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1 Abstract

A composite electrode composed of PryNizOqp+s - Ceg.75Gdo.1Prei502—5 (50 wt. % - 50 wt. %) was
thoroughly investigated in terms of the electrochemical performance asia function of microstructure.
The electrochemical performance was characterized by electrochemical impedance spectroscopy and
the microstructures, characterized by focused ion beam-scanning electron microscopy and 3D recon-
structions, were modified by changing the particle size of Pr4yNigO19+s and the electrode thickness.
The distribution of relaxation time (DRT) method was applied,toghelp resolve electrochemical pro-
cesses occurring in the electrodes. It was found that'an appropriate increase in electrode thickness
and an appropriate decrease in particle size enhanced the oxygen reduction reaction kinetics. The
lowest area specific resistance obtained in this study at 670°°C' under pOs of 0.21 atm was 0.055 Q
em?. Finally, a comparison to the Adler Lane Steele (ALS) model was made and the main active
site for the oxygen reduction reaction was concluded to betriple phase boundaries. A fuel cell made
of the composite material as the cathode was'fabricated and tested. The peak power density was 1
Wem™2 at 800 °C, which demonstrates thisicomposite material is promising for SOFC cathodes.

2 Introduction

The hydrogen economy, defined as the industrial system in which hydrogen is oxidized to water
that could be reused for waterfeleetrolysis into oxygen and hydrogen by providing external energy,
is an overwhelming development/trend considering the current condition of energy shortage and
environmental pollution [1,'2]. High temperature solid oxide fuel cells play an important role in this
system, converting thechemical energy of hydrogen and derived products like ammonia into electrical
energy with high efficiency, modularity and fuel flexibility [3, 4, 5]. However, the high operation
temperatures accelerate,cell degradation and restrict materials selection for cells [6]. Therefore,
operation temperatures must be lowered to intermediate temperatures of around 600 - 800 °C' to
mitigate such issues. The associated issues with lowering operation temperatures are slow kinetics
of electrode reactions and greater ohmic loss from oxygen ion diffusion in the electrolyte since these
processes aré temperaturesactivated [6]. Technically, there are two methods to solve these issues:
(a) optimization of the micrestructures of cell; (b) applying innovative materials.

Micrestructure optimization is mainly based on tailoring electrode microstructures to enhance
the interface between the electrode and electrolyte. For instance, the kinetics of oxygen reduction
reaction, (ORR) occurring on the cathode could be enhanced by applying a well designed com-
posite’ cathodes which is achieved by extending the triple phase boundary (TPB) from the elec-
trolyte/eleetrode interface into the bulk electrode [7, 8, 9, 10, 11, 12]. The interface between the
electrode and electrolyte can be improved by applying advanced deposition techniques [13, 14, 15]
and addition of an interlayer[14, 16, 17, 18].
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Innovative materials have to possess excellent intrinsic properties under this intermediate temper-
ature range [19]. For electrode materials, the key property is mixed electronic and ionic conductivity.
With applying mixed electronic and ionic conductors as cathode materials, ORR can occur via a
double phase boundary (DPB) route in the cathode which makes use of the entire surface of electrode
particles[20, 21]. From the perspective of electrodes, the key factor in both methods is to extend
active sites for electrode reactions.

PrsNizOq9+s (PNO), a member of the Ruddlesden - Popper series of materials, possesses high
electronic conductivity and moderate ionic conductivity. A few groups investigated its structure
and properties [22, 23, 24] and Vibhu et al. have identified PNO as a promising cathode for inter-
mediate temperature solid oxide fuel cells (IT - SOFCs) [25]. In this article, PNO was mixed with
Ceg.75Gdg.1Prg.1502_5 (CGPO), a good ionic conductor along with slight electronie conductivity.due
to doping of Pr [26], as a composite cathode for investigation of their electrochemical performances
as a function of microstructure. The addition of an ionic conducting phase is to ¢reate more TPB
for ORR. PNO and CGPO with a ratio of 50 wt. % - 50 wt. % was applied sineérthis compesition
presented the lowest area specific resistance (ASR) among a variety of compesitionshaccording to
previous investigations [27].

Based on this composition, the aim of this work was to optimize the electrode performance with
introduction of active sites by increasing the electrode thickness and applying smaller PNO parti-
cles. The distribution of relaxation time (DRT) method was applied tofhelp résolve electrochemical
processes occurring in the electrodes. The evolution of each process as a function of microstructure,
extracted from 3D reconstructions, was investigated.

3 Experimental section

PNO and CGPO powders were synthesized via a sol-gel route by disselving stoichiometric amounts
of metal nitrates into 10 wt. % citric acid solution and heating on a hot plate with a magnetic
stirrer at 300 °C' and 200 rpm until a viscous solution formed. "The viscous solution and beaker
were transferred to a furnace and decomposed at 600 °C' for 12% with 2 °C' min~! heating and
cooling. CGPO was obtained through this thermal treatment. For PNO, the decomposed solid
precursor had to be calcined under O, flow at 1050 °C'for 12 h with 5 °C min~! heating and
cooling. PNO was obatined by repeating this\process 7 times with intermediate grinding [24].
Zro.8095¢0.182Ce0.00002 (10Sc1CeSz) powder (Lot No.H2228) for the interlayer was purchased from
DKKK, Japan. It was sintered at 1500 °Cufor.5 h with 10 °C min~—! heating and cooling to obtain
a single phase. Electrolyte pellets (Lot No.21AN02199), 10 £+ 0.5 mm in diameter and 150 + 15
um for thickness, were purchased from Kerafol, Germany. Gold paste (Gwent Group, Code No.
(C2090908D1) was used for the ctirrent collecting layer in subsequent electrochemical measurements.
All materials were characterized by x-ray diffraction (PANalytical X’Pert Pro MPD with a Cu K,
source).

