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Protonic ceramic electrolysis cells are a promising technology for hydrogen production. However,
parasitic electronic leakage in the ceramic electrolyte materials has detrimental effects on the faradaic
efficiency and hence lowers overall efficiencies. Furthermore, the sluggish kinetics of the oxygen
evolution reaction requires the development of efficient oxygen electrodes with high activity and
durability at high steam contents. In this study, BaCep7Zro1Yo1Ybo103_s (BCZYYb7111) electrolyte
supported single cells were fabricated and the electronic and ionic transport numbers in the electrolyte
support were determined in dependence on the operating conditions. It was shown that the electronic
leakage and thus the faradaic efficiency strongly depends on the operating temperature, steam partial
pressure, oxygen partial pressure and current density. Optimal operating conditions were derived and
faradaic efficiencies of ~95% were achieved at 600 °C and 20% H,O. Furthermore, the comparison of
ProNiO44s (PNO) and BagsSrgsCoggFeg 203 5 (BSCF) as oxygen electrodes, showed higher current
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DOI: 10.1039/d3ya00542a densities in electrolysis and fuel cell mode and lower polarization resistances (Rp) for PNO at

intermediate temperatures between 600 to 700 °C. In the end, long-term measurements of the PNO/
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1. Introduction

Hydrogen production from steam electrolysis will play a key
role in the near future to overcome the rapidly growing hydro-
gen demand in industry and to store the increasing amount of
electric power from intermittent energy sources (e.g. wind and
solar). While steam electrolysis technologies based on proton
exchange membrane (PEM), alkaline (AE) and solid oxide
electrolysis cell (SOEC) systems are already about to reach the
pre-industrial scale, protonic ceramic electrolysis cells (PCECs)
only exist on the laboratory scale so far. However, PCECs are
sometimes referred to as next-generation steam electrolyzers,
due to their high durability, high efficiency, and low-cost
materials."”

The three main components in PCECs are a porous oxygen
electrode (or steam splitting electrode), a dense proton con-
ducting electrolyte and a porous fuel electrode. At the oxygen
electrode, the oxygen evolution reaction (OER) takes place:
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BCZYYb/Ni-BZY single cells in electrolysis mode showed stable behavior over 590 h.

OER: H,0 < 0.50, + 2H" + 2e~ (1)

where steam (H,0) is consumed and oxygen (O,), protons (H")
and electrons (e”) are evolved. While protons can travel
through a dense protonic ceramic electrolyte, the electrons
travel over an outer circuit towards the fuel electrode. There,
the hydrogen evolution reaction (HER) takes place:

HER: 2H' + 2~ < H, 2)

The HER shows that only hydrogen is involved in the reaction
at the fuel electrode. This is a unique advantage of PCECs
compared to SOECs, since no subsequent drying of hydrogen is
necessary. Thus, overall system complexity and capital costs
can be reduced.>* Another advantage of PCECs are the promis-
ing intermediate operating temperatures (400-700 °C). Com-
pared to the high operating temperatures (700-900 °C) of
SOECs, the intermediate temperatures could facilitate smaller
degradation rates and the use of more cost-effective materials
on stack level (e.g. stack interconnectors) and balance-of-plant
level (e.g. piping). Furthermore, smaller heat exchangers would
be required in PCEC plants, which further could reduce invest-
ment costs.>* Simultaneously, the intermediate temperatures
offer more favorable thermodynamics and enhanced kinetics
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compared to the low temperature range (<100 °C) of PEM and
alkaline electrolysis technologies. Thus, costly noble metal
catalysts such as Ir or Pt are not required in PCECs.”

