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Abstract

Composite cathodes consisting of different compositional ratios of Lay4Sr, ,Co,,Fe,30; , (LSCF) and
Ba(Ce,(Zry 1) oYy 055 (BCZY64), namely 100LSCF:0BCZY64 (L10B0), 70LSCF:30BCZY64 (L7B3),
SO0LSCF:50BCZY64 (L5B5) and 30LSCF:70BCZY64 (L3B7) were prepared via wet chemistry method. The
symmetrical cell with a configuration of electrode|BCZY64|electrode was fabricated using dry-pressing method
for the electrolyte substrate and spin-coating technique for the cathode layer. The proton conduction in the com-
posite cathode increases as the amount of proton-conducting phase increases as verified by the water uptake
measurement performed via thermogravimetric analysis. The thickness of the composite cathode layer is about
15 um as observed by a scanning electron microscope and exhibits a well-connected particle network with suf-
ficient porosity for oxidant diffusion (20-30%). The electrochemical performance of the symmetrical cell was
investigated by electrochemical impedance spectroscopy in humidified air. The area-specific resistance (ASR)
values of the tested cathodes follow the order of L7B3 < LI0B0 < L5B5 < L3B7 and are 0.07 < 0.24 < 0.30 <
0.52 Q-cm? at 700 °C, respectively. The correlation between the cathode performance and cathode composition
was investigated and the corresponding mechanism was systematically postulated.

Keywords: perovskite, fuel cell, electrodes, composite cathode, impedance spectroscopy

I. Introduction and has a consequential impact on the overall perfor-
mance of a PCFC. Therefore, developing a good cath-
ode material becomes critically significant in advocat-
ing PCFC performance. In the early stage of fuel cell de-
velopment, platinum was employed as the cathode ma-
terial. However, its high cost and non-negligible over-
potential at high operating temperatures make it unsuit-
able for practical application [1-3]. The use of conduc-
tive metal oxides has then emerged as a viable alterna-
tive. As a result, mixed ionic and electronic conduct-
ing (MIEC) oxides have been extensively investigated
as prospective cathodes for PCFC [4-6].

The proton ceramic fuel cell (PCFC) is an environ-
mentally friendly technology that uses electrochemical
processes to turn the chemical energy of the fuel into
power. The qualities of the anode, cathode and elec-
trolyte, which make up a PCFC’s primary components,
substantially impact the device’s performance. Among
the components, the cathode is a crucial part of the cell
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MIEC materials have attracted attention due to the
high ambipolar conductivity that allows the exten-
sion of the cathode reaction sites beyond the triple-
phase boundaries, hence offering greater performance
as compared to the predominantly electronic con-
ductor such as platinum. Several perovskite mate-
rials such as Ba, ;Sr,Co,Fe,,0; ; (BSCF) [7,8],
Ba, (Sr, ,Co, (Nb;, ;05 ; (BSCN) [9], Sm,, ;51 ;C00; 4
(SSC) [10] and Lay, (Sr, ,Co, ,Fe, 305 5 (LSCF) [11,12]
have been thoroughly explored as potential PCFC cath-
odes. Among these, the lanthanum strontium cobalt fer-
rite oxide compounds, Lal_xerC01_>,FeyO3_6 (LSCF),
have attracted large interest due to their high catalytic
activity towards oxygen reduction, high oxygen self-
diffusion coefficients and high ionic and electronic con-
ductivity [12,13]. The encouraging performances sug-
gest the potential of LSCF as a promising cathode ma-
terial for PCFC.

MIEC materials exhibit satisfactory cathode perfor-
mance in PCFC at an intermediate temperature range.
However, the performance is inadequate for practical
application due to the limited active reaction sites for
the cathode reaction. Since the cathode reaction process
in PCFC involves three types of charge carriers, which
are proton (H"), oxygen ion (0*7), and electron (e7),
it is favourable that a cathode material for PCFC pos-
sesses simultaneous conduction of these three charge
carrier species. These ideal cathode properties could be
achieved by the incorporation of the proton-conducting
phase into MIEC oxides to form a composite cathode
[14-16].