As prepared PNO was ball milled for 72 'h to break agglomerates followed by high energy planetary
ball milling. High energy planetary,ball‘milling was applied to produce smaller PNO particles.
Zirconia balls with a range/of sizes were mixed PNO powder and immersed in ethanol. A reverse
rotation mode was used and milling lasted 12 h at 300 rpm. The resulting powder was called milled
PNO. The milled PNOwas furthecanilled with another set of milling agents to obtain even smaller
particles, termed as 2nd milled PNO. In the following, for the sake of simplicity, we use UM, M
and MM to represent the electrode composed of unmilled PNO, milled PNO and 2nd milled PNO,
respectively. X-ray diffraction (XRD) was applied to examine the phase purity of the resulting
powders.

Brunauer-Emmett-Teller (BET) test was carried out to confirm if the PNO particle size was
effectively réduced by ballamilling. The surface area of the PNO powders was calculated using Nj
adsorption-desorption isotherms measured on a Micrometrics TriStar 3000 instrument by applying
the Brumauer-Emmett—Teller equation. Prior to testing, approximately 250 mg of the powder
samples were degassed under Ny at 350 °C' overnight to remove any residual solvents from the
synthesis, process.

Ball milling for 72 h was applied to break agglomerates of as prepared powder before preparing
the electrgde and interlayer ink. High energy planetary milled powders were directly applied in
preparing the ink. The electrode ink was prepared by mixing the same weight of PNO powder,
CGPOpowder, and commercial ink vehicle (Fuel Cell Materials, USA, #311006) followed by triple-
roll milling (EXAKT 80E) for homogeneous distribution and cracking of agglomerates. Hence, the
weight' ratio of powders to ink vehicle was 2 : 1. In analogy to electrode ink preparation, interlayer
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ink (10Sc1CeSz) was prepared with the same weight ratio. Interlayer ink was screen printed on
each side of the pellet followed by sintering at 1500 °C for 2 h with 10 °C min~! for heating and
cooling. All symmetrical cells were based on such an electrolyte with an interlayer on both sides.
The addition of an interlayer was to increase the roughness of the pellet for better adhesion between
the pellet and the electrode. Next, the electrode ink was screen printed on the interlayer of each
side followed by sintering at 900 °C for 2 h with 2 °C min~! heating and cooling. The electrode Was
6 mm in diameter (0.2826 cm?) and three different thicknesses were obtained by adjusting printing
parameters. After electrode deposition, gold paste was brush painted on the electrode of eachrside
followed by sintering at 700 °C for 2 h with 5 °C' min~! heating and cooling.

The as prepared symmetrical cell was characterized by electrochemical impedance spectroscopy
(EIS) with a frequency response analyser (Solartron 1260a Impedance/Gain-Phage Analyser)s EIS
measurements at temperatures ranging from 625 °C to 717 °C' and under pO, of from, 0.005 atm.
to 0.23 atm were carried out to study the electrochemical performance of the composite electrodes
with different thicknesses and different PNO particle sizes. The EIS setup was 4@s follows: 50 mV
AC voltage, frequency range from 1 M Hz to 0.05 Hz with 30 points measuredsper decade and 3
s integration time. In some cases, 10 points measured per decade was applied in the low frequency
region. 2.5 h delay time was applied before each EIS measurement to allow, samples to reach an
equilibrium state.

The thickness of composite electrodes was measured under scanning electron\microscopy (SEM)
(Zeiss Auriga FIB - SEM). Focused ion beam - scanning electron micrescopy(FIB - SEM) (Zeiss
Auriga FIB - SEM) was applied to investigate the microstructures oficomposite electrodes. The
relevant parameters can be found in Supporting Information. The obtained images were analyzed
by Avizo to extract microstructure parameters and tortuosity of each phase was extracted from the
MATLAB plug-in TauFactor[28].

With respect to fuel cell fabrication, nickel oxide (NiO) ~ yttria stabilised zirconia (YSZ) anode
(negative) support substrate was prepared via the pelletization method. NiO powder and YSZ
powders were (NiO-S, YSZ8-U5, Fuelcellmaterials, USA)wprepared and mixed with pore former
through a ball-milling method in the ethanol solvent for 24 hy om’ the roller mixer. A mixture of
3 mm and 5 mm diameter size of zirconia balls for'used as a ball milling medium, and after 24
h of mixing, the mixed solution was dried separately in the 70 °C' drying oven. After completely
drying the solvent, the mixture was lightly ground using a pestle and mortar. The obtained powder
was pelletized using a pellet die (25 mm diameter size)s The fabricated anode support pellets were
pre-sintered at 900 °C' for 5 h with a ramping rate of 5 °€ min 1.

After the pre-sintering process, the Y.SZ electrolyte layer was dip-coated on the surface of the
pellet via the dip-coating method. The YSZ electrolyte layer dip-coating solution was prepared
following the method reported in the published, work [29]. One side of the anode support was
covered with the organic film and dipped in the solution and dragged out, subsequently followed
by a heat treatment at 600 °C' toaremove the organic film and organic materials remaining in the
dip-coating solution. The heat-treated substrate was fully sintered at 1450 °C for 5 h for obtaining
gas-tight dense electrolyte on one side. After the sintering, a GDC layer was covered on the YSZ
layer using the same dip-coating methodand heat-treated at 1200 °C for 2 h to give enough adhesion
property on the YSZ. Afterward/cathode pasted composed of CGPO and unmilled PNO was applied
on the surface of GDC interlayer and/heat-treated at 800 °C for 2 h with a heating and cooling rate
of 2 °C min~1!.

The electrochemical performance was evaluated using a prepared anode-supported solid oxide
cell. The cell was/sealed 'on one end of the alumina tube for feeding the hydrogen on the anode
support side, bysfacing the negative electrode part towards the alumina tube and sealed using a
ceramic paste (Adhesive 668, Aremco, USA). The silver paste and silver mesh were applied on the
surface of the positive electrode layer as a current collector, and the Pt wire was connected on the
surface as ajconnéection wiresled to the potentiostat ((PGSTAT302N, Metrohm, The Netherlands).

