Accepted Manuscript

Electrical reduction of perovskite electrodes for accelerating exsolution of
nanoparticles

Merika Chanthanumataporn, Jianing Hui, Xiangling Yue, Katsuyoshi Kakinuma, John
T.S. Irvine, Katsunori Hanamura

PII: S0013-4686(19)30542-0
DOI: https://doi.org/10.1016/j.electacta.2019.03.126
Reference: EA 33842

To appearin:  Electrochimica Acta

Received Date: 19 October 2018
Revised Date: 3 March 2019
Accepted Date: 18 March 2019

Please cite this article as: M. Chanthanumataporn, J. Hui, X. Yue, K. Kakinuma, J.T.S. Irvine, K.
Hanamura, Electrical reduction of perovskite electrodes for accelerating exsolution of nanoparticles,
Electrochimica Acta (2019), doi: https://doi.org/10.1016/j.electacta.2019.03.126.

This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to

our customers we are providing this early version of the manuscript. The manuscript will undergo
copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please
note that during the production process errors may be discovered which could affect the content, and all
legal disclaimers that apply to the journal pertain.


https://doi.org/10.1016/j.electacta.2019.03.126
https://doi.org/10.1016/j.electacta.2019.03.126

Electrical Reduction of Perovskite Electrodes for Accelerating

Exsolution of Nanoparticles

Merika Chanthanumatapdrr, Jianing Hu?, Xiangling Yué, Katsuyoshi

Kakinumg, John T.S. Irvinkand Katsunori Hanamuta

& School of Engineering, Tokyo Institute of Technology, Ookayama 2-12-1, Meguro-ku,
Tokyo 152-8550, Japan.

® School of Chemistry, University of & Andrews, S Andrews, Fife, KY16 9ST Scotland,
UK.

¢ Fud Cel Nanomaterials Center, University of Yamanashi, Miyamae 6-43, Kofu,
Yamanashi 400-0021, Japan.

" Corresponding author. E-mail address: chantharapoat.m.aa@m.titech.ac.jp

Pagel of 25



Electrical Reduction of Perovskite Electrodes for Accelerating

Exsolution of Nanoparticles

Growth of finely dispersed nanocatalysts by exsotubf metal nanoparticles
from perovskite oxides under reducing condition®lavated temperature is a
promising approach of producing highly active cgtalmaterials. An alternative
method of exsolution using an applied potential basn recently shown to
potentially accelerate the exsolution process abparticles that can be achieved
in minutes rather than the hours required in chahteduction. In the present
study, we investigate exsolution of nanoparticlesmf perovskite oxides of
Lag 49Ca& 3MNio.06Ti0.9403, (LCTNIi) and La 4LCa sNigoF e 03li09L s, (LCTNi-
Fe) under applied potentials in carbon dioxide awhere. The impedance
spectra of single cells measured before and afestrechemical poling at
varying voltages showed that the onset of exsaluytimcess occurred at 2 V of
potential reduction. An average particle size oé tbxsolved nanoparticles
observed after testing using a scanning electrarastopy was about 30-100
nm. The cells with the reduced electrodes exhibdedirable electrochemical
performances not only in pure carbon dioxide (mircensity of 0.37 A ci for
LCTNi and 0.48 A cnit for LCTNi-Fe at 1.5 V) but also in dry hydrogen36
W cmi? for LCTNi and 0.43 W cnf for LCTNi-Fe).

Keywords: Perovskite; Exsolution; Potential redoieti CQ electrolysis; Solid

oxide cells

1. Introduction

Recently, exsolution of metal nanocatalysts fronopskite oxides at elevated
temperature in reducing conditions has generategiderable research interest as a
promising approach to produce perovskite matewdls high catalytic properties [1-7].
In systems that demonstrate exsolution the desiaéalyst, such as nickel, iron, cobalt,
copper, palladium, rhodium, and platinum is substd into the perovskite B-site in the
typically oxidising conditions and subsequentlyeeded (exsolved) in the chosen
reducing conditions, forming the metal nanoparsicté the perovskite oxide surface

without the decomposition of the perovskite hodt |& addition to their enhanced
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catalytic activity, metal nanopatrticles that aredarced by exsolution have shown to be
more resilient to agglomeration and coking compa@dimilar particles made by
alternative methods due to their embedded strustwithin the perovskite substrates
[4-6,8,9]. Applications where their enhanced cditalproperties were reported have
been demonstrated in diverse areas of catalysikcappns including solid oxide fuel
cell (SOFC) and electrolysis cell (SOEC) electroj@e4. 6].