The formulation of a composite cathode provides the
extension of the triple-phase boundary (TPB), result-
ing in a great increase in the number of reaction sites
that can facilitate the electrochemical reactions involv-
ing oxygen ions, protons and electrons. Consequently,
enhanced cathode performance is envisaged. Tremen-
dous research has been devoted to the development of
the composite cathode. However, most studies have fo-
cused on material selection [15,16], fabrication [14,17]
and microstructure [18,19] rather than on the reaction
mechanism of the composite cathode. Furthermore, the
elucidation of the role of the phase constituents in the
composite cathode system is still lacking. The under-
standing of the processes that occurs at the composite
cathode/electrolyte interface is important as the rates of
many chemical and energy transformation processes are
limited by the charge and mass transfer along surfaces
and across interfaces.

Herein, the composite cathode compris-
ing La, (Sr, ,Co,,Fe; 05, (LSCF) and
Ba(Ce((Zr))99Y,,05,5s (BCZY64) proton con-

ductor was evaluated as a potential cathode material
for PCFC based on BCZY64 electrolyte. The impact
of the various compositional ratios between MIEC and
the proton conductive phase in terms of proton con-
centration and water formation that affect the cathode
performance was discussed. Additionally, the correla-
tions between the composite cathode composition and
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the cathode reaction mechanism were systematically
postulated.

I1. Experimental

2.1. Powder synthesis

For synthesis of  Laj,Sr,,Co,,Fe,s0;,
(LSCF) cathode, a stoichiometric amounts of
La(NO;); -6 H,0 (99.9%, ACROS), Sr(NO,), (99%,
ACROS), Co(NO;),-6H,0 (99%, ACROS) and
Fe(NO;);-9H,0 (99%, ACROS) were dissolved in
100ml of deionized water. Citric acid monohydrate
(CA) (99.5%, MERCK) and ethylene diamine tetra-
acetic acid (EDTA) (99%, ACROS) were subsequently
added, and the solution was heated at 70 °C in water
bath under continuous stirring. Ethylene glycol was
then added to the mixture solution according to the
molar ratio of 0.7 : 1 (ethylene glycol : LSCF). The
obtained gel was calcined at 700 °C for 5h to prepare
a pure LSCF phase. The enhanced electrochemical
performance of modified LSCF over unmodified
LSCF has been thoroughly discussed and reported
in our previous work [20]. For the electrolyte, the
Ba(Ce( Zry4)90Y( 1055 (BCZY64) powder was
synthesized by a combined citrate-EDTA sol-gel
method [21]. Fabrication of the composite cathode was
performed by mixing single phases of both powders in
different LSCF:BCZY64 weight ratios, namely 100:0,
70:30, 50:50 and 30:70 which are respectively denoted
as L10B0O, L7B3, L5B5 and L7B3 (Table 1). The
mixtures were ground in an agate mortar with acetone
to facilitate the mixing process and subsequently dried
in an oven at 100 °C for 3 h.

Table 1. Notation of the composite cathode samples

Cathode Composition [wt.%]
1D LSCF BCZY64
L10BO 100 0
L7B3 70 30
L5B5 50 50
L3B7 30 70

2.2. Powder characterization

The water uptake analysis of the calcined powders
was performed by using a thermal gravimetric anal-
yser (TGA, Perkin Elmer STA 600) with a purified air
flow (100 ml/min) (py,0 = 0.03atm) at a heating rate
of 5°C/min. Before the analysis, the sample was hy-
drated in the ambient air (40-45% humidity) at 27 °C
for 7 days. The weight loss was evaluated as a function
of temperature, which ranged from 30 to 800 °C. The
microstructure and elemental analysis of the fabricated
symmetrical cell were studied by a scanning electron
microscope (SEM) imaging and energy dispersive X-
ray (EDX) analysis (JEOL JSM 6460LA). The porosity
of the sintered cathode layers was estimated by an im-
age analysis software (ImageJ 1.45p) using the thresh-
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old technique. The compositional ratio of the composite
cathode constituents was calculated from X-ray diffrac-
tion peaks intensity using EVA XRD analysis software
(Bruker-AXS, Germany).