The electrochemical performance in fuel cell mode was evaluated at four temperature conditions:
650 °C4 700 °C 750 °C, and 800 °C. Before starting the testing, the cell was reduced with 10
% hydrogen at 600 °C' for overnight. The air was flown on the cathode side with 200 sccm while
testing ‘and 100/sccm of wet hydrogen on the anode side. The current-potential measurement was
done from open circuit voltage (OCV) to 0.1 V for its fuel cell performance testing, and impedance
was measured at OCV condition with the frequency range of 0.1 M Hz — 0.1 Hz at each operation
temperature.
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4 Results and discussion

4.1 XRD

Each of the materials prepared for the electrochemical testing was characterized by XRD and was
confirmed as a single phase. As prepared CGPO and CGPO after 72 h ball milling are shown,in
figure. S2. Thermally treated 10Sc1CeSz for the interlayer and purchased pellets are shown in figure.
S3. As prepared PNO and 72 h ball milled PNO are shown in figure. S4. PNO after planetary ball
milling was also characterized, as shown in figure. S4c and S4d.

The XRD patterns of the electrode before and after EIS measurements are illustrated in figure.
S5. No secondary phase except NiO is observed after EIS measurement, which is consistent with
what Tsai [27] reported. NiO is observed in both patterns as a result of cation diffusion at the
interface between PNO and CGPO phase during sintering at 900 °C. There is no reactivity, between
PNO and 10Sc1CeSz during sintering and EIS measurement [27]. Although there,is cation diffusion
from CGPO to 10Sc1CeSz forming a solid solution during sintering, the reactivity between CGPO
and 10Sc1CeSz during EIS measurements can be neglected considering the temperature and time
scale [27]. The electrode characterized by XRD was removed from the pellet so a small amount of
both the electrolyte and current collector are observed in the diffraction data.

~

4.2 SEM

The thickness of the electrodes was controlled by the thickness of theunask used during screen
printing and was separated into three different thicknesses which were confirmed by scanning electron
microscopy (SEM), as shown in figure. S7. For the sake of simplicity, the thinnest, medium and
thickest electrodes are described as T1, T2 and T3, respectively. For example, TIUM represents an
electrode of 16 + 1.5 um composed of CGPO and unmilled PNO. All samples are summarized in
table. 1.

H Abbreviation Thickness PNOrparticles H

TIUM/TIM/TIMM 16 + 1.5um anmilled BNO/milled PNO/2nd milled PNO
T2UM/T2M/T2MM 36 + 3.8um “unmilled PNO/milled PNO/2nd milled PNO
T3UM/T3M 50 £ 2.8um unmilled PNO/milled PNO

Table 1: Electrodesthicknesses of different samples

4.3 FIB - SEM

3D volumes for electrodes composed-of unmilled, milled and 2nd milled PNO phase were constructed
by stacking hundreds of FIB - SEM imagesy.as shown in figure. la, figure. 1c and figure. le. It can
be observed that many PNO particles were reduced from micron-scale to nano-scale after milling,
although some micron-scale particlesswere still present. After the 2nd milling, the PNO particles
were even smaller and virttially 10 micron-scale particles were observed. The smaller particle size
was also confirmed by dynamic light scattering, as shown in figure. S1, and BET result as shown
in table. S1, as well ‘agpeak broadening effects observed in the XRD patterns shown in figure. S4.
table. 2 summarizes all of the microstructural parameters of electrodes composed of unmilled, milled
and 2nd milled PNO. The particle size of PNO was significantly reduced to 504 nm from 1240 nm
after milling, and (to 313 mm after the 2nd milling. The deposited electrode had higher TPB and
DPB density when using smaller PNO as one of its components.

Total andactive TPB«density are included in table. 2. TPB is active only when the continuous
paths for each phase are guaranteed [6]. Active TPB density increased to 6.6 um =2 from 4.6 um =2
after milling thé PNQ phase and further increased to 9.1 um™2 after 2nd milling. The values of
active TPB’ density-are close to the values reported in previous investigations, around 5-10 um =2
[30, 31, 32]. Théactive TPB skeletons within electrodes composed of different PNO are illustrated
in figures 1b, 1d and 1f. The same applies to DPB. Active DPB density increased from 138 um !
t0212 um=hand further to 263 wm ™! when milled PNO and 2nd milled was applied, respectively.
The tortuosity of the PNO phase almost doubled from unmilled PNO to milled PNO, which was
reasonable because smaller particle size resulted in a more dispersive distribution. The tortuosity of
the electrode composed of 2nd milled PNO was 50 4+ 5. The tortuosity of CGPO slightly increased
to 3.3 £ 0.5 from 2.3 £+ 0.2, and then to 5.5 £ 0.9 with decreasing the PNO size, possibly resulting
from the interruption of connected paths caused by the significantly dispersive distribution of smaller
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PNO particles. This is supported by considering the average coordination number of each particle
[33]. The average number of contacts of a CGPO particle with neighboring CGPO particles is given
by Eq. 1, where Z; is the average coordination number of all particles and has a value of 6 for a
binary random packing of spheres. S is the surface-area fraction of CGPO particles, which is related
to the volume fraction ¢ and particle radius r, as shown in Eq. 2. Subscript ¢ and e represent the
ionic and the electronic phase, respectively. As the PNO particle size is reduced, the surfade-area
fraction of CGPO is expected to decrease and hence, the average number of contacts of a CGPO
particle with neighboring CGPO particles decreases.