An alternative method of exsolution using an ampltential under reducing
SOEC cathode operating conditions has recently breported in several studies
[7,9,16]. A recent study by Myung al. showed that nanoparticles could be produced
through electrochemical poling at 2 V in minutethea than the hours that are generally
required in typical chemical reduction. This reedlin high performance electrodes that
operated at 900 °C at 2 W/&im humidified H and 2.75 A/crhat 1.3 V in 50%H0/N,
without degradation of the nanostructures and spoeding electrochemical activity
after 150 hours of testing [16]. How performanceet#ctrodes can be improved with
the exsolution of nickel and iron nanoparticles imlyirsteam electrolysis was also
demonstrated by Tsekoures al. and Opitzet al. [7,9]. This electrochemical poling
method is thus potentially useful for acceleratexgolution process of nanoparticles
and enhancing the catalytic activity of solid oxa##l electrodes.

In this current study, we aim to investigatesitu preparation of perovskite
electrodes with nanoparticle exsolution using aplieg potential in an atmosphere of
carbon dioxide. Particular emphasis will be placadthe impedance spectra of single
cell measured before and after potential reduci?ig) (at varying voltages in order to
evaluate the appeal of the potential reductionifiositu producing high performance
SOFC anodes and SOEC cathodes. The electrode ciomp®shosen for this study are

Lap.48Ca 3MNio.06Ti0.9403, (LCTNi) and La 43Ca 3MNiood € 03li0.9403, (LCTNi-Fe),
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both of which have not been reported to produceparticles under voltage in carbon
dioxide atmosphere. The compositions will be reduseder varying potentials in pure
carbon dioxide and evaluated their electrochengediormances as solid oxide fuel cell

and electrolyser electrodes in dry hydrogen andaradioxide, respectively.

2. Experimental

2.1. Material synthesis and characterization

The perovskite LgusCa 3MNio.osTi0.9403 (LCTNI) and L& 48Ca 3MNio.0dF&.03T10.9403
(LCTNi-Fe) powders were synthesized by a modifietidsstate process [8,17]. High
purity precursors including L®; (PI-KEM, 99.99%), TiQ (Sigma-Aldrich, anatase
powder -325 mesh; 99% trace metals basis), Cag@lfa-Aesar, 99.5% metal basis, 5
micro powder), Ni(NQ)2'6H,O (ACROS Organics, 99%) and Fe(j¢9H,O (Sigma-
Aldrich, > 99.95% trace metals basis) were used as the rderiaia in the appropriate
stoichiometric ratios. The oxides and carbonateewsired at different temperatures
(LayO3 at 850°C, TiQ and CaC@at 350°C) for 2 h and weighed while warm. All the
precursors, including nickel and iron nitrates, evguantitatively transferred to beakers
and mixed with acetone and a small amount (~0.Q%bf non-aqueous Hypermer
KD-1 (polyester/polyamide copolymer) dispersante Thixtures then undergo mixing
using ultrasonic probe (Hielscher UP200S, operatd-75% of maximum wave
frequency an amplitude) in order to break down aggrates. The correlated action of
the dispersant and ultrasonic waves led to thedtion of a fine, stable dispersion with
better homogeneity compared to typical powder ngxim mortar and pestle used in
solid state synthesis. The acetone is then evambratder continuous stirring to ensure
further homogenization. After the acetone was cetepy} evaporated, the content of the

beaker was quantitatively transferred into a crecéimd then calcined at 1000 °C for 12
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h in order to decompose the carbonates, removetastsavater and start the nucleation
of the perovskite phase. After the calcination, éiseprepared powders were milled in
acetone in a planetary ball mill at 200 rpm for.ZThe corresponding powders were
then pressed into pellets and sintered at 140@PA& h to form the perovskite phase.
Subsequently, the sintered pellets were groundotlghly into powders to obtain

LCTNi or LCTNi-Fe perovskite powders.