2.3. Fabrication of symmetrical cell

A dense BCZY64 electrolyte pellet for a symmetri-
cal cell fabrication was obtained by uniaxial compres-
sion at 5 tons, followed by a two-step sintering (TSS)
at Ty = 1500 °C (1 min) and 7, = 1450°C (12h) in the
air [22]. The pellet was then polished with silicon car-
bide (SiC) polishing paper grit #400 and the slurry of
the cathode material was coated by spin-coating on both
sides of the pellet. Finally, the obtained symmetrical cell
was annealed at 950 °C for 3 h with heating and cooling
rates of about 10 °C/min.

2.4. Performance test

The electrochemical characteristics of the symmetri-
cal cell (Cathode IDIBCZY 64|Cathode ID) were tested
by electrochemical impedance spectroscopy (EIS) using
ZIVE SP2 Electrochemical Workstation (ZIVE LAB
SP2, WonATech). EIS spectra were collected in the
0.01 Hz to 1 MHz frequency range with a signal ampli-
tude of 10 mV under open-circuit conditions. The EIS
measurement was conducted in humidified air (pn,, ~
0.03 atm) over a temperature range of 500 to 800 °C.
Before the measurement, the cell was exposed to the hu-
midified air at 700 °C for 24 h and stabilized for 1h to
achieve the equilibrium condition for each measurement
temperature.

EIS spectra analysis was carried out using the ZMAN
software. The fitting and simulation procedure using
ZMAN software was implemented to precisely identify
the electrolyte and cathode responses from the spec-
trum. The area-specific resistance (ASR) of the elec-
trode reactions was calculated using the relation ASR =
R,-§/2,where § is defined as the effective surface area
of the electrode and the factor 1/2 takes into account that
symmetrical cells used. The associated capacitance (C)
and the arc summit frequencies (f°) of each contribu-
tion, which are two critical parameters to identify the
processes involved in the cathode reactions, were calcu-
lated using Egs. 1 and 2:

C=Yr R (1)
fozén-R'C )

where Y and n refer to the parameters associated with
the constant phase element which are obtained from the
fitting process.

II1I. Results and discussion

TGA water uptake analysis was performed to access
the hydration capacity and predict the proton conduction
in the composite cathodes. The hydration capacity sig-
nifies the ability of the sample to locate protons thus in-
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Figure 1. TGA curves of hydrated cathode samples in
flowing air

dicating the proton concentration in the composite cath-
ode sample. A high proton concentration would assist
in proton conduction and thus extend the triple-phase
boundary which is the active site for the electrochemi-
cal reaction [23]. Therefore, the water uptake analysis
is important to verify the proton concentration in the
cathode sample upon the addition of different BCZY 64
amounts. TGA dehydration curves of the four cathode
samples are shown in Fig. 1. Weight loss of the L10B0
sample is only 0.2%. However, with the addition of
30vol.% (L7B3) and 50 vol.% (L5B5) of the BCZY64
phase into the cathode, the amount of weight loss in-
creased to 3.6% and 3.8%, respectively. A significant
weight loss of 5.1% was obtained for the L3B7 sam-
ple, thus corroborating the highest proton concentration
in this sample compared to other composite cathodes.
The large proton concentration in this sample suggests
high proton conduction in the cathode material which
leads to the extension of the triple-phase boundary and
potentially accelerates the cathode reactions [12]. This
suggestion is supported by the EIS measurement and the
proposed cathode reaction mechanism is discussed later.

Figure 2 shows cross-sectional SEM images of the
composite cathodes on the BCZY64 electrolyte. As it
can be seen, all composite cathodes have a good adher-
ence to the BCZY64 electrolyte with no signs of crack-
ing and delamination, suggesting a good thermal match-
ing between parts. The thicknesses of the electrolyte
and composite cathode layers in all symmetrical cells
is about 1 mm and 15 wm, respectively. The microstruc-
tures of the composite cathode in all cells are compara-
tively similar, exhibiting a well-connected particle net-
work and sufficient porosity for oxidant diffusion (20—
30%). Therefore, with the relatively similar electrolyte
thickness and very close cathode microstructure, the dif-
ferent cell performances should be attributed to the in-
trinsic properties of the varying composition of the com-
posite cathode.