Z = ZyS (1)

R 274s
B @i/Ti + Pe/Te @)

Figure 1: 3D volume-rendering of analyzed sample volume for electrode composed of CGPO and
(a) unmilled PNO, (c¢) milled PNO, (e) 2nd milled PNO (Red phase represents PNO, light and dark
blue phasesirepresent‘pore and CGPO, respectively. Corresponding active TPB skeleton network for
electrodes compesed of CGPO and (b) unmilled, (d) milled PNO, (f) 2nd milled PNO, respectively.
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H Sample unmilled milled 2nd milled H
Average particle size PNO (nm) 1240 + 40 504 + 46 313 £+ 25
Average particle size Pore(nm) 55 £ 5 46 £ 10 54 £ 5

Average particle size CGPO(nm) 46 £ 6 42 £ 14 48 £ 1
Total TPB density(um2) 51+05 70+12 10.0=£1.6
Active TPB density(um™?) 46+01 66+12 91=£15
Total DPB density(um™) 145 £ 17 222 4+£33 273 £61
Active DPB density(um™) 138 £ 21 212+39 263 £ 67

Tortuosity of PNO 19 +1 40 £ 7 50 £ 5
Tortuosity of CGPO 23+02 33+05 55+09

Table 2: Microstructural parameters for electrodes composed of CGPO and unmilled PNO, milled
PNO, 2nd milled PNO. The volume fraction and tortuosity data were obtained from Taufactor [28]
and the rest of the data were extracted from Avizo.

4.4 EIS

Electrodes were characterized by EIS under different oxygen partial pressures o determine what
electrochemical processes were occurring within the electrodes. This is because the exponent n in
the following expression, which describes how cathode polarization resistance changes as a function
of oxygen partial pressure, helps determine elementary ORR occurring in,electrodes, where £ is a
constant[34, 35, 36].

R =Fk(pO2)™" (3)
where n relates to the following elementary oxygen reduction, steps:
e n = 1, oxygen molecular adsorption .
O2(g) = O2(ads)
e n = 0.5, oxygen molecular dissociation
O2(ads) = 20ads
e n = (.25, charge transfer

Oaas +2¢ +V; = OF

0.12
¢ Sample T1UM under pO, of 0.21 atm
N Sample T2UM under pO, of 0.23 atm
0.10 - Sample T3UM under pO, of 0.24 atm
e Sample T1M under pO, of 0.21 atm
Sample T2M under pO, of 0.23 atm
0.08 Sample T3M under pO, of 0.23 atm
o Sample T1IMM under pO, of 0.21 atm
N
1 ¢ Sample T2MM under pO, of 0.21 atm
O
% 006 - L1 RO R1 R2 R3
% CPE1 CPE2 CPE3
-
0.04 -
0.02 -
0.00 4-

0.00 0.02 0.04 0.06 0.08 0.10 0.12
Re(2) (Qcm?)

Figure 2: Nyquist plot for each sample under controlled oxygen partial pressure as indicated in the
legend, at 670 °C, with the applied equivalent circuit for fitting as an inset.
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Figure 3: Dependence of resistance of each process for sample (a) TIUM, (b)T1M, (¢)T2UM, (d)T2M,
(e)T3UM), (£)rT3M, on,0xygen partial pressures measured at 670 °C.

Nyquist plets of electrodes with different microstructures, measured at 670 °C' under oxygen
partial pressure of around 0.21 atm, are shown in figure. 2. The validity of the spectra was confirmed
by Kramers-Kronig validity test by Lin — KK tool [37, 38]. The intercept with the z-axis at high
frequencies was mormalized to the origin and inductance was truncated for better visualization. An
equivalent eireuit composed of three R//CPE elements connected in series with a resistor and an
inductor, @s shown in figure. 2 as an inset, was used to fit the Nyquist plot of each electrode.
Residual plots between the measured spectra and the fitting results are given in figure S11. This
indicated that there are at least three electrochemical processes P1, P2 and P3 from high frequencies
(210 000 Hz) to low frequencies(~ 1 Hz). The ASR of each process as a function of oxygen partial
pressure, obtained from Nyquist plot fitting, is illustrated in figure. 3. Sample TIMM and sample
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T2MM were only measured at 670°C' under oxygen partial pressure of 0.21 atm. For more accurate
identification of electrochemical processes [39], the distribution of relaxation time (DRT) was also
calculated with a regularization parameter of 1073 for each investigated sample, as shown in figure.
4. In total 5 peaks were observed for each sample, hence, there should be 5 electrochemical processes.

After inspecting the resistance and the characteristic frequency of each peak in DRT, it was
found that the peak at the highest frequency and the peak at the lowest frequency corresponded
to P1 and P3, respectively, while P2 consisted of three peaks, P2H, P2M and P2L. P2L accounted
for ~ 35 % of the overall resistance for sample TIUM under air, while it was negligiblefornthe
other five samples, as shown in figure. 4. An extra R//CPE element was added to the/previous
equivalent circuit, i.e. four R//CPE elements in series, to fit each Nyquist plot. However{ the fitting
results deviated far from a reasonable range. This was expected as the time constant of P2H, and
P2M was very close, and the resistance of P2L was quite small. Hence, we still used‘the equivalent
circuit composed of three R//CPE elements to fit the Nyquist plots and extracted(resistance values
of P1, P2 and P3. The resistance of P2H, P2M and P2L were extracted by mualtiple peak fitting
with Gaussian function with an example for sample T2UM given in figure. 4d.-The peak fitting for
other samples can be found in figure. S13 and figure. S14. The resistance of P2 was.a sum of the
resistance of P2H, P2M and P2L.

