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Backbone electrodes based on an electronic conductor and a protonic conductor show advantages for
proton ceramic electrolyzer cells (PCECs). This work, aims to shed further light on the nature of the rate
determining steps in the anode operation and improve the reaction rate in high steam pressure
electrolysis mode by (i) adjusting their catalytic activity through electrode infiltration with catalytic
electronic-conducting nanoparticles; and (ii) electrochemical activation of surface species by applying
a net current through the electrode. A composite formed by LaggSrg,MnOsz_s5 (LSM)
BaCep 2Zro7Y0103_5 (BCZY27) was deposited on proton-conducting BCZY27 electrolytes and studied in
symmetrical investigate the anode microstructure and electrochemical performance.
Electrochemical impedance spectroscopy (EIS) measurements were performed in the 800-500 °C range
under 3 bar of pressure of wet air (75% of steam). LSM/BCZY27 50/50 vol% showed the best
performance with an electrode polarization resistance (Rp) of 6.04 Q cm? at 700 °C and high steam
pressure (0.75 bar of air and 2.25 bar of steam) whereas LSM/BCZY27 60/40 vol% presented a R, of 18.9
Q cm?. The backbone electrodes were infiltrated using aqueous solutions of metal precursors to boost
the electrocatalytic activity towards water splitting and oxygen evolution. The infiltrated cells were fired
at 850 °C for 2 h to obtain the desired crystalline nanoparticles (PrgOy1, CeO,, ZrO, and PrgO,;-CeO5)
and electrochemically tested under high steam pressures and bias currents to investigate the influence

and

cells to

of catalytic activation on surface exchange kinetics. Among the tested catalysts, the lowest electrode
polarization resistances (<0.2 Q cm?) were reached for the PrgOy5, CeO, and PrgOy;—CeO, catalysts at
700 °C by applying current densities ranging from 1.57 to 14.15 mA cm™2, and the PrgOy,—CeO,-
activated LSM/BCZY27 electrode exhibited the best performance. Finally, the effect of pO, and pH,O
was investigated aiming to characterize the rate limiting processes in the electrodes.
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from the electrode-electrolyte interface to the whole cathode
thickness.>"”

1. Introduction

Proton conducting ceramics have attracted much attention
due to their applications in energy conversion, hydrogen
sensing and separation, and chemical synthesis."** For
proton ceramic fuel cells (PCFCs), the cathode is a challenge,
because it is difficult to find suitable materials with good
mixed p-type electronic and protonic conductivity.'>** Recent
work on PCFC cathode performance has shown that the use
of a ceramic-ceramic (cer-cer) composite having a proton
conducting phase (electrolyte) and an electronically con-
ducting phase with respect to the cathode material, enables
major improvement of the electrochemical performance,
ascribed to extension of the three phase boundary (TPB) area
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In proton ceramic electrolysis cells (PCECs), a similar chal-
lenge is encountered for the development of the anode and
additionally the electrode should be effective and stable in high
steam environments. The porous anode of the cell has the
function to (1) catalyse the dissociation of H,O to protons and
molecular oxygen and (2) collect the electronic current gener-
ated along the cell. A careful electrode design is required to (i)
avoid overpotentials/ohmic losses resulting from limitations in
steam gas transport; (ii) promote the fast removal of the
produced oxygen, which can induce electrode delamination;
(iii) reach sufficient protonic transport level to extend triple-
phase-boundary (TPB) regions; and (iv) warrant sufficient elec-
tronic conduction in the whole electrode volume. As a conse-
quence, several properties must be combined in composite
electrodes comprising at least two different materials with bulk
transport (at least protonic and electronic), appropriate porous
microstructure for gas transport, and tailored electrocatalytic
surface properties. In order to promote fast oxygen removal
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against the inwards flux of steam, oxide-ion transport can be
included in the electrode material, permitting oxygen diffusion
through bulk, leaving the pore system mainly for the gaseous
steam diffusion. Materials for electrodes are typically perov-
skites containing Ba and/or rare earths on the A site and tran-
sition metals (notably Cr, Mn, Fe, Co) on the B site.*®

The requirements for PCEC anodes are good transport
properties, high catalytic activities and long-term chemical
stability in steam electrolysis conditions (high steam pressures).
Moreover, the material for this steam electrode, specifically,
must exhibit low activation, ohmic and mass transport polari-
zations. The decrease in area specific resistance (ASR) is
a crucial point in PCEC efficiency and economics.