EDX analysis was used to estimate the elemental
composition and the compositional ratio of the com-
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Figure 2. SEM cross-sectional image of the fractured
symmetrical cells: a) L7B3, b) L5BS and c¢) L3B7 composite
cathodes after firing at 950 °C

posite cathode materials. Elemental compositions of the
cathode and electrolyte layer of the symmetrical cells
are summarized in Table 2. Compositions of the cathode
and electrolyte layers are very close to the stoichiomet-
ric ratio of LSCF and BCZY 64 materials (La = 0.6, Sr
= 0.4, Co = 0.2 and Fe = 0.8 for LSCF and Ba = 1.00,
Ce =0.54,Zr = 0.36 and Y = 0.10 for BCZY64). The
composite cathodes consist of a gradually increasing
BCZY64 and decreasing LSCF contents as the proton-
conducting phase concentration increases from L7B3 to
L3B7. The value of the phase compositional ratio ob-
tained from EDX analysis follows the estimated value
from the XRD peak intensity analysis reported in our
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previous work [24]. The comparison between the nomi-
nal and the estimated compositional ratio from the XRD
peak analysis is shown in Table 3. As it can be seen,
there is a slight deviation in the nominal and estimated
values of the composition, which is expected due to the
limitation of the quantitative analysis using XRD. The
composition was estimated based on the intensity of the
diffraction peaks, since it is known to be proportional
to the concentration of the material. However, the peak
intensity might be influenced by other factors that may
cause overestimation or underestimation of a particular
phase in the sample [25]. Despite the slight deviation,
there is substantial agreement between the nominal and
estimated values, thus indicating that the composition
of the composite cathode constituents is preserved even
after high-temperature treatment.

Figure 3 illustrates the typical Nyquist plots of the
symmetrical cell with an LSCF single cathode and
LSCF-BCZY64 composite cathodes over the temper-
ature range of 500-800°C. The presence of overlap-
ping semicircles indicates more than one electrochem-
ical process. EIS spectra obtained for the composite
cathodes were resolved into three different regions,
which are high frequency (HF; 1 MHz-1kHz), middle
frequency (MF; 1kHz-1Hz), and low frequency (LF;
1 Hz-10mHz) regions. The size of the EIS spectrum
decreases as the temperature increases (Fig. 3). This ob-
servation shows the dependency of the involved reac-
tions on the operating temperature and signifies that the
corresponding electrochemical reactions are thermally
activated processes. Furthermore, it is also noticeable
that the sizes of the EIS spectra for the composite cath-
odes are smaller than for the pristine sample (L.10B0),
which suggests a different electrochemical characteris-
tics of the cathode samples. These initial EIS findings
indicate that the difference in the cathode composition
significantly affects the electrochemical characteristics
of the tested cathodes.

For the L10BO cathode (Fig. 3a), the impedance arcs
at the lower frequencies seem to dominate the whole
spectrum, thus suggesting that the cathode activity is
limited by the oxygen species reactions at the cathode
[26]. A similar observation was obtained for the L7B3
sample (Fig. 3b), which infers the high contribution of
the low-frequency cathode reaction on the overall cath-
ode performance. On the contrary, for the L5B5 and
L3B7 cathodes (Figs. 3c,d), the higher frequency arc
seems to dominate the spectrum, suggesting that ionic
conduction probably limits the cathode reaction [27,28].
Moreover, it is also observable from the spectra that
the size of the impedance arcs becomes larger as the
BCZY64 content in the composite cathode increases
from 30 to 70 wt.%, as shown in Figs. 3b-d. This ob-
servation suggests a higher impedance value, implying a
higher cathode resistivity with increasing BCZY 64 con-

tent in the L5B5 and L3B7 composite cathodes.
The EIS fitting results for the composite L7B3, L5B5

and L3B7 cathodes at 500 °C are presented in Fig. 4.
Each spectrum was fitted to a matching equivalent cir-
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Table 2. Elemental composition of the composite cathode symmetrical cells

Elemental atomic percentage [%]