~
0.3 0.4
Sample T1UM under pO, of 0.21 atm — Sample T1M under pO, of 0.21 atm
Sample T2UM under pO, of 0.23 atm Sample T2M under pO, of 0.23 atm
Sample T3UM under pO, of 0.24 atm 0.3 4 Sample T3M under pO, of 0.23 atm
0.2
P1 P2H
_ P1  P2H . N a
C E o2 /
P2M \
0.1 paL , P2M
0.11 \ (
p3 P2L P3
/ N~
0.0 o S
10 5 0 -10 5 0
Lnt Lnt
(a) (b)
T2UM
0.3 0.25
Sample TIMM under pO, of 0.21 atm > DRT
—— Sample T2MM under pO, of.0.21 atm —P1
0.20
P2H
= P2M
0.2 4 o1s P2L
g P1 S —Ps3
£ P2H N £
014 P2M
P21 p3
0.0 4
-10 -5 0 -10 5 0
Ln(7) (s) Ln() (s)
(c) (d)

Figure 4: Distribution|of relaxation time of samples composed of CGPO and (a) unmilled PNO with
different_thicknesses,(b) milled PNO with different thicknesses, (¢) 2nd milled PNO with different
thickngsses, measured at 670 °C. (d) Peak fitting for the sample T2UM with Gaussian function .

EIS asra, function of temperature for all samples was also carried out and the DRT was per-
formed. The DRT evolution with oxygen partial pressure and with temperature for sample T2UM is
illustrated in figure. 5, which helps to visualize each process change as a function of oxygen partial
pressure.and temperature, especially P2H, P2M and P2L.

The resistance and capacitance of process P1 occurring at the highest frequency was virtually
indépendent of oxygen partial pressure, as shown in figure. 5a. One possible assignment for this
process is the oxygen ions transfer between interfaces [40, 41, 42]. It was more likely to be the oxygen
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ion transfer between the composite electrode and the interlayer rather than between the interlayer
and the electrolyte since both were the same material and the grain boundary effect was minimized
due to sintering of the interlayer on the electrolyte at 1500 °C' [43]. However, P1 should be attributed
to oxygen ion diffusion in the CGPO phase within the electrode considering the capacitance of P1
~ 1073 F em™2 [44, 45, 46, 47, 48]. The capacitance of each process as a function of oxygen partial
pressure is illustrated in figure. S15. The activation energy of P1 was 1.00 + 0.06 eV, given indigure.
S16. This value was greater than the activation energy of ionic conductivity of around 0.5-0:6 eV
for CGPO and Cep.9Gdg.101.95 reported in the literature [26, 49]. The discrepancy was probably
because of the presence of contact resistance between CGPO particles.

1.4 0.4
—pO, of 0.23 atm P3 —624°C
1.2{ —pO, of 0.12 atm —642°C
— pO, of 0.07 atm — 2gg°g
104 — —
P S
= —PD, ot 0.0z atm ~ ~717°C
8 981 o, of 0.005 atm g P1
€ T 027 P2M
= 0.6 =
P2
0.4 ~
P2M
0.2
Pl PH & P2L & P2L P3
0.0 4~  —— 0.0 4 \.—.,»4
10 5 0 5 10 5 0
Lnz (s) Lz (s)

(a) (b)

Figure 5: Distribution of relaxation time for sample T2UNL(a) under different oxygen partial pres-
sures measured at 670 °C, and (b) at different temperatures undesnpOs of 0.21 atm.

Similarly, the resistance of P2H was also independentroffoxygen partial pressure. Since P2H
was constant as a function of pOs, the slope of P2 as a function of pO, was also the slope of
P2M+P2L. According to the slope of P2M+P2L, P2M+P2L should be assigned to charge transfer
at active sites since the slope -n was closeito.-0.25, as,shown in Fig 3. However, considering the slope
of the sample T1UM, -0.338, deviated from -0.25rand showed more oxygen molecular dissociation
dependence which resulted from a significantly. large resistance of P2L process in comparison with
the other 5 samples, as shown dn, figure. 4, it was more reasonable to attribute P2M to charge
transfer and P2L to oxygen molecular,dissociation.

The capacitance of the proces§ P2H was around 1072 F em™2. It was associated with oxygen
incorporation into the PNO phase followed by diffusion in the PNO phase within the electrodes. It
is reasonable to assume the oxygleeduction processes: Firstly, the major oxygen molecules were
adsorbed on the PNO surface. Then oxygen was dissociated, reduced and incorporated into the
PNO phase due to its high| oxygen exchange coefficient followed by diffusion to (1) the electrolyte,
and (2) to the CGPOpphase via TPBfand then to the electrolyte. Since the processes P2H and P2M
merged together at higher.temperatures, as shown in figure. 5b, the activation energy of both could
not be obtained. However, the ac¢tivation energy of the process P2H+P2M was extracted, as shown
in figure. S16. The single activation energy for the process P2H+P2M supported this assumption
because most ofs#he MIEC ‘as electrodes are co-limited by surface exchange and bulk diffusion [20].
Huang et al. alsorobservedssimilar peaks in investigating bismuth-based composite cathodes [47].

The lowest frequency process P3 was assigned to oxygen molecular adsorption because the slope
-n was very closé to -1. In addition, it was a temperature independent process as shown in figure. 5b
which confirms the validity of the assignment. The difference in resistances of P3 between different
samples was not,discussed here since the difference in the resistance of P3 was negligible compared
to the'total ASR.

Aty670:°C, the sample TIUM presented the total ASR of 0.074  em? under pOs of 0.21 atm,
extracted from the fitted line in figure. 3. After increasing the electrode thickness to 36 um, the total
ASR of sample T2UM reduced to 0.055 Q ¢m? which was the lowest ASR among all samples studied.
This enhancement was expected since more active area was introduced into the electrode[50, 51].
This is also the case when an electrode composed of milled PNO phase had greater thickness, 0.065
Qlem? for sample T1IM to 0.063 Q em? for sample T2M measured at 670 °C' under pOs of 0.21
atm, extracted from the fitted line in figure. 3. However, a further increase of the thickness of
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the electrode to 50 um increased the ASR, even higher than the resistance for samples of 16 um
thickness, which could possibly result from concentration polarization and higher resistances for
transportation of oxygen ions and electrons. This was also observed in many previous investigations
that study how electrode thickness affects the ORR [9, 10, 12, 52, 53].