2.2. Cdll fabrication

Button cell was fabricated by screen-printing eteaeé inks in an active area of 0.5Tm
on both sides of dense electrolyte support of 18 chameter. Z§gsSG 1Ce 0102,
(ScSz) electrolyte support (250n thickness after sintering) was fabricated by tape
casting and sintering at 1400 °C. LCTNi and LCTMNi-Fhks were made by first
dispersing the perovskite powders in acetone witi% Hypermer KD1 dispersant and
ball-milling overnight (18-24 h). An organic vehec{30 wt%), which consists of 5 wt%
polyvinyl butyrate in terpineol, was then addedoithe slurry and the mixture was
continuously stirred at room temperature overnighdtompletely evaporate acetone and
yield the final inks. Through the same procedutes §Sro 2)o.0gVIN0Os (LSM)-ScSZ
(50:50 wt%) ink was prepared. For the fuel eleattdde LCTNi or LCTNi-Fe ink was
screen-printed first on one side of the dense S#&&rolyte and then fired at 1250 °C,
while for the air electrode, the LSM-ScSZ ink wasegn-printed on the other side and
followed by firing at 1100 °C. The final thickneskboth electrodes was about 1315
after firing. Gold paste was applied in a radiattgra and contacted using gold wires

for current collection and then fired at 750 °C Idn to sinter it to the electrodes.

2.3. Electrochemical testing and characterization

The titanate electrode side, i.e. fuel electrod¥e,sof solid oxide cell (SOC) was
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mounted on alumina tube of testing jig and seali#k @eramic paste (Ceramabond 552,
Aremco). The assembly was then placed in a vertaalperature-controlled furnace.
An R-type thermocouple was placed close to the icelbrder to monitor the cell
operating temperature. The air electrode of theveas always exposed to ambient air.
After the system was heated up to the operatingpéeature at 900 °C, 100% g@t a
constant flow rate of 50 mL/min was continuousliraduced to the fuel electrode side
for potential reduction (PR). For electrochemicahlaation, impedance and current-
voltage (I-V) characteristics of the cell were measd and analyzed using a Solartron
1470B instrument. The potential reduction was peréd by applying voltages range
from 1.5 V to 2.2 V (in an order from low to higlotential) under pure C{atmosphere
for 3, 10 and 20 minutes. Before and after eachméx@d condition of the potential
reduction, impedance data with AC voltage amplitati@0 mV and frequency ranging
from 10 Hz to 0.1 Hz were collected under open-circuitage (OCV) and as well as
under condition of 1.35 V applied potential. Linsareep voltammetry from 0 V to 2 V
was then conducted to test the cell performanc&@slectrolyser. To evaluate the cell
performance in fuel cell mode, the @f@as changed to dry 100% HAfter stabilization
in OCV condition, voltammetry was scanned from OtB\$hort circuit current at 0 V.
Following |-V and electrochemical impedance spetopy (EIS)
measurements, the SOC was cooled to room tempernataler dry 5% BN, in order
to maintain the titanate electrode in its reduckdes followed by destructive removal
from the testing jig. SEM imaging was carried ostng a Hitachi SU9000 scanning
electron microscope (SEM). TEM sample preparatiod analysis were carried out
using a FB-2200 (Hitachi High technologies co.,algdocused ion beam (FIB) and a

HD-2700 (Hitachi High technologies co., Japan) sga transmission electron
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microscope (STEM) equipped an energy-dispersiveay-ispectroscopy (EDX,

QUANTAX, Bruker, USA), respectively.

3. Resultsand discussion

3.1. Powder Characterization

Phase compositions of the prepared powders weratifidd using an X-ray
diffractometer (PANalytical Empyrean) operated @flection mode. Figure 1 shows
XRD patterns of the as-prepared okd#a 3MNigoslioes, (LCTNi) and
Lag 43Ca 3MNio.oF & 03109403, (LCTNi-Fe) powders over a widé) 2ange. As shown in
Fig. 1, the XRD patterns confirm both samples fellwto orthorhombic structure,
without any secondary phase. A closer inspectiorthef reflections shows that the
characteristic peak of LCTNi-Fe slightly shifts tasd higher reflection angles
compared to that of LCTNi. The peak shifting of TNI-Fe suggests that Niion

(ionic radius of 0.690 A), was substituted by serf€* ion (ionic radius of 0.645 A)

[9].