Cells Component Element L7B3 LSB5 L3B7
La 10.61 £0.06 4.46+0.05 1.42+0.02
Sr 5.03+0.08 298+0.17 1.63+0.02
Co 1.96+0.11  0.51+0.07 0.42+0.08
Fe 823+0.10 3.40+0.09 1.17+0.04
Cathode layer Ba 13.22+0.10 15.72+0.25 17.20+0.35
Ce 7.61+0.06 887+0.13 10.31+0.15
Zr 488+0.15 580+022 598+0.11
Y 1.23+0.15 1.90+0.10 2.29+0.29
o 4721+1.01 56.37+0.63 59.58+0.57
Ba 2498 £0.66 23.81+0.55 24.47+0.34
Ce 12.67+030 12.29+0.41 12.20+0.24
Electrolyte layer Zr 7.50+040 7.53+030 7.51+0.32
Y 4270+0.25 2.75+0.22  3.03+0.18
o 52.15+1.00 53.64+0.51 52.80+0.46

Table 3. Comparison between the nominal and the estimated compositional ratio of the composite cathodes

Nominal composition Estimated composition
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Figure 3. Typical Nyquist plot for: a) L10B0, b) L7B3, ¢) L5BS and d) L3B7 composite cathodes measured at 500-800 °C in
humidified air

378



1. Ismail et al. / Processing and Application of Ceramics 16 [4] (2022) 374-383

® L7B3
—— fitting

fo=235 mHz

28

e L5B5
—— fitting

2

HF

fo=7.82 Hz

-Z”/ Ohm.cm

60 1 ¢ R, R, R, R, e L3B7

Ir — fitting
50 |

fo=631 kHz Q Q %
40 |
MF

309 .~ .
20 J HF: High-frequency region £0-9.97 kHz

fo=31.7 Hz
MF: Middle-frequency region

| LF: Low-frequency region

0 T
40 50

60

70 80 90 100 110 120 130 140 150 160 170

2
7’/ Ohm.cm

Figure 4. Fitting of EIS spectra for: a) L7B3, b) L5BS and
¢) L3B7 composite cathodes measured at 500 °C
in humidified air

cuit as shown in the inset in Fig. 4, where R; is the to-
tal ohmic resistance, R Q; refers to the grain boundary
response, R, Q> and R3Q3 correspond to the middle fre-
quency cathode responses, and R4;Q4 and R5Qs5 are as-
sociated with the low-frequency cathode processes. R
and Q respectively denote resistance and constant phase
element (CPE) in the circuit. The values of the circuit
elements calculated from the fitting results of the com-
posite cathodes are presented in Table 4.

The obtained impedance arcs were allocated to their
corresponding processes using the capacitance (C) val-
ues related to each arc. Figure 4a presents the EIS spec-
trum for the L7B3 composite cathode consisting of three
arcs ascending at the middle and low-frequency regions
of the spectrum. The first arc (R3Q3, C ~ 107°F-cm?)
observed at the middle frequency region is associated
with the cathode charge transfer reaction, whereas the
arcs at the low-frequency region (R4Q4 and R5Qs, C =~
1072-107° F-cm?) are attributed to the oxygen adsorp-
tion/dissociation and diffusion processes at the cath-
ode. The capacitance values obtained from the analyses
agree with the literature data concerning related works

29-31].

[ For ]the composite cathode containing 50 wt.% of
BCZY64 (L5BS), the spectrum was resolved to three
consecutive arcs, as shown in Fig. 4b. The first high-
frequency arc (R;Q;, C 1078 F-cm?) corresponds
to the grain boundary contribution, whereas the arcs
in the middle frequency range (R,Q, and R3Qs, C
1074-1077 F-cm?) were attributed to the cathode charge
transfer reactions. The dominant responses observed at
the middle frequency region suggest that the electro-
chemical activities of the L5B5 at 500°C are proba-
bly limited by the charge transfer reactions at the cath-
ode/electrolyte interface, which agrees with other re-
lated works in the literature [28,32].