Besides thickness adjustments, milling constituent particle size down also helped reduce ASR. By
extracting the ASR under pOs of 0.21 atm from the fitted line, it can be found that the ASR of0.074
Q ecm? for sample T1UM was reduced to 0.065 © cm? for sample T1M. The only difference between
sample TIUM and T1IM was a different size of PNO particles. Unlike enhancement achieved,by
increasing thickness to increase the active area, i.e. amount of TPB/DPB sites, this enhancement
was achieved by greater TPB/DPB density under a given volume since smaller PNO phase with
smaller particles created more TPB/DPB sites, consistent with the results obtained from FIB= SEMX«
Controlling the particle size of an electrode is a common way to lower its polarization resistance by
extending TPB length [12, 33, 54, 55, 56, 57, 58]. However, for electrodes of 36 um thicknessysample
T2UM has slightly lower total ASR than sample T2M, which was opposite to theexpectation.

4.5 Discussion

The resistance value of each process of each sample, extracted from the peak fitting of the DRT, is
plotted in figure. 6 and figure. 7 which illustrates how the resistance of eachsprocess changed with
the electrode thickness and how the resistance of each process changed with the particle size of the
constituent phase, respectively.

4.5.1 Effects of electrode thickness

It can be observed that the resistance of the process P2, meastired at:670 °C" under pO- of around 0.21
atm, decreased significantly from the sample T1UM to the sample T2UM, as shown in figure. 6a.
The major contribution to this was the reduction of the resistance of the process P2L, from 0.026
em? t0 0.003  em? as shown in figure. 6¢, which was associated with oxygen molecular dissociation.
Although the resistance of the process P2H increased slightly, the total resistance decreased from
0.074 2 em? to 0.055 2 em?. This resistance reduction confirmed that more TPB/DPB sites facilitate
the ORR. When further increasing the thickness, both resistances of processes P1 and P2 increased.
The increase in resistance of process P2 was mainly a.result of an increase in that of process P2H,
as shown in figure. 6c¢.

The sample composed of CGPO and milled PNO showed a similar change with thickness increase.
From sample T1M to T2M, the resistance of process'P2 decreased slightly. The resistance of process
P2M decreased from 0.031 £ em? to 0.023 Qem?, as shown in figure. 6d. However, most of the
resistance reduction was compensated by an increase in the resistance of process P2H, from 0.011
Q em? to 0.016 Q ecm?. In addition, the resistance of process P1 increased from 0.012 Q c¢m? to
0.016 © cm?, as shown in figure/ 6b. Hence, the total resistance was almost the same, from 0.065
Q em? to 0.063 2 ecm?, since the eontribution from process P2M was compensated by the increase
of the resistance of P1 and P2HNlikewise, both resistances of processes P1 and P2H increased
dramatically when further increaging the electrode thickness to sample T3M. This increase was even
greater compared to samples composed of CGPO and unmilled PNO. Hence, sample T3MM was
not prepared and teSted because. it<was expected to give higher resistances considering the trend
observed.

H Sample Ohmic resistance (€2) Sample Ohmic resistance (£2) H
Sample T1UM 71+0.1 Sample T1M 6.6 + 0.2
Sample T2UM 7.5 £ 0.1 Sample T2M 7.6 £0.2
Sample T3UM 9.0+ 0.1 Sample T3M 9.0 £ 0.1

Table 3:¢Ohmiec resistance of each sample at 670 °C' under pOs of around 0.21 atm. Ohmic resistance
reported here includes contact resistance, rig resistance, and contributions from the interlayer and
electrodes.

The increase of resistance of process P1 and P2H as increasing the electrode thickness can be
explained considering the nature of processes P1 and P2H. Since both of them were related to oxygen
species diffusion within the electrode, the longer diffusion path resulted in higher resistances. Apart
from this, the ohmic resistance of each sample, extracted from the high frequency x-axis intercept of
the Nyquist plots and listed in table 3, also gave us some information. The increment in electrode
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thickness was around 20 wm from T1 to T2, then to T3. The ohmic resistance increased 0.4
from T1UM to T2UM and 1 2 from T1M to T2M, respectively. This change increased dramatically
to 1.5 Q from T2UM to T3UM and 1.4 Q from T2M to T3M, respectively. The ohmic resistance
change indicated that below a thickness of 50 um (T3), the percolation of the electronic conducting
phase (PNO), or the number of connected paths through the electrode, decreased with increasing
the electrode thickness. The rate of decrease was faster at greater thickness. In analogy e he
electronic conducting phase, the percolation of the ionic conducting phase (CGPO) was not/ideal
with increasing the electrode thickness, which resulted in higher resistances for oxide ion diffusion.
This explains why the resistance of process P1 and process P2H increased with increasing electrode
thickness and why the increase was greater with greater thickness.
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Figure 6: Polarization fresistance of each process, extracted from peak fitting of distribution of
relaxation time, for (a) the sample TIUM, T2UM and T3UM, (b) the sample T1M, T2M and T3M,
measured at 670 °Crunder pOsfof around 0.21 atm. The sub-processes of P2 of corresponding
samples, P2H, P2M and P2L, were given in (c¢) and (d), respectively.

4.5.2 Effect of particle size

The smaller, particle size of electrodes also facilitated the ORR as the resistance of process P2L
decreasedsfrom 0.026(Q) ¢m? for sample TIUM to 0.004 Q em? for sample T1IM measured at 670
°C' under pO, of around 0.21 atm, as shown in figure. 7c. Although there was a minor increase in
the resistance in processes P1 and P2M, the total resistance decreased from 0.074 Q ecm? to 0.065
cm?mWhen further milling the PNO particles size, the total resistance increased to 0.074 Q c¢m? for
sample TLMM, since the resistance of processes P1 and P2H increased, as shown in figure. 7a and
figure. Tc.