Typically, in PCECs Y-doped BaCeO;, BaZrO; or BaCeO;—
BaZrOj; solid solutions are used as electrolyte materials.® Here,
ceria-rich electrolyte materials favor high proton conductivity,
due to the high basicity/low electronegativity of ceria. However,
in steam containing atmospheres or acidic gases like CO,, high
ceria contents facilitate the decomposition of BaCeO; into
BaCO; and CeO, or Ba(OH),.""® On the contrary, zirconia-rich
electrolyte materials are more stable at high steam partial
pressures but suffer from low sinterability." Thus, high sinter-
ing temperatures are required for zirconia-rich electrolytes.
This results in a trade-off between high proton conductivity
and better sinterability of ceria rich electrolyte materials and
higher stability of zirconia rich electrolyte materials." In 2009, it
was shown that BaCeO;-BaZrO; solid solutions can be stabi-
lized by Y and Yb co-doping, allowing high ceria contents with
high proton conductivity and sufficient stability against H,O
and CO,.” Within the tested compositions of BaCeZrg 1Yo x-
Yb,0; 5 (x = 0-0.2) a peak conductivity was obtained for
BaCe, ;Zry1Y1Yb;0;3_5 (BCZYYb7111). Nowadays, the proposed
composition of BCZYYb7111 is one of the most studied electro-
lyte materials and promising results were obtained in PCFC and
PCEC applications.””** However, in recent studies severe con-
cerns about the chemical stability of BCZYYb7111 in H,O
or CO, rich atmospheres were raised.*™"” Higher zirconium
contents (>30-40 mol% of zirconium) were proposed to
be necessary to achieve sufficient stability under these
conditions. BaCeg4Zro4Y01Yb105_5 (BCZYYb4411)'>1820 or
BaCeg 5Z13Y0.1Ybo 103 s (BCZYYb5311)*! could be more pro-
mising candidates, due to their higher stability compared to
BCZYYb7111. However, the higher zirconium contents also
leads to a decreased proton conductivity resulting in reduced
performance of PCECs.”" A direct comparison of the different
electrolyte compositions in real fuel cell or electrolysis applica-
tions is scarce and would be highly valuable for the develop-
ment of effective proton conducting cells.

Protonic conducting ceramics are often mixed ionic electro-
nic conductors (MIECs) and possess ionic and electronic con-
ductivity. In PCECs, the partial electronic conductivity of the
electrolyte leads to parasitic electronic leakage and lowers the
faradaic efficiency.'® The electronic conductivity can be mainly
attributed to p-type electronic conductivity near the oxidizing
atmosphere of the oxygen electrode and n-type electronic
conductivity near the reducing atmosphere of the hydrogen
electrode.”>*  Especially, p-type electronic conductivity
becomes crucial under electrolysis mode operation, where the
concentration profile of electronic charge carriers is dominated
by the anodic overpotentials of the oxygen electrode.'® To
overcome this issue electrolyte materials with low electronic
conductivity need to be developed.'® Furthermore, the operat-
ing conditions (steam partial pressure, oxygen partial pressure,
temperature and current density) can be tailored to increase the
faradaic efficiencies.”>® In general, high steam partial pres-
sures, low oxygen partial pressures and low temperatures tend
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to decrease the concentration of electronic holes and to
increase the concentration of protonic defects resulting in
increased faradaic efficiencies.”>® Regarding the effect of
current density on the faradaic efficiency some contradictory
results were published. Some studies report on decreasing
faradaic efficiencies with increasing current density, since the
increasing anodic overpotentials tend to increase the formation
of electronic holes in the electrolyte, resulting in increased
p-type conductivity and low faradaic efficiencies.'®**" Other
studies report on an increasing faradaic efficiency with increas-
ing current density, where a net hydrogen loss close to the open
circuit voltage (OCV) is assumed resulting in a minimum
faradaic efficiency at OCV. With increasing hydrogen produc-
tion at higher current densities, the hydrogen loss is mitigated,
resulting in increasing faradaic efficiencies with increasing
current densities.'®'® In addition to electrolyte composition
and operating conditions, also the electrolyte thickness could
influence the ionic and electronic transport properties in the
electrolyte. Here, increasing the electrolyte thickness could
mitigate the influence of anodic overpotentials on the for-
mation of electronic holes in the electrolyte resulting in
increased faradaic efficiencies.>”** However, only a few studies
report on the effect of electrolyte thickness on faradaic eftfi-
ciency and further evaluation is necessary.

Another major challenge in PCECs is the development of
effective oxygen electrode materials."* Since, protons (HY),
electrons (e”) and steam (H,O) are involved in the oxygen
evolution reaction, the oxygen electrode should possess high
conductivity towards these two charge carriers (H', e7) and
allow for the gas phase transport of steam and oxygen. Further-
more, active sites in the oxygen electrode material are required
to catalyze the reaction.'"** Until now, a few promising
oxygen electrode materials were identified, which can be clas-
sified into simple perovskites (ABO;_;), double perovskites
(AA'B,0¢_;) and Ruddlesden-Popper phases (A,BO,.s). Promis-
ing results were obtained with simple perovskites such as
Bay 5S10.5C00 sFeo 2055 (BSCF),>"*® BaCoq 4Feq 4Z101Y0105_s
(BCFZY)"**° or PrNig 5C0.50;_s (PNC)**?” and double perovs-
kites such as PrBaysSrysCo;sFes0s_s (PBSCF)™'®%% or
Bao 5Gdy sLag 7C0,06_5 (BGLC),>**' which show low polariza-
tion resistances and high activity towards the OER. Lately,
Ruddlesden-Popper nickelates such as Pr,NiO,.; (PNO)***°
and derivatives™*' were shown to exhibit protonic and electro-
nic conductivity and were proposed as effective oxygen elec-
trode materials for protonic ceramic cells. The structure of
Pr,NiO,.;5 can be described as alternate layers of PrO rock-salt
and NiOg, octahedra layers.*” The characteristic feature of these
oxides is that they can accommodate interstitial oxygens in the
PrO layers leading to a mixed valence of nickel (Ni**/Ni**) and
hence to a mixed conductivity. At intermediate temperatures
(500-600 °C), PNO shows even better electrochemical perfor-
mance than the promising oxygen electrode BSCF.***?