3.2. EISAnalysis

Exsolution of electrocatalytically active nanopads under voltage was investigated
via EIS analysis at open circuit voltage (OCV) adlvas 1.35 V applied potential in
pure CQ atmosphere at 900 °C. The impedance data obtainger OCV condition
provides essential information of electrode materéure that is not governed by cell
polarization under current flow, while the datal&5 V provides details under applied
voltage condition, which is more similar to the gireal operating conditions of SOCs.
Figure 2(a) shows the open circuit EIS of the balbed on LgudCay 3MNig.osl10.9403

(LCTNI) electrode measured before and after padéméduction (PR) at 1.5, 1.8, 2.0
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and 2.2 V for 3 minutes. The impedance arc at lfighuency and slightly depressed
semi-circular arc at low frequency indicate two feliént electrode processes
corresponding to the high- and low-frequency arxiste The equivalent circuit of
(LRa(R1Q1)(RQy)) for the best fitting of all the impedance spadtave been achieved.
Rn represents the ohmic resistance that is mainlytriceied by the electrolyte
resistance including the electrodes ohmic resistatie contact resistance between the
electrodes and electrolyte, and the leads resistartee parallel circuit with resistance
(R1) and constant phase eleme@t)(that accounts for the depressed semi-circlegit hi
frequency is associated with the charge-transfecqss at the electrode/electrolyte
interface. The low-frequency semi-circular ami,@,) can be assigned to the gas
adsorption and dissociation at the surface of thectde [3,18,19]. The total
polarization resistance of the single c&, can be expressed as the sunRoandR..
The inductance of the circuitg, was added to consider the contribution of thénhig
frequency phase shift of the electrochemical eqeimThe fitting results for the

LCTNi electrode under OCV condition are listed able 1.

Table 1 EIS fitting values at OCV for LCTNi eleai® before and after potential
reduction (PR) at different voltages of 1.5, 1.8, @xd 2.2 V for 3 minutes
R,(Qcnf) R (Qcnf) R (Qcenf) R, (Qecn)

[R= Rit Ry
Before PR 1.40 8.741 126.02 134.76
1.5V PR 1.40 6.620 290.64 297.26
1.8V PR 1.24 2.874 324.36 327.24
2.0V PR 1.11 1.695 60.32 62.01
2.2V PR 1.08 1.287 25.76 27.05
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As can be seen in Table 1, the ohmic resistaRgg ¢f the cell measured at
OCV decreases with the applied voltage of poteméidliction from 1.4@ cnt before
PR to 1.24, 1.11 and 1.@8cn¥ after PR at 1.8, 2.0 and 2.2 V, respectively,dating
lower ohmic resistance of the electrode after tbemial reduction. The polarization
resistanceRy,) of the cell after potential reduction at 1.5 \dah8 V increases as the
increment of the applied voltage, while after pét#reduction at 2.0 V and 2.2 &,
significantly decreases as the increment of théiegphpoltage. The significant increase
or decrease in the total polarization resistancthefcell can be mainly contributed to
the major change of the low-frequency impedaig &s shown in Table 1, indicating
the change of the electrochemical kinetics of {eeteode associated to the activation of
chemical processes at the electrode surface. Timarkable reduction of the cell
polarization resistance after potential reductian2@ V clearly reflects onset of
significant exsolution, whereas increase Ryf after PR at 1.5 V (or 1.8 V) shows
process becomes more difficult as current increagleish indicates starvation of active
sites due to increased current.