Ceramic-ceramic (cer—cer) composites based on mixtures of
different kinds of conducting materials, as an electronic and
a protonic conductor, have demonstrated good performances in
PCFC electrodes operating at intermediate temperatures (500
700 °C).* A pure electronic conductor such as La, gSr, ,MnO;_;
(LSM), is a promising electrode material for high-temperature
due to its excellent stability, possesses insignificant oxide-ion
conductivity and the risk of electrode delamination is
minimized.****

In this work, the advantages for composite electrodes based
on a protonic conductor BaCe ,Zr,5Y(105_s (BCZY27)**° and
an electronic conductor (LSM) are utilized.” The operation of
LSM/BCZY27 composite anode is limited by surface-related
processes, as inferred from the low frequencies of these
processes characterized by electrochemical impedance spec-
troscopy (EIS) spectrum.* Therefore, the use of a proper catalyst
is decisive for an efficient anode development. The dispersion
of catalytic nanoparticles on the electrode surface may induce
two effects: (i) new oxide-ion conduction pathways are gener-
ated on the electrode surface; and (ii) the overall catalytic
processes are improved, thanks to the higher surface area and
the higher intrinsic redox activity of the redox sites of the
chosen catalytic species. Following previous studies on the
modification of electrodes by infiltration with nano-
particles,*** the present work focuses on enhancing the elec-
trochemical performance of LSM/BCZY27 by activating the
porous backbone electrode with different catalysts, PrgO;;,
Ce0,, ZrO, and PrsO,;—CeO, on both sides.

2. Experimental

The composite anode based on an electronic conductor La, g-
Sro,MnO;_; (LSM) and a protonic conductor BaCe, ,Zr, ;Y 1-
O3 s (BCZY27) have shown advantages for PCFCs based on
BCZY27 electrolytes.”®*> Commercial BaCeg »Zr¢;Y0.103_s
(BCZY27) powder, purchased from CerPoTech, was calcined at
1100 °C for 6 h and ball-milled for 10 h in acetone. La, gSr¢.,-
MnO;_; (LSM) powder was supplied from Marion Technologies.
Powders were ball-milled for 16 h in acetone to obtain similar
grain sizes.

The studied cer-cer compositions were prepared by mixing
LSM and BCZY27 powders in different volume in an agate
mortar. Then, the compatibility of the electrode with the elec-
trolyte material was tested by using X-ray diffraction (XRD)
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analysis after sintering together at 1100 °C for 5 h. XRD
measurements were recorded in the 26 range from 20 to 70° on
a CubiX FAST equipment using CuKo,, radiation and an
X'Celerator detector in Bragg-Brentano geometry. Patterns were
analyzed using X'Pert High Score Plus software (PANalytical).

Electrochemical measurements were performed by using
a dense BaCe ,Zr,5Y105_s (BCZY27) electrolyte by mixing the
BCZY27 powder with 1 wt% ZnO (Sigma Aldrich) as sintering
aid*#* and ball-milled for 16 h in acetone. Afterwards, the
electrolyte was uniaxially pressed at ~120 MPa and calcined in
air at 1550 °C for 12 h with a constant heating rate of
2°C min %

Porous 30 pm electrodes were obtained by screen painting
the LSM/BCZY27 ink on both sides of the BCZY electrolyte and
fired at 1100 °C for 2 hours. The inks were prepared by mixing
the LSM/BCZY27 with a 6 wt% ethylcellulose-terpineol solution
in a three roll mill. The final symmetrical cell was 15 mm in
diameter, while the anodes were 9 mm in diameter
approximately.