Finally, high durability of cell components is required,
to facilitate the commercialization of PCEC systems. Especially,
phase instability of electrolyte and oxygen electrodes at
high steam partial pressures could lead to accelerated cell

© 2024 The Author(s). Published by the Royal Society of Chemistry
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degradation.’ Furthermore, thermo-mechanical incompatibil-
ity between electrolyte and oxygen electrode materials could
lead to stress formation during temperature variations and
subsequently to delamination at the electrolyte/electrode
interface.’ Here, similar thermal expansion coefficients (TECs)
of the cell components could prevent severe cell degradation. In
this respect, PNO could be more suited compared to other
electrode materials since the TEC of PNO (~13.2 x 10~ °) is close to
the TEC of BCZY electrolytes (8-12 x 10~ %).>"" In contrast, BSCF,
PBSCF and BCFZY exhibit relatively higher TECs of 23.2 x
107° K, 23.7 x 107° K " and 21.6 x 10~® K '. However, long-
term measurements are scarce and only a few studies report on the
durability of PCECs over 500 h.'*"'® Promising results were obtained
with BCFZY as oxygen electrode, which showed stable electrolysis
mode operation at a current density of 1.385 A cm™ > over 1200 h at
550 °C and 10% steam partial pressure with a small degradation
rate of only 30 mV per 1000 hours.'® However, a slight phase
instability of BCFZY and an increase of the polarization resistance
after long-term operation was observed, which became more severe
at higher steam partial pressures.’® Also, the promising oxygen
electrode BGLC showed a significant degradation after subjecting it
for 65 h to 1.5 bar H,0 and 600 °C.>" The degradation of BGLC was
attributed to secondary phase formation identified as BaCoO;.*"

In this study, three of the main challenges in PCECs were
investigated. Firstly, electrolyte supported single cells with PNO
or BSCF oxygen electrodes were fabricated and the electroche-
mical performance of PNO and BSCF was compared in electro-
lysis and fuel cell mode. Secondly, the electronic leakage in the
BCZYYb7111 electrolyte material was determined in depen-
dence of the operating conditions (temperature, steam partial
pressure and current density). Thirdly, long-term measure-
ments with PNO/BCZYYb/Ni-BZY single cells were performed
in electrolysis mode to determine the durability of the cell
components.

2. Experimental

2.1. Cell fabrication

Precursor powders. BaCe, ;Z1ry1Y(.1Ybo103_5 (BCZYYb7111)
electrolyte powders were prepared by mixing proper amounts of
BaCO; (AlfaAesar, 99.95%), CeO, (Aldich, 99.9%), ZrO, (AlfaAe-
sar, 99.7%), Y,O; (Aldich, 99.99%), Yb,O;3 (Thermo Scientific,
99.9%) with the addition of 1 wt% NiO (AlfaAesar, 99.9%) as
sintering aid. This raw precursor mixture was ball-milled in iso-
propanol with 3 mm YSZ balls for 48 h. After ball-milling, the
powder was dried in air on a hot plate at 90 °C. Subsequently, a
pure BCZYYb7111 phase powder was synthesized via reactive
sintering at 1400 °C for 8 h. The Pr,NiO,4.; (PNO) powder was
prepared using a solid state synthesis route as discussed
elsewhere.** Commercial Ba, 5Sro 5C0p sFey,03_5 (BSCF) (Cer-
potech, >99%) and commercial NiO-BaZr, Y, 10;_s (Ni-BZY)
(Cerpotech, 60-40 vol%) were used.