The major increase of low-frequency impedance, Whésulted in the increases
of R, after potential reduction at 1.5 V and 1.8 V, gades a significant resistance to
CO, conversion (eqn (1)) at the surface of the eleetroThe electrochemical
dissociation of C@to CO occurring at the electrode surface is exga@dy using the
Kroger—Vink notation for defects [20], which the ns@rsion reaction of CPOis
accompanied by the formation of oxygen ions anddineultaneous consumption of

oxygen vacancies:
CO, +V5+26 =CO+ G (1)
The fact that the low-frequency impedance of tleetebde increases significantly after
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potential reduction at 1.5 V and 1.8 V suggestd tha surface reaction of GO
adsorption and/or reduction is difficult to occtirea being reduced at this voltage range
due to the starvation of active sites, such asntasiées for oxide ion migration, and
sites available for the adsorption of reactant @@lecules. From the results, it is likely
that significant resistance or enhancement of e €dnversion depending on applied
voltage of the reduction is associated with chanfehe concentration of oxygen
vacancies in the electrode upon reduction [9,21]th& sufficient applied potential the
electrochemical kinetics become facile, which thére LCTNi grain is reduced to a
limit in number of introduced oxygen vacancies, utig in exsolution of
electrocatalytically active nanoparticles [9]. Theesence of metal nanocatalysts and
higher oxygen vacancy concentrations in the latfieéd increased oxide ion mobility
and availability of adsorption sites, accounting tbe remarkable reduction of the

polarization resistance after potential reductib®.@ V.

Table 2 EIS fitting values at 1.35 V for LCTNi elexde before and after potential
reduction for 3 minutes at different voltages d@,11.8, 2.0 and 2.2 V; and for different
annealing time of 3, 10 and 20 minutes at 2.0 V

R,(Qcnf) R (Qcnf) Ry (Qenf) R, (Qecnf)

[Ro= Rt Ry]
Before PR 0.494 0.243 5.474 5.717
1.5V PR_3min  0.491 0.246 5.177 5.423
1.8V PR_3min  0.438 0.232 3.501 3.733
2.0V PR_3min  0.392 0.160 1.082 1.241
2.0V PR_10min 0.386 0.140 0.844 0.984
2.0V PR_20min 0.381 0.131 0.770 0.900
2.2V PR_3min  0.381 0.121 0.687 0.808
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The impedance data of the cell with the LCTNi eled¢ measured under an
applied voltage of 1.35 V before and after PR foniButes at 1.5, 1.8, 2.0 and 2.2 V;
and for 3, 10 and 20 minutes at 2.0 V are showhign 2(b). The fitted impedance
values examined at 1.35 V are summarized in Tabl€dnparing both ohmic and
polarization resistances in Table 1 and Table 2, ithpedances at 1.35 \R; in
particular, are significantly lower than those megad at OCV due to the increased
voltage condition. As can be seen in Fig. 2(b),ahmic and polarization resistances of
the cell measured at 1.35 V after potential redunctiecrease as the increment of the
applied voltage as well as the PR duration. From Tlable 2, small decreases in
polarization resistances after potential reducabri.5 and 1.8 V were observed (5%
and 35%, respectively). However, after potentidution at 2.0 V, th&, remarkably
decreases (78%) and then reduces more 35% afteat PR V for 3 minutes. The
significant decrease @R, after PR at 2.0 V measured at 1.35 V further cordithe
onset of exsolution process at 2 V of potentialiotihn, whereas the effect of resistant
layer, which resulted in the increasBg observed under OCV, was mediated by the
increased oxygen vacancy concentration under applaential condition in mixed
conducting materials [22]. As shown in Fig. 2b, tienic resistances after PR at 2.0 V
for 3 min (0.392Q cn), 10 min (0.38&2 cnt) and 20 min (0.38L cnT) are close to
each other, while the polarization resistance eatity decreases as the duration of
potential reduction increases. From the plot, giegps that th&, of the cell after PR for
10min (0.984Q cnf) and 20 min (0.90@ cnt) are slightly different, whereas longer
applied voltage of PR from 3 min to 10 min showsdaddvious decrease in the cell
polarization resistance (1.241 and 0.984nT, respectively).