Furthermore, different 2 M solutions (ethanol-water) with
adjusted surface tension were prepared with the different Pr,
Ce, and Zr nitrate precursors; Pr(NO3);-6H,0, Ce(NO3);-6H,0
and Zr(NOj),-xH,0, respectively. The solution was dropped
onto the whole electrode surface. The catalyst loading was
around 5 wt%. The particles were spread along the composite
backbone surface, forming different infiltrated oxide catalysts
after calcination at 850 °C for 2 hours. Electrochemical perfor-
mance of the different LSM/BCZY27 composites was tested by
electrochemical impedance spectroscopy (EIS) measured in
two-point configuration with platinum current collector meshes
(see ESI Fig. S1af). Input signal was 0 V DC to 20 mV AC in the
0.01-1 x 10° Hz frequency range (Autolab PGSTAT128N
potentiostat equipped with a FRA32M module for impedance
analysis). EIS measurements were performed in the 800-500 °C
range under 3 bar total pressure (pAir = 0.75 bar and pH,0 =
2.75 bar). In addition, pH,O was varied in the range 1.14-4.84
bar.

The three-wire configuration (ESI Fig. S1bt) is used to
analyze the EIS under the applied current (bias) and it has one
working electrode on the anode, with the corresponding
sensing contact on the electrolyte and the opposite sensing
and working electrodes on the other electrode. With this
configuration, only one anode contribution is measured and it
is possible to study the effect when a net current is applied. A
range of currents (1.57-14.15 mA cm ?) is applied in this
study.

The microstructure was investigated using a field emission
scanning electron microscopy (FE-SEM) (Zeiss Ultra 55), and the
elemental analysis was carried out with energy-dispersive X-ray
spectroscopy (EDS) (INCA, Oxford).

3. Results and discussion

3.1. Preparation and characterization of LSM/BCZY27
electrodes

In first place, the compatibility of the selected anode material
with the BCZY27 electrolyte was checked by means of XRD upon

This journal is © The Royal Society of Chemistry 2019
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heat treatment. ESI Fig. S21 shows the XRD patterns of the
possible electrode material, LSM, which is mixed with the
electrolyte material, BCZY27, and they were sintered at 1100 °C
for 2 h. Furthermore, different reference patterns and the single
powders patterns are also depicted for comparison. LSM and
BCZY27 materials are compatible, with no extra peaks after the
sintering process.

The microstructure of the different powders from SEM
images is shown in ESI Fig. S3.F The crystal size of the BCZY27
was very small (below 10 nm) and it was comparable to the LSM
size.

The stability of the BCZY27 and LSM was checked under 3
bar total pressure (pAir = 0.75 bar and pH,O = 2.75 bar) at
700 °C for 72 h. From the obtained XRD patterns and SEM
images (Fig. 1a-c), it can be inferred that both materials remain
stable, with no extra diffraction peaks related to secondary
phases.

In SEM images, Fig. 1b and d, it is possible to see that both
materials are stable under electrolysis operating conditions,
with no degradations in the microstructure. In summary, it was
proved that BCZY27 electrolyte material and LSM electrode
material were stable under realistic conditions, high tempera-
ture and high steam pressure.

After the anode material was selected, the LSM/BCZY27
composite was optimized by preparing symmetrical cells
changing the volume% of each phase and the electrochemical
performance was tested by electrochemical impedance spec-
troscopy (EIS) measurements in two-point configuration with
platinum current collector meshes.