Fabrication of electrolyte supports and electrode layers.
BCZYYb7111 pellets were prepared by dry-pressing 2-3 g of
the electrolyte precursor powder in its green state under 50 MPa

© 2024 The Author(s). Published by the Royal Society of Chemistry
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for 1 min in a circular steel die set (¢J ~ 25 mm). The pressed
pellets were sintered at 1400 °C for 8 h. During sintering the
diameter of the pellets decreased to ~19 mm. Subsequently,
the as-sintered pellets were polished from both sides to obtain
a smooth surface. The electrolyte thickness was ~ 850 pm after
polishing. The screen-printing pastes of the electrode materials
i.e. Ni-BZY, PNO and BSCF were prepared by mixing the
respective powder with o-terpineol and ethyl cellulose using a
planetary vacuum mixer (THINKY Mixer ARV-310) and subse-
quently homogenized by roll-milling for 30 min, as described
elsewhere.”> The Ni-BZY fuel electrode was screen-printed
(g ~ 12 mm) on one side of the electrolyte and sintered at
1400 °C for 2 h. After sintering the thickness of the fuel
electrode was ~40 pm. Afterwards, the PNO or BSCF oxygen
electrode was screen-printed (J ~ 10 mm) on the other side of
the electrolyte and sintered at 1150 °C (PNO) or 1050 °C (BSCF)
for 2 h.*® After sintering the thickness of the oxygen electrodes
were ~ 30 pm. Finally, thin current collecting layers of NiO and
LaNi, ;Fe, 305 (LNF) were screen-printed on the fuel electrode
and oxygen electrode, respectively.*®*”

2.2. XRD and microstructural analysis

The phase purity of as sintered BCZYYb7111 electrolyte powder
was analyzed by X-ray diffraction (XRD) using a PANanalytical
X’pert MPD diffractometer with Cu-Ko incident radiation. The
single cell microstructure was analyzed with Quanta FEG
650 (FEI©) scanning electron microscope (SEM) equipped with
an EDS detector at 20 kV.

2.3. Electrochemical characterization

The single cells were electrochemically characterized with a
two-electrode (four-wire) NorECs Probostat (Norwegian Electro
Cermacis®, NORECS, Oslo, Norway) setup. A gold current
collector at the air side and a Pt-Ni current collector at the fuel
side were used for electrode contacting. A gold ring was used
for sealing. The respective gas flow was controlled by mass flow
controllers (El-Flow™, Bronkhorst Nord, Kamen, Germany).

After mounting the single cell in the measurement set-up, it
was heated up from room temperature to 900 °C for 2 h and
cooled down to 700 °C with a heating and cooling rate of
1 °C min " using 9 Nl h™" of N, at the fuel and 9 Nl h™" of air
at the oxygen electrode side. At 700 °C NiO at the fuel electrode was
reduced to Ni by stepwise increasing the hydrogen flow rate from
1-9 Nl h™" and lowering the nitrogen flow rate.*®

After the reduction the first electrochemical measurements
were performed in fuel cell mode with dry air at the oxygen
electrode and dry hydrogen at the fuel electrode to check the
quality of the cell mounting. The iV curves and impedance
measurements were performed at 700, 675, 650, 625 and
600 °C. The iV curves were recorded using a scan rate of
10 mV s~ starting from OCV to 0.4 V and back to OCV. Impedance
measurements were recorded at OCV under potentiostatic control
with a 20 mV ac amplitude, in a frequency range of 0.11 Hz to
110 kHz with 21 data points per frequency decade.

After operation in fuel cell mode, electrochemical measure-
ments were performed in reversible mode with wet air (3, 10, 20
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and 30% H,O0) at the oxygen electrode and dry hydrogen at the
fuel electrode. The iV curves and impedance measurements
were performed at 700, 675, 650, 625 and 600 °C at each steam
partial pressure. The iV curves were recorded using a scan rate
of 10 mV s~ ' starting from OCV to 1.5 V to 0.4 V and back to
OCV. Impedance measurements were recorded similarly to the
fuel cell mode described above.

Long-term measurements in electrolysis mode were
recorded galvanostatically by applying an electrolysis current
density of —100 mA em ™~ and measuring the voltage for 590 h.
The temperature was set to 700 °C and wet air (10% H,0) was
used at the oxygen electrode and dry hydrogen at the fuel
electrode.

3. Results and discussion

3.1. Structural and microstructural analysis

Fig. 1(a) shows the X-ray diffractogram of as sintered
BCZYYb7111 electrolyte powder, sintered at 1400 °C for 8 h. A
pure BCZYYb7111 phase was obtained after sintering and no
secondary phases can be observed. Fig. 1(b) shows the cross-
section images of a fractured BCZYYb7111 electrolyte support
sintered at 1400 for 8 h. The BCZYYb7111 electrolyte has a
dense and gas tight structure with a large grain size of >7 pm.
In other electrolyte materials with a higher Zr-content, for
example, BZCY541, smaller grain sizes of only ~2 um were
achieved.” This could be explained by the lower sinter-ability
of Zr-rich electrolyte materials, leading to smaller grain sizes.