The EIS spectrum of the L3B7 composite cathode
also consists of three consecutive arcs (Fig. 4c). It ex-
hibits a significant contribution of the electrolyte grain
boundary at the high-frequency region, which was de-
noted as R;Q; (C ~ 10~ F-cm?) in the equivalent cir-
cuit. Like the L5BS5 cathode, only grain boundary re-
sponse and charge transfer responses (R,(Q, and R303,
C ~ 107°-10"" F-cm?) were evident from the EIS spec-
trum of this cathode sample. As it can be seen from the
spectra in Figs. 4b,c, the middle-frequency impedance
arcs, which correspond to the charge transfer processes,
become more prominent as the content of BCZY64
increases. The size increment of the impedance arcs
suggests an increase in the resistivity of the charge
transfer reaction with the increased amount of the pro-

~
=~

~
=~

Table 4. Values of the circuit elements calculated from the fitting results of the composite cathodes at 500 °C

Composite Resistance Capacitance Arc summit requencies
cathode R, [Q-cm?] C [F-cm?] f° [Hz]
L10BO Ry:4.97+0.09 C3:(5.67+0.04)x 1073 f30 :2.82+£0.07
Ry :1430+£0.09 C4:(4.78+0.01)x 1072 £2:0.12£0.01
L7B3 Ry :3.67+0.08 C;:(1.35+0.06)x 1076 f30 1(8.02+0.11)x 103
Ry:587+0.14 C4:(1.14+0.18)x 1073 jf :5.94+£042
Rs:3.62+0.12 Cs:(4.67+0.35)x 1072 j? :0.24 £ 0.04
L5B5 R;:1296+0.49 C;:(1.08+0.21)x 1078 fl0 1 (4.60+0.01) x 10°
R, :843+049 C:(4.09+0.07)x 1077 20 :1.87+0.01) x 10*
R3:19.44+0.50 C;3:(429+0.23)x 107 f30 :7.82+0.18
L3B7 R1:9920+0.71 Cy:(1.04£0.08)x 107 f7:(6.31 +£0.01)x 10*
R, :15.04+0.18 C,:(4.35£0.12)x 1077 f):(9.97+0.02) x 10°
R3;:3521+£032 C;:(5.84+0.08)x 107 f30 :(3.17+0.01) x 10!
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Table 5. Area specific resistance (ASR) for the single and composite cathode samples measured at 500-800 °C

Operating ASR [Q-cm?]
temperature [°C] L10BO L7B3 L5B5 L3B7
500 9.64+0.03 6.57+0.06 13.93+0.24 25.12+0.21
600 1.31+£0.03 047+001 143+0.06 247+0.09
700 0.24+0.02 0.07+0.02 0.30+0.03 0.52+0.05
800 0.04 £0.01 0.02+0.01 0.10£0.03 0.20+0.03

ton conductor in the composite cathode. These large
impedance arcs might have significantly suppressed the
low-frequency response, which indicates that the slow
interfacial charge transfer reactions primarily limit the
electrochemical performance of the cathode at the mea-
sured temperature. Similar observations were also re-
ported in the previous related work [33].

The electrode resistance (R,) was obtained as the sum
of the resistances calculated from the semicircles in the
middle and low-frequency ranges. The cathode perfor-
mance of the composite cathodes in terms of ASR mea-
sured at 500-800 °C is summarized in Table 5, together
with the ASR of the L10BO cathode to facilitate the com-
parison. The L7B3 cathode exhibits much lower ASR
values than the L10BO0 and other tested composite cath-
odes. In contrast, the composite cathode with the high-
est content of BCZY64 protonic conductor, the L3B7
cathode, shows the highest ASR values at all measured
temperatures. It can be observed that the incorporation
of 30 wt.% of BCZY 64 protonic conductor in the L7B3
composite cathode has substantially reduced ASR value
of the LSCF cathode. However, a further increase in the
BCZY64 content to 50 and 70 wt.% results in poor per-
formance of the composite cathode, which could be evi-
denced by a marked increase ofASR values for the L5B5
and L3B7 compared to the L7B3 cathode. Based on
ASR values, the L7B3 cathode demonstrated five- and
ten-times higher performance than the L5BS5 and L3B7,
respectively, in the temperature range 500-800 °C. Be-
sides, ASR value of the L7B3 was three and two folds
lower than for the L10BO at the measurement tempera-
tures of 700 and 800 °C, respectively, which signifies the
improved performance of the composite cathode. The
reasons for these findings can be related to the conduc-
tion and percolation of the protonic, ionic and electronic
phases in the composite cathode. For clarity, the pro-
posed mechanism of the cathode reaction is illustrated
in Fig. 5.