The temperature dependence of R, values for 2 different
electrodes was measured under a total pressure of 3 bar (0.75
bar of air and 2.25 bar of steam) with different composite
compositions, i.e., LSM/BCZY27 60/40 and 50/50 vol%. The
electrode polarization resistance is defined as the sum of
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electrode contributions at different frequencies. The behaviour
of both electrodes was similar and the best performance was
observed for the 50/50 vol% composite (Fig. 2). Impedance
spectra can be fitted by using equivalents circuits, slightly
different for each composition. Specifically, the equivalent
circuit LRy(RyrCPEyr)(RyrCPEL)(RLLrCPELr) was employed for
the LSM/BCZY27 60/40 vol% whereas LRy(Ry;zCPEyp)(Ry zCPE 1)
was used for the LSM/BCZY27 50/50 vol% at different charac-
teristic frequencies, high frequencies (HF, 0.1-4 kHz), low
frequencies (LF, 1-5 Hz) and low-low frequencies (LLF, 0.02-1
Hz). The high activation energy (E,) values observed for R, of
both electrodes in Fig. 2a (1.41-1.98 eV) indicate that proton
conduction is not the rate-limiting step, since the activation
energy for proton migration usually ranges 0.4-0.6 eV.*® This
fact is highlighted in Fig. 2b, where R, together with Ry, Rir
and Ry y electrode contributions at 700 °C are plotted for both
electrodes. The highest resistances values are found for LF
processes and, thus, the electrode performance is limited by LF
processes, classically related to electrode surface steps.*>?

Ry, values of 6.04 Q cm” and 18.9 Q cm” were achieved at
700 °C for LSM/BCZY27 50/50 vol% and 60/40 vol%
composite, respectively. The slight change in E, of the
composite 60/40 can be ascribed to the change in the
predominant BCZY transport, from a protonic conductor
below 700 °C to a mixed protonic/oxide-ionic conductor
above this temperature.®®

3.2. Catalytic activation of LSM/BCZY27 electrodes

The LSM/BCZY composite electrodes present electronic and
protonic percolation networks. As LSM is a pure electronic
conductor and possesses negligible oxide-ion conductivity, the
risk of confined water formation at the electrode-electrolyte
interface and consequent electrode delamination is minimized.
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Fig.1 XRD patterns and SEM micrographs of the (a and b) BCZY27 and (c and d) LSM after being 72 h at 700 °C under 3 bar total pressure (pAir =

0.75 bar and pH,O = 2.75 bar).
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Fig. 2 (a) Temperature dependence of R, for LSM/BCZY tested electrodes with different phase compositions and (b) R, and Rir and Ryr
contributions measured at 700 °C as a function of the vol% of BCZY protonic phase introduced in the LSM electrode.

The electrode layers were infiltrated by dropping an aqueous
solution of different metal cations on each side of the electrolyte
to improve the catalytic activity, thanks to the formation of
Ce0,, Pr¢0;4, Prs0;;-CeO, and ZrO, nanoparticles. The infil-
trated cells were fired at 850 °C for 2 h to obtain the desired
crystalline oxide phase of each one. The electrochemical
performances of different anodes based on infiltrated LSM/
BCZY were analyzed in terms of polarization resistance (R,) as
a function of temperature (Fig. 3).

Fig. 3 shows the R, as a function of temperature for LSM/
BCZY 50/50 electrode and LSM/BCZY 60/40 vol% composite and
different infiltrations: PrsO;,-CeO,, Prs0,, ZrO, and CeO,. The
thermal behaviour of the four infiltrated electrodes was similar
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Fig. 3 Ry as a function of temperature and 3 bar total pressure (pAir =
0.75 bar and pH,O = 2.75 bar) for LSM/BCZY 50 vol% and 60/40 vol%
backbone and LSM/BCZY 60/40 vol% infiltrated with PrgO1;, CeO,,
PrsO1,—CeO, and ZrO,. The infiltrations were heated to 850 °C.
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and the best performance was observed for the PrgO;; infiltra-
tion in LSM/BCZY 60/40 vol% electrode with a R,, of 0.33 Q cm?
at 700 °C and the worst performance was obtained for the ZrO,
infiltration. Furthermore, R, increases with the introduction of
more electronic phase (LSM in backbone) and the performance
was improved by nanoparticle infiltration. PrsO;; is a well-
known catalyst for oxygen activation in SOFC cathodes and
oxygen transport membranes.**’

Although the best performance is achieved for the LSM/
BCZY 50/50 vol% electrode, the infiltrations were performed
into the LSM/BCZY 60/40 vol% backbone since this composite
exhibited better adherence on the electrolyte of tubular cells.