3.2. Electrochemical characterization of single cells

3.2.1. Comparison of PNO and BSCF as oxygen electrode.
To compare the electrochemical performance of PNO and BSCF
oxygen electrodes, iV curves and impedance data of the single
cells were recorded. Similar BCZYYb7111 electrolyte supports
and Ni-BZY fuel electrodes were used. While the BCZYYb7111
electrolyte support was prepared by solid state reactive sinter-
ing (SSRS) in house, commercial Ni-BZY powder was used as
fuel electrode just for the comparison of the cells. Fig. 2(a)
shows the influence of PNO and BSCF oxygen electrodes on iV
curves at 600 °C with wet air (10% H,O) at the air side and dry
hydrogen at the fuel side. Increased performance was obtained
with PNO oxygen electrodes in both electrolysis and fuel cell
mode. For instance, at 1.5 V electrolysis current densities of
—75 mA cm™ > and —66 mA cm ™~ were achieved with a PNO and
a BSCF oxygen electrode, respectively. Fig. 2(b) shows the
Nyquist-plots of the different single cells measured under
OCV at 600 °C. Similar ohmic resistances of 4.82 and
4.79 Q cm” were obtained, proving that the electrolytes of the
different single cells were similar in terms of ion conductivity
and thickness. Contrarily, the polarization resistances (Rp)
increased from 1.25 Q cm? for the cell with a PNO oxygen
electrode to 2.61 Q cm?® for the cell with BSCF as oxygen
electrode.

3.2.2. iV curves. Fig. 3(a) shows the iV curves of PNO/
BCZYYb/Ni-BZY single cells at 600 °C and different steam
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Fig. 1 (a) XRD pattern of as-sintered BCZYYb7111 electrolyte powder, and
(b) cross-sectional SEM images of BCZYYb7111 electrolyte support, sin-
tered at 1400 °C for 8 h.

partial pressures (0, 3, 10 and 20% H,O) at the oxygen elec-
trode. In electrolysis mode, the cell performance slightly
increases with an increasing steam partial pressure, which
can be mainly attributed to the decreasing OCV values at higher
steam contents. For instance, at 1.5 V, electrolysis current
densities of —71, —75 and —79 mA cm™? were obtained at
600 °C for 3, 10 and 20% steam, respectively. These values are
rather low compared to latest results from literature with fuel
electrode supported cells, where electrolysis current densities
of ~1500 mA em™? at 1.5 V and 600 °C were achieved."® The
lower performance of our electrolyte supported cells can be
mainly attributed to the increased electrolyte thickness of
844 um compared to an electrolyte thickness of ~15 pm for
fuel electrode supported cells.”® However, compared to other
electrolyte supported cells, our electrolyte supported -cell
shows rather good performance. For example, a low current
density of ~18 mA cm™> was achieved with a 450 pum thick
BaCe(oY010;5_5 (BCY91) electrolyte at 1.5 V and 600 °C.*°
Similarly, a low electrolysis current density of ~15 mA cm™>
was achieved with a 500 pm thick BaCeg,Zry ;Y103 5
(BZCY271) electrolyte at 1.5 V and 700 °C.*°

In fuel cell mode, the cell performance decreases with
increasing steam partial pressure at the oxygen electrode.
Highest fuel cell performance was obtained with dry air. The
decreasing performance in fuel cell mode with increasing
steam pressures can be attributed to the lower OCV values
and the impeded steam removal from the oxygen electrode at
increased steam contents. Furthermore, the iV curves in Fig. 3
shows that PNO/BCZYYb/Ni-BZY single cells can be easily
operated in fuel cell and electrolysis reversible mode without
changing gas compositions or cell configuration. Fig. 3(b)
shows the temperature dependency of the iV curves at 20%
H,0 between 700 and 600 °C. An increase in current density
with increasing temperature is observed. For instance, at 1.5 V
electrolysis current densities of —79, —112 and —152 mA cm >
were achieved at 600, 650 and 700 °C, respectively. Because of

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Comparison of PNO and BSCF oxygen electrodes. (a) iV curves and (b) Nyquist plots of BCZYYb7111 electrolyte supported cells with PNO or BSCF
as oxygen electrode. The temperature was set to 600 °C and wet air (10% H,0) and dry hydrogen were used at the air and fuel side.
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iV curves of electrolyte supported PNO/BCZYYb/Ni-BZY single cells (a) at 600 °C and different steam partial pressures (0-30% H,O in air) and (b)

at 20% steam partial pressure in air and different temperatures (600-700 °C). In all measurements dry hydrogen was used at the fuel electrode.

the relatively low current densities and high ohmic resistances
of our electrolyte supported cells compared to fuel electrode
supported cells,"® only temperatures above 600 °C were used in
this study.