The cathode reaction mechanism of the L10BO is
shown in Fig. 5a. The L10BO cathode is a mixed ox-
ide ionic/electronic conducting (MIEC) material, allow-
ing the conduction of electron and oxygen ionic species.
Therefore, in the triple-phase boundary (TPB), the ac-
tive reaction site is restricted to the interface between
cathode/electrolyte only. Hence, the charged species in-
volved in the cathode reaction, i.e. oxide ions, electrons
and protons, have to find their pathways to the TPB re-
gion to complete the cathode reaction. A long transfer
pathway generally results in higher polarization resis-
tance, thus resulting in higher cathode ASR [34].

380

* TPB

LSCF BCZY64

Figure 5. Schematic representation of the cathode reaction
mechanism proposed for: a) L10B0, b) L7B3, ¢) L5SBS
and d) L3B7 cathodes

The incorporation of 30 wt.% of BCZY64 protonic
conductor in the LSCF to form the composite cathode,
as in the sample L7B3 (Fig. 5b), was demonstrated to re-
duce ASR substantially. The performance enhancement
of the L7B3 compared to LSCF can be ascribed mainly
due to the introduction of proton-conducting percolation
pathways, since it has been generally observed that the
percolation threshold of a ceramic composite cathode
for solid oxide fuel cell operation was around 30 wt.%
[35,36]. Here, “percolation” is defined as the continu-
ous connection of the protonic conducting path through
the whole cathode structure. The introduction of a pro-
tonic conductive network, together with ionic and elec-
tronic pathways, promotes the extension of TPB ar-
eas allowing the electrochemical reaction to occur in a
larger region of the cathode [37,38]. Therefore, as the
TPB and transfer paths increase, the corresponding con-
ducting species will choose the most convenient route
to be transported and converted among each other to
achieve minimal polarization resistance losses, which
subsequently results in the accelerated oxygen reduction
process.

In contrast, as content of the BCZY 64 protonic con-
ductor in the composite cathode increased to 50 and
70 wt.%, as shown in Figs. 5c,d respectively, the cath-
ode performance was found to reduce significantly. The
poor cathode performance exhibited by the L5B5 and
L7B3 can be explained in terms of reduced connec-
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Table 6. Comparison of the composite cathodes — performance based on proton-conducting electrolyte

T ASR

Cathode material Electrolyte material po,/n °C] [Qem?] Ref.

La, (St ,Co, ,Fe, 305, + Ba(Ce 71, 4)09Y( 1055 Ba(CeyZry4)09Y0:055 0.5 700  0.07  This work
Ba St 5Coq gFe, ,05 5 + BaZr, ;Ce ;Y205 BaZr, ;Ce)7Y(,05 - 700 0.10 [47]
Sm 5Sr,, sFeO; ; + BaZr,, ,Ce(;Y(,0; BaZr, Ce,,Y(,05 - 700  0.10 [48]
La, (Sr, ,Co,,Fe, 405 + BaCe( Y054 BaCe(3Y,04 05 700 0.14 [49]
Nd, ¢sNiO, s + BaZr, ,Ce,, Y, ,Yb, 05 4 BaZr, ,Ce,,Y,,Yb,,0,5s 04 750 043 [30]

tivity of the LSCF cathode particles in the composite
cathode due to an excessive protonic conducting phase.
Thus, the continuity of electronic and ionic conductions
is interrupted, which eventually results in a lower cath-
ode performance. Another possible reason that could be
considered is the excess formation of water which re-
sults from the extension of the TPB areas. It is well
known that the addition of a proton-conducting phase in
an MIEC cathode would increase the TPB region, thus
assisting the acceleration of the cathode electrochemi-
cal reactions. However, as the TPB increases, the wa-
ter formation which results from the cathode reaction
also increases. The high concentration of water vapour
will severely dilute the oxidant (air or oxygen) and ul-
timately weaken the cathode electrocatalytic ability. In
addition, excessive water generated in the cathode has
been reported to be detrimental to the cathode perfor-
mance as it can also increase polarization resistance and
degrade cell performance [39-41]. This result indicates
the inferior performance of the L5B5 and L7B3 cath-
odes compared to the L7B3 and L10BO (pristine LSCF)
cathodes.