Ni-Fe bimetallic nanoparticles that has been pneslipdemonstrated to produce

by exsolution in a reducing condition are of ingtrdue to their better resistance to
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carbon deposition compared to Ni monometallic naniiges [3]. In comparison with
LCTNiI, Lag.4dCa 3MNig.odFe.03li0.9403, (LCTNI-Fe) was also investigated to produce
alloy nanoparticles under voltage. Figure 3 shdvesEIS comparison of the cells with
the LCTNi and LCTNi-Fe electrodes measured in d@s @tmosphere at 900 °C under
OCV (Fig. 3(a)) and 1.35 V (Fig. 3(b)) conditiogom the plots, similar impedance
behaviours after potential reduction for the LCTad LCTNi-Fe electrodes were
observed in all cases. Figure 3(a) shows the oprenitcEIS of the LCTNi-Fe and
LCTNi before and after PR at 2.0 and 2.2 V for BeTEIS fitting results for the
LCTNi-Fe at OCV are also given in Table 3. As It Table 3, the cell ohmic
resistance at OCV for the LCTNi-Fe does not chaaftgr potential reduction at 2.0 V,
while after potential reduction at 2.2R4 decreases 10%. The polarization resistance at
OCV for the LCTNi-Fe changes with the applied vg#aof potential reduction,
remarkably decreasing by five times before (2&87.6nf) and after PR at 2.0 V (58.42
Q cnr) and reaching the minimum value after PR at 2.@4V.11Q cnr). From Fig.
3(a), it appears that, not only for LCTNi but alkw LCTNi-Fe, 2 V of potential
reduction is the onset for significant exsolutiondear voltage corresponding to the

considerable decreaseRpat 2 V.

Table 3 EIS fitting values at OCV for LCTNi-Fe dexde before and after potential
reduction (PR) at 2.0 and 2.2 V for 3 minutes
R,(Qcnf) R (Qcnf) R (Qenf) R, (Qecn)

[R= Rit Ry
Before PR 1.53 5.866 281.64 287.50
2.0V PR 1.53 1.918 56.50 58.42
2.2V PR 1.37 0.835 40.28 41.11
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ComparingR, andR, values measured at OCV for the same conditioffsbie
1 (LCTNi) and Table 3 (LCTNi-Fe), the ohmic resista for the LCTNi-Fe is always
higher tharR, for the LCTNi (9% before PR, 38% after PR at 2.@nd 27% after PR
at 2.2 V). The polarization resistance for the LG-Rd is two times higher than that for
the LCTNi before PR, where#®, for the LCTNi-Fe is 6% lower and 1.5 times higher
than R, for the LCTNi after the cells were applied withltage at 2.0 and 2.2 V,
respectively. Figure 3(b) shows the impedance spsmipy of the LCTNi-Fe and
LCTNi electrodes measured at 1.35 V in pure,@™M00°C after potential reduction at
2.0 V for 3 and 20 minutes; and at 2.2 V for 3 ndésu From Table 4, which the fitted
impedance results for LCTNi-Fe electrode at 1.3ar¥ given,R, for the LCTNi-Fe
barely changes with the applied voltage of potéméiduction, whileR, decreases with
the applied voltage as well as the PR durationcwishows the same tendency of
impedance behaviours observed in LCTNi. CompaRa@ndR, values at 1.35 V after
potential reduction in Table 2 (LCTNi) and Tabl€LLTNi-Fe), the ohmic resistance
for the LCTNi-Fe is slightly lower< 4%) compared to that for the LCTNi, whereas the
polarization resistance for the LCTNi-Fe is sigrafitly lower than that for the LCTNi

in the same condition.

Table 4 EIS fitting values at 1.35 V for LCTNi-Feeetrode after potential reduction at
2.0 V for 3 and 20 minutes; and at 2.2 V for 3 nb@su
R,(Qcnf) R (Qcenf) Ry (Qenf) R, (Qcn)

[Ry= Ri+ Ry
2.0V PR_3min 0.376 0.117 0.761 0.878
2.0V PR_20min 0.370 0.095 0.631 0.726
2.2V PR _3min 0.372 0.090 0.582 0.672
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3.3. Nanoparticle characterization

Figure 4 shows SEM images of fresh LCTNi electrbdéore potential reduction (Fig.
4(a)), and the reduced LCTNi (Fig. 4(b)) and LCTR-(Fig. 4(c)) electrodes after
electrochemical performance testing at 900 °C.c#&sbe seen in Fig. 4(a), the surface
of perovskite was shown to consist of steps anddsdcorresponding to low index
crystallographic planes. This terraced morphol@gammon to see in A-site deficient
titanate perovskites [5]. From the images, it iglent that the unreduced LCTNi clearly
shows no evidence of any nanoparticles on the sur{&ig. 4(a)), whereas after
potential reduction nanoparticles with diameter~@0-100 nm were readily apparent
on the LCTNi (Fig. 4(b)) and LCTNi-Fe (Fig. 4(chréaces.