The effect in the cell performance of the different nano-
particles was further studied. EIS spectra (Nyquist and Bode
plots) of the backbone and the infiltrated electrodes are shown
in Fig. 4. From these figures, two different contributions can be
distinguished for the PrsO;,-CeO,, CeO, and ZrO, infiltrated
electrodes. One corresponds to LF (0.1-1 Hz) and the other one
appears at HF (1-10 kHz). On the other hand, the spectra of
PrsO;; can be deconvoluted into one arc, that is, medium
frequency (MF, 100 Hz), which reflects the outstanding
improvement of LF processes ascribed to surface steps. The
non-infiltrated composite is strongly limited by LF processes,
since the LF arc is much larger than the one shown at HF that
remains unchanged (Fig. 4b). The addition of catalytically-active
nanoparticles in the LSM/LBCZY composite can principally
improve the resistance at LF, which is attributed to (i) the
intrinsic activity of the new reaction sites and (ii) the increase in
the TPB length that increases the number of active sites for the
electrochemical reaction.*

Furthermore, the stability of all infiltrated anodes was also
tested under a total pressure of 3 bar (pAir = 0.75 bar and pH,0 =
2.75 bar) at 700 °C for more than 15 hours. A very slight change in
the R, values is obtained for Prs0;,-CeO, and PrO,;-infiltrated
electrodes, which confirms the stability of the nanosized catalysts
during the measured time. Otherwise, the performance of cell

This journal is © The Royal Society of Chemistry 2019
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Fig. 4 (a) Nyquist, (b) Bode and (c) stability tests plots of LSM/BCZY 60/40 vol% infiltrated with different catalytic nanoparticles (PrgO1;—CeO,,

PreO11, ZrO, and CeO,) at 700 °C and 3 bar total pressure (pAir = 0.75 bar and pH,O = 2.75 bar).

with CeO, and ZrO,-infiltrated anodes deteriorate with time, i.e.,
the nanoparticles (size, morphology and surface chemistry)
evolve with time and the reached equilibrium state has lower
electrochemical activity. For this reason, both electrodes are not
further considered in the following this study.

3.3. Limiting steps in LSM/BCZY27-based electrodes

Electrochemical impedance spectroscopy enables to get further
light into the limiting steps in the anode performance. As it was
described by Peng et al.®® for fuel cells working with proton
conductor electrolytes, the resistance (R;) is proportional to the
oxygen partial pressure (pO,) and steam partial pressure (pH,O)

a)1o2 —
pH,0=1.15 bar 700 °C
10"
k-
. 0_
3 10
x
10" 4
HF LF LLF
e o ® LSM/BCZY
A 2 LSM/BCZY + Pr-Ce
10* :
10" 10°
pO, (bar)

by the m and n parameters, respectively, by the following rela-
tion:

R; o p027m']7H207n'

The value of m and n are determined by the elementary steps
as follows:

Fig. 5 represents the isothermal analysis of Ryg, Ry r and Ry pr
for the LSM/BCZY 60/40 vol% backbone electrode and the
Prs0,,-CeO,-infiltrated electrode as a function of (1) pO, at

b)

p0,=0.1575 bar

1 HF LF LLF
e o = LSMBCZY
A 2 LSM/BCZY + Pr-Ce
10-2 UL L B LR IR RLAAAAAM LALALLA
1 2 3 4 5 6

PpH,O (bar)

Fig. 5 Ry and HF, LF and LLF contributions of LSM/BCZY27 60/40 vol% at 700 °C as a function of (a) pO, at constant pH,O ~ 1.15 bar and (b)

pH>0 at constant pO, ~ 0.1575 bar.
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Table1l Elementary anode reaction steps and their order with respect
to oxygen partial pressure (m) and steam partial pressure (n)