For,samples with electrode thickness of 36 um, the milled PNO had no benefit to each electrode
process, as shown in figure. 7b. The resistance of process P1 increased from 0.010 £ em? for sample
T2UM: to 0.016 © cm? for sample T2M. For process P2H, the resistance increased from 0.013 € cm?
for sample T2UM to 0.016 Q c¢m? for sample T2M. The resistance of process P2M was virtually
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the same for sample T2UM and sample T2M. However, the resistance of process P2H for sample
T2MM was 0.013 Q ¢cm? which was virtually the same as that for sample T2UM and the resistance
of process P2M for sample T2MM was 0.016 Q c¢m? which was lower than that for sample T2UM
and sample T2M. The resistance of process P1 for sample T2MM was the highest, of 0.019 Q em?,
following the trend that smaller particle sizes resulted in higher resistance of process P1, observed
in samples T1UM, T1M and T1MM.

0.08 0.07
T1UM £ T2um
0.07 - [ Rl 0.06 Ll T2m
TIMM B T2Mm
0.06 = 0.0
—~ 0.05 - L —
€ E 0.04
2 0.044 L
S =
a 2 0.03 4
& .03 1 x
0.02 4
0.02 4 -
=
0.01 4 . . I 0.01 =
0.00 - 0.00 T
P1 P2 P3 P1 P2
Electrode process Electrode process
(a) (b)
0.045 0.040
T1UM T2UM
0.040 [ kel 0.035 T2M
0.035 4 TIMM 0030 I T2Mm
- 0.030 | I oot
E 0.025 - . : £ 4 -
g g 0.020 -
s 0.020 s
0.015 4 =
0.015 - . 4
00104 - 0.010 ~
0.005 - - 0.005 -
I
0.000 0.000 T T T
P2H P2M P2L P2H P2M P2L
Electrode process Electrode process

(c) (d)

Figure 7: Polarization resistance of each process, extracted from peak fitting of distribution of
relaxation time, for (a) the sample, TIUM, T1M and T1IMM, (b) the sample T2UM, T2M and
T2MM, measured at 670 °C ainder pOs of around 0.21 atm. The sub-processes of P2 of corresponding
samples, P2H, P2M and P2L, were given in (c¢) and (d), respectively.

Similar to the effect of electrode thickness, the smaller particle size would lead to greater resis-
tance in processes Pdrvand P2H, which were related to oxygen species diffusion within the electrode.
This can be explained by the tortuosity change of each phase. Considering the effective conductivity
oers of each phaSe, which was given by [59]:

Oeff = op(e/T) (4)

where € and 7 are the volume fraction and the tortuosity of the corresponding phase, respectively.
oy is thebulk conduectivity.

Smaller PNOQ, particles resulted in greater tortuosity of PNO and CGPO, as shown in table. 2.
Hence; the effective conductivity of each phase was reduced and led to higher diffusion resistance.
According to Eq. 4, the conductivity of each conducting phase is inversely proportional to its tortu-
osity at a given volume fraction. Hence, the resistance of diffusion within each phase is proportional
toits tortuesity considering Ohm’s law:

R=1/oess (5)

where,! is the diffusion length of conducting species. It was interesting to find that the ratio of
the resistance of process P1 between sample TIUM and T1M (0.73), T2UM and T2M(0.64), were
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close to the ratio of tortuosity between the unmilled CGPO phase and the milled CGPO (0.69).
The slight deviation was due to the difference in [ in Ohm’s law. This consistency supported the
assignment that process P1 was associated with oxygen ion diffusion within the CGPO phase.

It can be found that both electrode thickness and PNO particle size affected the total ASR of cells.
Increasing thickness and decreasing PNO particle size caused a monotonic resistance increase in P1
and P2H. Appropriate increase of thickness and particle size reduction enhanced ORR by facilitating
oxygen dissociation and reduced the total ASR although a slight resistance increase in process Pl
and process P2H was present. However, both microstructural modifications simultaneouslysled, to
high resistance of process P1 and process P2H, compensating the resistance reduction in ORR.
Hence, a compromise has to be made during microstructural optimization to obtain lower ASR.
Over-optimized microstructures, i.e. over-increased electrode thickness and over-reduced PNO,sizes
led to significantly high resistances of processes P1 and P2H.

4.5.3 Decoupling TPB and DPB contributions

In the following, we attempt to decouple the contribution of TPB and DPB to the ORR. From
the Nyquist plot for each sample as shown in figure. 2, it was impossible to tell if TPB or DPB
contributed more to ORR, or were equally important. However, the variation of ASR/as a function
of electrode thickness provided some information. The entire electrode of thickness 16 um was active
for ORR because the resistance of process P2 reduced when the thicknessfincreased to 36 um, for
both electrodes composed of unmilled and milled PNO. It is still ‘uncertain if‘the active area of
electrodes was greater or smaller than 36 um. The active area for electrodes ‘of a single mixed ionic
electronic conducting (MIEC) phase in which DPB dominates4syusually a few microns according
to the Adler-Lane-Steel (ALS) model[20, 21]. This supportedsthe suggestion that the TPB played
a dominant role over DPB for ORR in the present case. In addition, the ALS model predicts a
Gerischer behaviour for single phase MIEC electrodes. Hewever, suchr a Gerischer behaviour was
not observed, as shown in figure. 2.

The active area for composite electrodes is much greater than that for electrodes composed of a
single MIEC phase since the addition of an ionic phase extends TPB from the electrode/electrolyte
interface into the electrode as long as the comduction paths of oxide ion and electron are guaran-
teed. Haanappel et.al. systematically investigated'the effect of cathode thickness on electrochemical
performance of anode-supported single cells withyLagsSrg 303(LSM)/LSM-Y203-stablised ZrO, as
composite cathode and found the highest current density was obtained with cathode thickness of
30 wm [12]. Similar works were also carriédpout by Barbucci et.al. and an optimum thickness of
YSZ/LSM composite electrode was found to:be about 40 um[52]. Some graded composite electrodes
have even higher thickness[11, 60].