Figure 5(a) and (b) shows STEM images of the exsbivanoparticles on the
surfaces of the reduced LCTNi and LCTNi-Fe (Figa)54nd (b), respectively), which
the particles are apparently to be embedded withen perovskite substrates. The
observed particles and substrates in Fig. 5 wevered with an outer shell of an oxide
layer, which is an artifact that formed after thectrodes were exposed to air for a long
time. A composition analysis of the surface nantiglas was further performed using
the TEM-EDS and the results were shown in Fig. 8@ (d) for the reduced LCTNi
and LCTNi-Fe, respectively. Strong peaks of Ni asigobtained from the particle
exsolved from the LCTNi substrate (Fig. 5(c)) comfi the exsolution of Ni
nanoparticles, while the relatively strong peakdNofind Fe obtained from particle on
the reduced LCTNi-Fe surface (Fig. 5(d)) indicdte presence of Ni-Fe alloy. From
Fig. 5(c) and (d), it can be seen that an artitdctjold were also observed from the
spectra of the surface particles, which in thislgtgold was applied as an inert current

collector.

Pagel4 of 25



3.4. Singlecell performance

The electrochemical performance of a single cellhwthe LCTNi or LCTNi-Fe
electrode was evaluated at 900 °C after the El§sisavas performed. Figure 6 shows
the typical current-voltage plots of a single cedinsisting of (LasSty.2)0.09MNOs-
210 805G 1C@ 0102, (LSM-ScSZ) air-electrode, ScSZ electrolyte and tH&TNi or
LCTNi-Fe fuel-electrode operating at 900 °C in 100%, for electrolysis mode (Fig.
6(a)) and in dry Kfor fuel-cell mode (Fig. 6(b)). Negative and possticurrents
indicate the reduction of carbon dioxide and thelatkon of hydrogen, respectively. In
Fig. 6(a), the OCV values of the cells with the INETand LCTNi-Fe electrodes are
0.12 V and 0.21 V, respectively. The |-V curve est@to the ohmic regime (indicated
by the fitted straight line) with a slope changeapproximately 1.2 V for the LCTNIi
and 1.1 V for the LCTNi-Fe. The slopes of the I-Mnees in the ohmic regime that
reflect the internal resistances of the cells vlidg LCTNi and LCTNi-Fe electrodes are
0.84Q cnfand 0.81Q cnt, respectively. At 1.5 V the (absolute) currentsignof the
cells with the LCTNi and LCTNi-Fe electrodes ar8@and 0.48 A ciif, respectively.
The higher current efficiency of the cell with th€TNi-Fe is consistent with the
impedance results obtained at 1.35 V in which tB&Ni-Fe has the lower polarization
resistance compared to that of the cell with the'NC The current densities of the
single cells measured under directGalectrolysis condition in this study (0.37 A @m
for LCTNi and 0.48 A cnif for LCTNi-Fe at 1.5 V, 900 °C) are comparable lose
recently reported perovskite titanate electrodeth wickel nanoparticles that were
produced by exsolution in a reducing hydrogen apheee [1,2]. Liet al. demonstrated
the current density at 1.5 V of the electrolyser sdta on the
(Lap.2S10.8)0.o(Tio.oMnNo.1)0.oNi0.1035/YSZ cathode with exsolved Ni nanoparticles was

0.07 A cmi?in 100% CQ at 800 °C [1]. Gaet al. achieved a better performance with
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the current density at 1.5 V in 100% gf@ached 0.165 A cr at 800 °C with
(Lao.3S1.7) Tio.9sNi0.0503.5/Cén.eSMy 2025 as cathode [2].