Elementary reaction steps m; n;
Step 1 HZO(g) il HZO(TPB) 0 1
Step 2 H,O(rps) = OH(rp)” + H(rpp) 0 1
Step 3 OH(rpg)  — Hrpr)' + Opren)” 0 1/2
Step 4 Hirep)' — Hpuny' 0 1/2
Step 5 Ogres)y’~ — Oprpp)” + €~ 0 0
Step 6 O(Tpg)7 d O(ad)7 1/4 0
Step 7 O(adf - O(ad] +e 3/8 0
Step 8 Oz(ad) g Oz(g) 1 0

constant pH,0 ~1.15 bar and (2) pH,O at constant pO, ~0.1575
bar. Rir and Ry for both electrodes decrease with increasing
PO, whereas Ryy, remains constant. On the other hand, the
three resistance contributions for the backbone at constant pO,
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remain unchanged while for the infiltrated anode, R decreases
and Ry increases with increasing the pH,0.

The values inside the Fig. 5a and b are the m and n
parameters and are calculated from fitting the power law R; «
pO, ™pH,0 " (absolute values), providing information about
the species involved in the oxygen reduction reaction. The
polarization resistance, the associated capacitances and the
relaxation frequencies for the different contribution in both
electrodes are available in ESI (ESI Fig. S4 and S5,t respec-
tively). Table 2 summarizes the m and n values obtained for
each resistance contribution.

Thus, the polarization resistance and the corresponding
resistance contributions of the backbone and the infiltrated
electrode depend on pO, and pH,0 as follows:

Backbone:

Rp « P021/4PH200

Table 2 m and n values from fitting of R; « pO, "pH,O™ " and related capacitances

m n Related capacitance (F cm™?)
Backbone + Backbone +
Backbone Prg0;,-CeO, Backbone Prs0,,—CeO, Backbone Backbone + PrgO,,-CeO,
R, 0.25 0.27 0.048 0.044 — —
Rur 0.16 0.10 0.078 1.11 (1.3-2.4) x 107* (1.8-2.8) x 107*
Rip 0.28 0.31 0.12 0.25 (0.8-1.1) x 10" (2.6-6.5) x 1073
Rurr 0.23 — 0.018 — (3.3-9.9) x 10! —
a b
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Fig. 6 Effect of imposed current on composite electrodes: (a) Nyquist and (b) Bode plots of LSM/BCZY 60/40 vol% infiltrated with PrgO1;—CeO,
at 700 °C. (c) Nyquist plot at 700 °C and 3 bar total pressure (pAir = 0.75 bar and pH,O = 2.75 bar) of the: LSM/BCZY backbone, the PrgO,1—
CeO,-infiltrated electrode and with an applied current density of 0.64 mA cm™2. (d) LF resistance contribution and (e) capacitance as a function

of the applied current.

20682 | RSC Adv., 2019, 9, 20677-20686

This journal is © The Royal Society of Chemistry 2019


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra04044g

Open Access Article. Published on 02 July 2019. Downloaded on 7/19/2025 10:53:48 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

Ryr & p0,'"*pH,0° (3)
Rip o pO,"pH,0'" (4)
Ryir = p0,"*pH,0° (5)

Infiltrated:

R, « p0,"pH,0° (6)
Ryr & p0,'""*pH,0! 7)
Rip « 17023/8PH201/4 (8)

As seen in Table 1, Step 6 has the same Ry; » dependence on pO,
and pH,0, suggesting that the LLF arc for the backbone electrode
may correspond to the diffusion of Orpg~ . The activation energy of
Ry rwas determined to be 1.20 eV (see ESI Fig. S61) which is in the
range of oxygen diffusion and supports the limitation of O,q
diffusion. For Ry, the pH,O order (n) found is close to 1/8 and
suggests that a combination of steps associated to transport of
proton and oxygen species is limiting. The activation energy for Ry r
is 1.35 eV, approximately. For Ryy, however, Step 6 might be the
corresponding step and the exponent respect to pO, is close to 1/6,
which considers the effect in p-type conduction of oxide-ion
transport. The activation energy associated to Ry is 1.28 €V.