3.2.3. Impedance analysis. Impedance measurements of
electrolyte supported PNO/BCZYYb/Ni-BZY single cells were
performed to determine the ohmic (Rq) and polarization resis-
tances (R,). Fig. 4 shows the Nyquist plots at 650 °C and
different steam partial pressures (0-30% H,O in air) at the
oxygen electrode. Both Rq and R, increase with increasing
steam partial pressures. Rq increases from 3.65 to 3.87 Q cm?
and R;, increases from 0.53 to 0.9 Q cm? by increasing the steam
partial pressure from 0 to 30%. The values for R are relatively
high due to the relatively high electrolyte thickness of
~844 pm. However, assuming that Rg can be attributed to
the electrolyte, a specific resistance of 4.6 mQ cm” um™~* can be
calculated at 650 °C and 20% H,O. Other electrolyte materials
with increased Zr content, such as BZCY541%° exhibit increased
specific resistances of 30 mQ cm® um™' (Rq = 0.36 Q cm?,
thickness = 12 pm) in similar conditions. The comparably low
specific ohmic resistance in our BCZYYb7111 support could be

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Nyquist plots of PNO/BCZYYb/Ni-BZY single cells at 650 °C with
wet air (0—-30% H,O) at the oxygen electrode and dry hydrogen at the fuel
electrode.

attributed to the higher proton conductivity of ceria rich
electrolytes as well as the relatively large grain size of ~7 um
(Fig. 1) obtained in our electrolyte support.

The increasing ohmic and polarization resistance with
increasing steam partial pressure could be explained by the
decreasing electronic conductivity in the electrolyte and the
oxygen electrode with higher steam partial pressures.>"® In
simple perovskite materials, such as BCZYYDb, protonic defects
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Fig. 5 Nyquist plots of PNO/BCZYYb/Ni-BZY single cells at 10% steam
partial pressure at the oxygen electrode with varying temperatures.

are formed at the expense of oxygen vacancies or electron holes
according to the following equations in Kroger-Vink notation:®

H,O0 + Vg + 04 < 20Hg, (3)

H,0 + 207 + 2h* « 20H{, + 0.50, (4)

where V{ are oxygen vacancies, O are oxygen ions on regular
oxygen-sites, h® are electron holes and OHg, are protonic
defects.

Contrarily, in Ruddlesden-Popper phases, such as PNO,
protonic defects are rather formed at interstitial sites.*?°
Possible reaction mechanisms are as follows:"*>!

H,0 + O! < 20H; (5)

H,0 + 20! + 2h* + 20H! + 0.50, (6)
where O/ are oxygen interstitials and OH; are hydroxide inter-
stitials. As can be seen from eqn (4) and (6) high steam partial
pressures lead to a decreasing concentration of electronic
charge carriers (h*) in the electrolyte and oxygen electrode.
Thus, a lower electronic conductivity in the electrolyte and
electrode could be obtained at higher steam partial pressures
leading to increased ohmic and polarization resistances.

The influence of operating temperature on the impedance
data is shown in Fig. 5. Both R and R;, decrease with increasing
temperature. While Rq decreases from 4.79 to 3.09 Q cm?, R,
decreases from 1.25 to 0.29 Q cm? when the temperature is
increased from 600 to 700 °C. The decreasing resistances with
increasing temperature can be explained by the different

(a)

2N

)

/r \

’

Ly
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temperature activated processes at the electrode/electrolyte
interfaces and in the electrolyte.

In order to further distinguish between ionic and electronic
resistances, an equivalent circuit shown in Fig. 6(a) was used,
where R. and R; are the electronic and ionic resistances in the
electrolyte, Ry, ; is the real polarization resistance of the elec-
trode and Vy is the Nernst-potential.

At high frequencies, the capacitors are short circuited and
the measured apparent ohmic resistance (Rp) from impedance

analysis contains contributions of R. and R;, according to:'®>°
R R;
Ro=—"1 (7)
R. + R;

At low frequencies the direct current resistance (Rpc) contains

contributions of Re, R; and Ry, ,, according to:'**’
R.(Ri + R
RDC — C( 1 P,T) (8)
Re + R + Ry,

R and Rp are measured values and can be determined with
impedance analysis. In addition to eqn (7) and (8), a third
equation for R, can be derived from impedance data and OCV

measurements. R. can be expressed as:"®*°
Rpc
R =——FF+— 9
© Yooy ©)
124N

where Vocy is the measured voltage at OCV and Vy is the
calculated Nernst-potential. With these and the ionic transport
number defined as:

R,
=——— 10
TR TR (10)
R; and R, can be expressed as functions of Rq, Rpc and ;:"*>°
R
Ri=-2 (11)
ti
Ro(Rpc — R
Ros = petoc - o) (12

ti[tiRpc — (Rpe — Rq)]