To be more rigorous, the ALS model was considered here with the obtained microstructure data
from FIB - SEM to evaluate if it_wasradaptable to the present case which involved a MIEC and
an additional ionic phase, and hence, the contribution from DPB. Given the electronic conductivity
and oxygen ionic conductivity of\235S e¢m~! and 1.49x1073S e¢m~! for PNO under 700°C' and
pOs of 0.21 bar [27], respectively, BRNO, was considered as a good mixed electronic ionic conducting
phase. CGPO was mainly acting/as a.good ionic conducting phase given the electronic conductivity
and oxygen ionic conductivity/of 0.004 S cm~! and 0.055 S ¢m™! under the same condition[27],
respectively. The expression for the?/ALS model is given by:

RT Tf )0.5

Rechem = (ﬁ)(m (6)

where Reopem 1S ASROR is the gas constant, T' is the temperature, F' is the Faraday constant, 7 is the
tortuosity offMIEC phase, i.e., PNO, f is the Bardeen-Herring correlation factor, € is porosity, a is
the surface area/which is DPB between PNO and pore, D* is the oxygen tracer diffusion coefficient
and k is_the oxygen tracer surface exchange coefficient, and c¢,,. is the concentration of oxygen sites
in PNQ.

The ASR caleulated according to Eq. 6 was 0.40 Q em? and 0.47 Q cm? by assuming f was unity
forelectrodes composed of unmilled PNO and milled PNO, respectively. (1-¢), the fraction of MIEC
phase in the ALS model, was replaced by 0.3 in both cases since two solid phases which had almost
the same volume fraction presented considering 40 % porosity. This prediction for the electrode
compesed/of unmilled PNO was lower than the result obtained from Tsai who investigated unmilled
PNO as a single phase electrode with a total ASR of 4.36 Q ¢m? under virtually the same condition
[27]s, This discrepancy possibly came from other processes included in the total ASR such as oxide
ion transfer between the electrode and the electrolyte while the ALS model only considered surface
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exchange of oxygen and solid-state diffusion in the MIEC phase (PNO in this case). The ASR was
lowered to 0.25 Q em? when 50 wt. % CGPO was added into the electrode as a composite electrode
[27]. The significantly lower ASR originated from the addition of the CGPO phase and confirmed
that TPB was dominant in terms of the ORR. The total ASR was further reduced to 0.055 Q cm?
in this study, possibly because of better microstructures including smaller PNO particles and the
addition of an interlayer which is a common method for improving electrode performance [113,14].

Considering the ALS model underestimated the performance of the composite electrodes and the
assignment of each electrochemical process occurring in the electrodes, the ORR should oceur, at
TPB with slight contribution from DPB. The enhancement in electrochemical performance due to
microstructural optimization, thickness and particle size adjustments, was attributed tomore TPB
in electrodes.

4.6 Fuel cell performance evaluation

Electrochemical performance of the optimised composite cathode (T2UM) in_an anode supported
fuel cell is shown in figure 8a. It was found that the open circuit potential value was 1.026 V' at an
operating temperature of 800 °C' which is similar to its theoretical value (1.18V) operating with 97
% Hs, 3 % H20 as the anode gas composition and flowing air as the cathode composition. The peak
power density values for this configuration were summarized in table. /4. Thé peak power density
of 1.01 W em~2 at 800 °C' is promising performance for a new cathodemmaterial tested in a thick
electrolyte button cell configuration. Regarding the EIS data as showmin figuré. 8b, the values of
polarization resistance and the values of ohmic resistance are summarizedsin table. 4. Compared
to the values of the polarisation resistance obtained in the symmetric cell jtests it is clear that the
ASR of the full-cell test was greater, which led to a lower fueleell performance than was expected,
although a total ASR of 0.28 Q c¢m? is a competitive value. Furthemoptimisation of the electrolyte,
anode and gas compositions would be expected to lead to{further performance improvements.

Temperature (°C') 650 700 & 750 800
Ohmic resistance (Q cm?) 0.341 0.228 0.166 0.131
Polarization resistance (Q e¢m?)  1.003 , 0534 0.374 0.280
Power density (W cm™2) 0.34 0.53 076 1.01

Table 4: The ohmic resistance, polarization resistance, and power density of the fuel cell at investi-
gated temperatures.
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Figure 8: (a) Cell voltage-current density curves and power densities-current density curves of the
singlercell made of unmilled PNO as the cathode and Ni - YSZ as the anode and YSZ - GDC as the
electrolytegand (b) the corresponding EIS results, at investigated temperatures.
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5 Conclusion

This article reports a systematic investigation in the effects of thickness and particle size on elec-
trochemical processes occurring in PNO - CGPO composite electrodes for IT - SOFCs. Initially,
the performance was mainly restricted by oxygen dissociation which was one step of the ORR.
Microstructural optimization via increasing electrode thickness and reducing electrode particle size
improved electrode performance by enhancing the ORR because of the introduction of more /TPB
into electrodes. In the meanwhile, the resistance of diffusion of oxygen species within the eleetrode
increased slightly. However, over-optimization led to a significant resistance increase in the/diffusion
of oxygen species while the ORR was not reduced further. Therefore, over-optimizatioushas to be
avoided and a trade-off between ORR and diffusion of oxygen species has to be made to achieve the
best performance for this composite electrode. The lowest ASR obtained at 670 °C under, pO, of 0.21
atm in this investigation was 0.055 Q e¢m? for sample T2UM. Further lower ASR s expected with
the help of milled PNO if the effect in the diffusion of oxygen species was eliminated by optimizing
the electrode microstructures.

The peak power density at 800 °C was 1 W em ™2, which demonstrates the PNOy»- CGPO
composite is a promising SOFC cathode material.
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