On the other hand, taking into account Fig. 5 (fitted n and m
parameters) and the power laws depicted in eqn (6)—(8), for the
Prs0,,-CeO,-activated electrode, the pO, reaction orders (m) are
close to 1/10 and 3/8 for Ry and Ry, and pH,O orders (n) are 1
and 1/4, respectively. The rate limiting processes might be
assigned to the water splitting and the transport of ionic species
(Steps 1 and 2) (HF) and the oxidation of 0,4 to O,q4 (LF) while
the calculated E, values are 1.54 eV and 1.24 eV, respectively.

3.4. Effect of applied current

Fig. 6a and b (Nyquist and Bode plots) illustrate the positive
effect of the imposed current on the performance of one acti-
vated electrode. Specifically, LSM/BCZY 60/40 vol% electrode
infiltrated with PrsO;,-CeO, and treated at 850 °C - prior to test
- was characterized in a three-wire configuration applying
different currents. This configuration consists of one working
electrode (WE) on one anode, with the corresponding sensing
contact on the electrolyte (SE) and enables to measure only one
anode contribution. A range of currents (1.57-14.15 mA cm™?) is
imposed in this study.

Fig. 6¢ shows that the R, (0.087 Q c¢m?®) of the infiltrated
electrode when a current is applied (1.57 mA cm™?) is much
lower than under OCV. The frequencies for these impedance
spectra are available in ESI Fig. S7.1 Fig. 6d indicates, in this
case, there is only one resistance contribution (Ry ) associated
with the electrode process which decreases with increasing
current density, as can be quantitatively proven by equivalent
circuit modelling with a capacitance between 107> to 107" F
cm ™ ? (Fig. 6€). This fact can be related to the activation of the
dissociative adsorption and diffusion of oxygen.
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The Nyquist plots of the remaining catalytic infiltrations
(PreO11, CeO, and ZrO,) at 700 °C and 3 bar total pressure (pAir
= 0.75 bar and pH,O = 2.75 bar) applying a current density of
1.57 mA cm”? are plotted in Fig. 7a-c. The results show that R,

a)

0.8 T T
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Fig. 7 Nyquist plot at 700 °C and 3 bar total pressure (pAir = 0.75 bar
and pH,O = 2.75 bar) of LSM/BCZY 60/40 vol% backbone electrode
and infiltrated with different catalytic nanoparticles applying 0.63 A
cm~2 of current density: (a) PrgO1s; (b) CeO, and (c) ZrO,.
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0.75 bar and pH,O = 2.75 bar) and (b) HF, MF and LF resistances.

values of PrgO,4, CeO, and ZrO, infiltrated electrodes are 0.27,
0.54 and 3.3 Q cm? at 700 °C, respectively.

The electrode infiltrated with CeO, shows the lowest R,
(~0.05 Q cm? at 700 °C) under bias (14.15 mA cm ™ ?) and it is
even better than PrsO,;-CeO,-infiltrated electrode Fig. 7a.
However, in the overall current range (1.57-14.15 mA cm %)
Prs0,1-CeO,-infiltrated electrode performs better. Note that
polarization resistance for this electrode undergoes a less
sharp drop with the imposed currents. The origin of the
distinct electrochemical activation might be related to the
different redox state, i.e. oxidation state, of the catalyst cations
associated to the reaction sites involved in the adsorption and
charge transfer among the different electrolysis surface
species.

