through the
electrolyte/electrode interface region. A resiseanaf this stage dominates at
temperatures above 650 °Eiqure S6 having the lowest apparent activation energy
values Figure 8d).

The R stage (1-10 nF ct) might be attributed to the oxygen transport tigtou
the bulk of the NBNFO0.05 electrode system [101,108k proximity of the apparent
activation energies of this stage and ionic conditgt(1.17 eV,Figure 6b) confirms
the proposed attribution. Although the achievedd@onductivity is high, the > 20%
contribution of B resistance is also significant at all studied terapures
(Figure S6.

The R process (7—-60 nF cf) prevails over other stages at 500 °C, but then
rapidly decreases with heating. The oxygen redoataction may be responsible for
this stage [66,103], which is catalytically improvas the temperature increases.

Other remaining processes, @hd R) may describe the surface association and
desorption stages [102,104n particular, the very high apparent activatemergy of
oxygen desorption is close to that of the oxygerharge constant of the nickelates
(1.3-1.9 eV [105,106]).

The additional stage of P6 appears at temperaheiesv 550 °C Figure 8a).
This stage, involving a capacitance of about Oc2n, might describe the molecular
diffusion of electrochemically active componentgorous electrode media.

It should be mentioned that the DRT-reflexes stoftvards low frequency
values Figure 8b), which is unusual for common systems [107,10&wever, this
can be explained in terms of the changing natutbeklectrode process, in which a
hydrogen-involving mechanism is replaced by the gexyinvolving process
accompanying a gradual increase in temperatureeethdit is widely known (see
Table 4 in ref. [109]) that the Ba(Ce,Zpased electrolytes behave as proton-
conducting membranes at relatively low temperatarestend to be co-ionic (at high

temperatures) or predominately oxygen-ionic (ay\Jegh temperatures) conductors.
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In this context, the highest electrochemical attief the NBNF0.05 electrode might
be associated with the highest oxygen-ionic condtt which accelerates the

oxygen-involved electrochemical processes.

3.5. Characterisation of a protonic ceramic electrolysisell based on the
Nd; oBag 1NIO 445F0.05 €lectrode

3.5.1. Voltammetric characteristics and their analysis

The PCEC, LNFNBFNO.0BCZYYDbINi-BCZYYbtynct;Ni-BCZYYDbgypp, Was
electrochemically characterised starting with tlo-ampere analysig=(gure 9). In
open circuit voltage (OCV) mode, this cell achievedtages as high as 0.99 V at
600 °C and 0.90V at 750 °C. However, these valaes lower than those
theoretically predicted (1.016 and 0.971 V, regpebt), which were estimated for
the 50% HO/air — 3% HO/H, conditions for an ideal hydrogen-concentratiori. cel
An increase in differences between them at incngamperatures indicates that the
electronic transport in the BCZYYDb electrolyte meare is a key factor rather than
any faultiness in the system’s gas tightness (#iemaintains excellent integrity after
electrochemical tests, segure 12).

The voltammetric dependencies of this cell suffenf the activation-like
overpotential, especially pronounced at lower tamjpees, causing their deviation
from a linear behaviouiHgure 9a). Nevertheless, the current density of the PCEC in
the thermo-neutral voltage mode (TNVAW.3 V) is quite high: 360, 750, 1370 and
1800 mA cm” at 600, 650, 700 and 750 °C, respectively. Theched values
compete with those obtained for the state-of-theP&ZECs presented ihable 2,
implying the appropriate fabricating technology anaterials used.
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Figure 9. Electrochemical characteristics of the desigh&@E®: (a) voltammetric

curves at different temperatures, and (b) theaktand measured open circuit
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3.5.2. Electrode performance

To assess the electrochemical activity of the eddets, the EIS analysis was

employed at different temperatures and applied Ditages Figure 10).
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Figure 10. Electrochemical response of the PEFC: originapadance spectra
obtained (a) under U = 1.0 V at different tempeardiand (b) at 700 °C at different
applied DC voltage. The detailed data on the eiwmiutf the impedance spectra with

temperature are detailedfigure S7.

When the condition close to OCV operation mode stadied Figures 10aand
S7), these spectra demonstrated similar qualitatefealsiour to those measured for
the symmetrical cellRigure 8). Although such a correlation indicates that tierall

polarisation resistance of the PEFC is determingedhb oxygen (steam) electrode,
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l.e. NBNFO0.05, a response from the hydrogen eldetroan be distinguished. The
comparison of the corresponding DRT spectra alseals the same characteristic
fragments Figure S8, which agrees with the provided statement.