In this study, the measured resistances R and Rpc as well as
the calculated variables R;, R, R, and t; were determined at
OCV, while the influence of the anodic overpotentials on the
electronic and ionic resistances in the electrolyte was neglected.
This is however a valid assumption, since the anodic

- f\ Joojﬂy

Y

JJJ{f<JJJ

Fig. 6 Equivalent circuit for PCECs with mixed ionic electronic conducting electrolyte, (b) schematic illustration of proton ceramic cells (PCCs) in

electrolysis mode.
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overpotentials only should have an influence in a distance of a
few micrometers from the oxygen electrode, which can be
neglected in our thick electrolyte support of ~850 pm.
Eqn (11) and (12) show that the real ionic resistance (R;) of
the electrolyte and the real polarization resistance (R, ) of the
electrode differs from the measured apparent ohmic (Rg) and
polarization resistances (R,). If the electrolyte exhibits pure
ionic conductivity (¢; = 1), R; and R, , are equal to the measured
Rg and R,. Contrarily, if the electrolyte exhibits electronic
conductivity (t < 1), R; and R, will be larger than R, and
R,. Thus, R; and R,, are sometimes underestimated with
impedance analysis.

Fig. 7(a) and (b) show the Arrhenius plots for the measured
resistances Ro, Rp, Rpc and calculated resistances Ry, Ry, Re.
The corresponding activation energies are also indicated. The
activation energy for R; (0.31 eV) is slightly lower than the
activation energy for Rq (0.32 eV) and is in good agreement with
the activation energy for proton conduction (0.3-0.5 eV) in
protonic ceramic electrolytes.™® Similarly, the activation energy
for R, is slightly lower than for R;, and decreases from, 1.13 eV
to 0.77 eV with increasing temperature. These values match
well with data from literature, where also a PNO oxygen

Temperature (°C)

View Article Online
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electrode was used.*® Furthermore, Fig. 7(b) shows the electro-
nic resistance of the electrolyte (R.) in dependence of the
temperature. With increasing temperature R. decreases from
380 to 100 Q cm®. The decreasing R, values indicate that p-type
conductivity in the electrolyte increases with increasing tem-
peratures. This can be explained by the exothermic character of
the hydration reaction, see eqn (3).® While decreased tempera-
tures favor the formation of protonic defects, increased tem-
peratures favor the formation of electronic charge carriers and
thus electronic conductivity. Furthermore, the activation energy
for R. (0.95 eV) is higher than for R; (0.31 eV), which means that
the electronic conductivity increases more rapidly with increas-
ing temperature than the ionic conductivity in the electrolyte.
Thus, high temperatures favor parasitic electronic leakage
in PCECs.

Fig. 7(c) shows the ratio between apparent polarization
resistance and real polarization resistance (Rp/R,,,) and appar-
ent ohmic resistance and real ionic resistance (Rq/R;). The
electronic conductivity in the electrolyte leads to a deviation
between measured and real values. With increasing tempera-
ture from 600 to 700 °C, Ry/R,, » decreases from 0.97 to 0.94 and
Rq/R; decreases from 0.99 to 0.97. Both Ry/R,. and Rq/R;,

Temperature (°C)
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a 8 T T T T T T ] b 8 b T T T T T
6 40.9 kJ/imol (0.42 eV) ] ( ) 6. —*—R, 1400
R 206 kiimol (0.31eV) 1300
4 4 4]
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&g 2 1 - RDC T ‘G\ 2 7 - | 200 &\
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Fig. 7 Arrhenius plots of the (a) measured resistances Rpc, Rq and R, and (b) calculated resistances Re, Ry and R, of PNO/BCZYYb/Ni-BZY singles cells.
(c) ratio of Rp/Rp,r and Ra/Ri. Wet air (10% H,O) was used at the oxygen electrode and dry hydrogen at the fuel electrode.
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exhibit values lower than 1, meaning that R, ; and R; would be
underestimated by using an equivalent circuit without a paral-
lel resistor for the electronic conductivity of the electrolyte (R.).
The decreasing values for R,/R;,, and Rq/R; with temperature
can be explained by the decreasing ionic transport numbers
with increasing temperatures.