The electrode processes for the four infiltrated electrodes
are distinguished by equivalent circuit modelling. Fig. 8b
shows the resistance contributions (Ryg, Rymr and Ryp) as
a function of the applied current density while the associated
capacitance and relaxation frequency are plot in ESI Fig. S8.F
Prs0;,—-CeO, and CeO,-infiltrated electrodes exhibit only one
resistance contribution at LF (R ) whereas PrsO,,-infiltrated
electrode presents two (Rpr and Ry). On the other hand, ZrO,-
infiltrated electrode shows three contributions (Ryg, Ryr and
Ryr), as it has without imposing a current through the elec-
trode. In most cases, the catalyst addition into the electrode
produces a positive effect on electrode behaviour, i.e. (1) the
activation energy is decreased and (2) the polarization resis-
tance can be further improved by imposing a net current. In
the particular case of ZrO,-infiltrated electrode, only a minor
promoting effect is detected and its operation is controlled by
the resistive processes at MF and HF.

3.5. Post-mortem cell characterization

In order to complete this work, the best symmetrical infil-
trated cell was characterized by means of XRD after operation
under electrolysis conditions under 3 bar total pressure (pAir
= 0.75 bar and pH,0 = 2.75 bar). Fig. 9a shows the XRD
patterns of the LSM/BCZY 60/40 vol% infiltrated with PrsO;,-
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(a) R, for PrgO44, CeO,, ZrO, and PrgO4,—CeO; infiltrations as a function of the applied current at 700 °C and 3 bar total pressure (pAir =

CeO,, where the diffraction peaks for Prs0,; and CeO, phases
are present whilst no other phases can be detected in the
backbone. This is also highlighted through the analysis of the
electrode microstructure in the fracture cross-section of the
symmetrical cell (Fig. 9b-d). SEM analysis of the fracture
cross-section of LSM/BCZY 60/40 vol% electrode infiltrated
with PrgO;;-CeO, reveals that the backbone electrode is
covered by needle-like crystals corresponding to the PrsOq4
(highlighted in green, Fig. 9d) and round nanoparticles related

a) @4 —LsM *

LSM/BCZY + Pr-Ce
—BC2Y27 H

*

T | A T T

LSM/BCzY

BCzZY

Fig. 9 (a) XRD pattern of the LSM/BCZY 60/40 vol% infiltrated with
PreO11-CeO, after operating conditions 3 bar total pressure (pAir =
0.75 bar and pH,O = 2.75 bar). SEM micrographs of broken surfaces in
cross-section view: (b) LSM/BCZY 60/40 vol% electrolyzer, (c and d)
LSM/BCZY 60/40 vol% backbone electrode and LSM/BCZY 60/
40 vol% infiltrated with PrgO.,—CeO».
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to the CeO, (in red, Fig. 9d). Moreover, the infiltrated electrode
does not show degradation in the anode after operation and
presents a good dispersion of the catalytic nanoparticles in the
anode.

4. Conclusions

The infiltration of different catalytically-activated nanoparticles
into a steam electrode based on LSM/BCZY27 backbone enabled
to strongly reduce the electrode polarization resistance (R;)
towards water splitting and oxygen evolution under operation at
high steam pressures (up to 5 bar). The best electrochemical
performance for the 60/40 vol% backbone at 700 °C and 3 bar of
steam and air (0.75 bar of air and 2.25 bar of steam) is the
PreOq-infiltrated electrode (0.33 @ cm?). In addition, the elec-
trode performance can be further enhanced by imposing
a current being the PrsO;,-CeO,-infiltrated electrode that ach-
ieve the best performance in this work.

On the other hand, the effect of both pO, (0.03-0.81 bar) and
PH,0 (1.14-4.84 bar) was analyzed on the polarization resis-
tance and contributions of LSM/BCZY 60/40 vol% and PrgO,—
CeO,-infiltrated electrode. Increasing pO, leads to a slight
increase in the electrode R;, whereas increasing pH,O gives rise
to a reduction in R,,. The results demonstrate that addition of
Prs0,,-CeO, nanoparticles into steam electrodes for high steam
pressures is a promising route to enhance the anode perfor-
mance for proton ceramic electrolyzer cells.
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