The absolute Rlevels of the PCEC under U = 1.0 V (close to OCbde) are
not rather high: only 2.5@ cnf at 600 °C and 0.2Q cnf at 700 °C. For example,
among the PCECs under consideratidable 2), the lowest Rvalues of 0.5@ cnf
at 600 °C and 0.1 cnt at 700 °C are reached for tB6& g.a, Fe0;._; [113] and
LSN — Cu-doped BCZYYb [112] electrodes, respectivdt is evident that the
mentioned activation-like polarisation effect i® tmain reason for the insufficient
electrode performance under OCV mode of operatidowever, when operation
conditions of the PCEC were shifted from the OC\hditions, a considerable
improvement was observeligure 10b). In detail, when the bias was increased from
1.0 to 1.4V, the R values decreased down to 0.@1tnf at 600 °C and
0.005Q cnt at 700 °C. Therefore, they may compete with thet Hata presented in
Table 2

In order to reveal possible reasons for the impmx@ of electrode
performance under increasing bias, DRT analysis alags utilised. As shown in
Figure S9 the absolute values of the partial polarisati@sistances decrease
noticeably as the bias increases. This is in lint ihe recently obtained data
[110,116], which imply improved electrode kinetizs the PCECs towards water
dissociation and hydrogen production. It is intBngsto note that the low-frequency
processes start to disappear with increasing latishe same time, the remaining
reflexes shift to the low-frequency range. These facts might indicate that the
processes are accelerated with participation ofdggh particles, while the oxygen-
based electrochemical stages with a low relaxaiime become dominant. In this
regard, we would like to again highlight that thentsport nature of the electrolytes in
protonic ceramic electrochemical cells, as wellkles electrochemical behaviour of

the electrodes, is changeable with variation inperature or bias [117,118].
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Table 2 Design and performance of PCECs under open cinmliage (OCV) and in thermo-neutral voltage mod&\(T
U~ 1.3V): his the electrolyte thickness, I the theoretical voltage level of the ideal pmetonducting cells, &y is the open
circuit voltage value, i is the current density.
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3.5.3. Microstructural analysis

The electrochemically tested PCFC was charactebyethe SEM analysis. It
was found that PCFC maintains its gas-tightnessyedisas the adherence of joining
materials. According té-igure 11, the fuel and steam electrodes are highly porous,
while the electrolyte remains in a dense form, mhong excellent separation of
oxidising and reducing atmospheres. The thicknesbédse Ni-BCZYYb functional
cathode, BCZYYDb electrolyte, NBNF0.05 anode and LddFrent collector layers are
estimated to be equal to around 30, 26, 12 andn30nespectively. The total
thickness of the PCEC (including the supported adgh is around 800 um. The
relatively homogeneous distribution of main catimmresponds to the desirable
phases. Therefore, the integrity of the PCFC falhgw its electrochemical

characterisation provides evidence of the accuoétlye obtained data.

Figure 11 Microstructural analysis of the Ni-BCZYYRCZYYbINBNFO.05LNF
protonic ceramic electrolysis cell after electrauieal testing: (a) cross-section in
secondary (left) and back-scattered (right) electnoaging modes; (b) EDS maps of

distribution of the main elements.
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4, Conclusions

In the present work, new F-modified MO ,.s-based materials are proposed as
promising oxygen (or steam) electrodes for appbcatin protonic ceramic
electrolysis cells (PCECs). To confirm the vialilbf Nd; BayiNiO4ssF, (v = O,
0.03, 0.05, 0.07 and 0.1), a number of tasks haen lresolved, including the
production of single-phase materials, study ofrtkemposition (oxygen conteri)
features, functional properties (thermal expande@haviour, electronic and ionic
conductivities), as well as their electrochemicdlaracteristics (polarisation
behaviour of symmetrical and electrolysis cellswas found that a slight F-doping
of Nd; 9Bay1NiO4.s improves the ionic transport, presumably, duehi® repulsion
phenomenon occurring between oxygen and fluorinenan The protonic ceramic
electrolysis cell based on the most optimal contmsi Nd oBay NiO4sFo 05
exhibited a high hydrogen production rate of 5- dddml min* cni? at 600 and
700 °C, respectively, at the applied voltage of\L;.4hese levels compete with the
best results reported for state-of-the-art PCECs.

In conclusion, the electrochemical properties of #ay 1NiO4.5F0 05 Open great
prospects for the development of new electrodéfellgte combinations allow a high
performance of electrochemical devices to be aehieat reduced operation

temperatures.
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