Figure 6(b) shows the |-V and powder density cumviethe single cell with the
LCTNi or LCTNi-Fe electrode measured at 900 °Crin ld,. The OCV values of 1.12
V for the LCTNi and 1.15 V for the LCTNi-Fe were s#ved indicating satisfying
separation between the anodic and cathodic chambeesmaximum power density of
the cell with the LCTNi electrode operating in ddy was 0.36 W cnf, whereas the
cell with the LCTNi-Fe electrode achieved the highmaximum power density of 0.43
W cmi?. These values are comparable to those reportémivatr temperature for the
cells with Ce 7Sr.1Nip 2 VO3-YSZ (0.31 W cm? at 700 °C) [15], LasSIo LCro.sRUo.1603-
s-GDC (0.39 W crit at 800 °C) [10] and LeaSro sCro.6dNio.16055-GDC (0.364 W crif
at 800 °C) [23] anodes testing in humidified. Hirom Figure 6, it appears that the
LCTNi-Fe demonstrates the better electrochemicdbpmances and catalytic activities
for not only the reduction of carbon dioxide busalthe oxidation of hydrogen
compared to the LCTNi.

The enhancement of catalytic performance of mdtdta to the improvement
of electrical conductivity following the promotiaf the material reducibility by adding
Fe has previously been reported by $ual. [3]. In that study, the Ni- and Fe co-doped
LaSrCrQ (LSC) bimetallic perovskite anode with the exsdivéNi-Fe alloy
nanoparticles that were produced in a reducing spmere showed Dbetter
electrochemical performances in both 5000 pps8-H, and syngas compared to a Ni
monometallic anode. This results of the better Igttaproperty of the electrode
material with the exsolved Ni-Fe alloy is consistenth our experimental results in
which the LCTNi-Fe demonstrates the better elebiatcal performances compared to

the LCTNI.
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4. Conclusions

The perovskite electrodes of JaCasMiooelioss, (LCTNi) and
Lag 43Ca 3MNio.oF & .03T10.940s., (LCTNi-Fe) were investigated to produce nanopkasic
by exsolution under voltage in carbon dioxide atphese. The impedance spectra of
single cells measured before and after electrisdiicing showed that 2 V of potential
reduction was the onset for significant exsolutiomder voltage. The exsolution of
nanoparticles with an average particle size 8-100 nm was observed on the reduced
perovskite surfaces using SEM. The cells with teduced LCTNi and LCTNi-Fe
electrodes exhibited the current density at 1.5 \t00% CQ of 0.37 and 0.48 A c,
respectively. The maximum power density of the ogkrating in dry Hlwas 0.36 W
cm? for LCTNi and 0.43 W cif for LCTNi-Fe. The desirable electrochemical
performance results in both electrolysis and fualscsuggested that the electrical
reduction could be potentially useful for accelexqtexsolution of active nanoparticles

and instantly producing high performance SOFC asaael SOEC cathodes.
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Figure 1. XRD patterns of the as-prepared 4&a 3/Nio.0eli0.9403, (LCTNIi) and
Lag.43Ca 3MNio.oF & 03Ti0.940s, (LCTNi-Fe) powders over a widef2range [24]
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Figure 2. Impedance spectra of a single cell witiT Ni electrode working in pure CO2
atmosphere at 900°C (a) Open circuit EIS beforeadtat potential reduction (PR) at
1.5, 1.8, 2.0 and 2.2 V for 3 minutes and (b) Ei19.85 V before and after potential
reduction for 3 minutes at different voltages &,11.8, 2.0 and 2.2 V; and for different
duration of 3, 10 and 20 minutes at 2.0 V
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Figure 3. Impedance spectra of SOCs based on LG LCTNi-Fe electrodes
working in pure CQ@ atmosphere at 900 °C (a) Open circuit EIS befor@ after
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'a) fresh LCTNi

Figure 4. Scanning electron images of (a) fresh NChefore potential reduction. (b)
reduced LCTNi and (c) reduced LCTNi-Fe after pasnteduction showing the

resultant nanoparticles grown on the surfaces.

Page23 of 25



(b) LCTNi-Fe
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Figure 5. (a), (b) Scanning transmission electroages of exsolved nanoparticles on
surfaces of (a) reduced LCTNi and (b) reduced LCH8li (c), (d) TEM-EDS analysis
of surface nanoparticles for (c) reduced LCTNi afd) reduced LCTNi-Fe.
(Supplementary Fig. S2)
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