Figure 6 presents the Arrhenius plots for ASR of the
L10BO0 and the composite L7B3, L5B5 and L3B7 cath-
odes measured at different temperatures. The activation
energies (E,), calculated from the slopes of the Arrhe-
nius plots, were 1.30, 1.38, 1.18 and 1.16eV for the
L10BO, L7B3, L5B5 and LL3B7 cathodes, respectively.
The E, value of the L7B3 was relatively close to LSCF
mainly due to the presence of similar dominant conduct-
ing species in the cathode samples (L7B3 consists of

2

L1080
L3B7
L5B5
L7B3

log(ASR), Ohm.cm?

pd4dOC O

1.1 12
1000/T, K’

0.9

Figure 6. The Arrhenius plots for the ASR of the L10B0 and
the composite cathodes measured
at 500-800 °C
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70wt.% of LSCF). These E, values are in reasonable
agreement with prior studies of LSCF-based cathodes,
as reported in the literature [42—44].

For L5B5 and L3B7, the activation energy values
were lower than for the L10B0O and L7B3. The com-
positions of the samples are dominated by the proton-
conducting phase of BCZY64, which has a relatively
lower activation energy of proton conduction (~0.6eV)
as compared to the oxide ion conduction (~1.4eV) in
the L10B0. Therefore, the E, of the L5B5 and L3B7
cathodes decrease as the amount of the protonic conduc-
tor in the composites increases. Even though the low-
est activation energy was obtained for the L3B7, apply-
ing the cathode with such a composition is not practical
due to its poor electrochemical performance. A similar
trend of activation energies was already obtained for the
composite cathodes based on proton-conducting elec-
trolytes [45,46]. In summary, the electrochemical per-
formances of the tested cathodes follow the order of
L7B3 > L10B0 > L5B5 > L3B7.

The electrochemical performance of the L7B3 on
the BCZY64 electrolyte is compared with other com-
posite cathode materials based on proton-conducting
electrolytes, especially the works focusing on the
widely used electrolyte material of BaZr, ,Ce; ;Y ,0, 4
(BCZY17) as a proton conductor. As shown in Ta-
ble 6, ASR value of the composite cathode obtained
in this study is lower and comparable with other re-
lated works reported on the PCFC cathode develop-
ment. Lower ASR is indeed desirable for achieving high
cathode performance. In addition, the application of the
BCZY protonic conductor with novel composition of
Ba(Ce( ¢ Zr 1)y 9Y( 1055 (BCZY64) in this study has
revealed a great potential of these cathode/electrolyte
materials combination as a superior composite cathode
system for producing high performance PCFC.

IV. Conclusions

The addition of the BCZY64 protonic conductor in
the LSCF to become an LSCF-BCZY64 composite
cathode is favourable in enhancing the cathode perfor-
mance. However, the amount of the protonic conductor
must be carefully controlled as sufficient MIEC cath-
ode loading is essential to provide the electronic con-
ducting paths and oxide ionic conduction to lengthen
electrochemical reaction sites for the oxygen reduction
process. Furthermore, the increases of the reaction sites
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caused by the excessive addition of the protonic conduc-
tor will indirectly lead to excess water formation in the
composite cathode, thus increasing the polarization re-
sistance and eventually causing it to perform even worse
than the pristine LSCF cathode. The best cathode per-
formance was obtained for the L7B3, with an ASR of
0.07 Q-cm? at 700 °C. These findings indicate that the
coexisting sites of the electronic, oxygen ionic and pro-
tonic conducting phases in optimum ratios are crucial
for the electrochemical reactions at the cathodes.
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