3.2.4. Faradaic efficiency. In PCECs the mixed ionic-elec-
tronic conductive behavior of Ba(Ce,Zr)O;_s leads to parasitic
electronic leakage in the electrolyte. While in SOECs a pure
ionic conductive electrolyte can be assumed with a faradaic
efficiency of 100%, in PCECs faradaic efficiencies of 20-95%
are reported depending on the electrolyte material, electrolyte
thickness and operating conditions (steam partial pressure,
temperature and current density).>

Determining the electronic leakage/faradaic efficiency in
PCECs is challenging. One way to determine the faradaic
efficiency is by measuring the hydrogen concentration at the
cell outlet. However, since hydrogen is often also introduced at
the cell inlet it is difficult to distinguish between produced
hydrogen and introduced hydrogen, especially in the low
current region. Therefore, in this study the faradaic efficiency
is calculated from OCV measurements and impedance analysis.

The gap between measured open circuit voltage (Vocy) and
theoretical Nernst-potential (Vy) is an indicator for electronic
leakage in PCCs. Fig. 8(a) and (b) show the measured voltages at
OCV (Vocv) and the theoretical Nernst-potentials (V) at 3% and
10% steam partial pressure on the oxygen electrode in depen-
dence of the temperature. At 3% H,O, the gap between Vocv
and Vy increases from 26.4 mV (2.3%) at 600 °C to 50.6 mV
(4.7%) at 700 °C. The increasing deviation between Vocy and Vy
is a sign of increasing parasitic electronic leakage at higher
temperatures. At 10% H,O, the gap between Vocy and Vy
increases from 17.3 mV (1.6%) at 600 °C to 35.9 mV (3.5%) at
700 °C. The deviation at 10% H,O is smaller compared to the
deviation at 3% H,O. This is an indication that the parasitic
electronic leakage decreases at higher steam partial pressures.

Often, in literature, the ionic transport number eqn (10) is
used to determine the contribution of ionic and electronic
conductivity in electrolyte materials. In pure ionic conductors,
the value for the electronic resistance is infinite and the ionic
transport number is equal to 1. In contrast, the ionic transport
number for a mixed ionic electronic conductor is between 0 and 1.

In Fig. 8(c) the ionic transport number of the BCZYYb7111
electrolyte is plotted as a function of temperature. At 10% H,O,
the ionic transport number decreases from 0.99 at 600 °C to
0.97 at 700 °C. The relatively high values for ¢; indicate a large
contribution from ionic conductivity and that BCZYYb7111 is
nearly a pure ionic conductor under these conditions. Other
electrolyte materials, such as BCZYYb4411, only reach ionic
transport numbers of 0.95 at 600 °C.*® This shows that
BCZYYb7111 is a good electrolyte material for PCCs and
exhibits low electronic leakage. In addition to temperature
dependency, Fig. 8(c) also shows the steam partial pressure
dependency of the ionic transport number. At 650 °C the ionic
transport number increases from 0.91 to 0.97 by changing from
dry conditions to 3% H,O at the oxygen electrode. However, by
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further increasing the steam partial pressure, the ionic trans-
port number increases only slightly to 0.98 at 10% H,O. A
further increase in steam partial pressures has nearly no impact
on the ionic transport number. This indicates that the ionic
conductivity was almost saturated at 10% H,O. Our results
clearly show that parasitic electronic leakage in PCECs can be
mitigated by using temperatures below 600 °C and steam
partial pressures above 10% H,O.

The faradaic efficiency was determined by calculating the
protonic current in the electrolyte and dividing it by the
measured current in the outer circuit according to:

I
FE =

(13)

Imeas
where Iy is the protonic current in the electrolyte and Iye,s is
the measured electronic current in the outer circuit. The
protonic current along the ionic railway and the measured
electronic current can be expressed as:

Veen — W
Iy = —dL N (14)
R; + Rp,r
Veen — Vocv
Imeas - eRic (15)
D

where V. is the applied cell voltage. In eqn (14) and (15) a
linear behavior between cell voltage and current is assumed.
This is not totally correct, especially in the low current density
region where activation losses for the reaction at the electrodes
dominate.'® However, considering the constant slopes in the iV
curves (Fig. 3), linear behavior is a valid assumption. Further-
more, the expressions provide a valuable estimate to calculate
the faradaic efficiencies.

Fig. 8(d) shows the calculated faradaic efficiency in depen-
dence of the current density. The faradaic efficiency increases
with increasing current density. For instance, at 600 °C and an
electrolysis current density of —60 mA cm 2, a faradaic effi-
ciency of 90.4%, 93.8% and 92.3% were achieved at 3, 10 and
20% steam partial pressures, respectively. These are among the
highest values ever reported. In other studies faradaic efficien-
cies of only ~50% were reported for a BGLC/BZCY/Ni-BZCY cell
configuration at 600 °C, 1.5 bar steam and - 100 mA c¢cm >
electrolysis current density.*" One reason for the comparably
high faradaic efficiency in our electrolyte supported cell could
be that the relatively thick electrolyte mitigates the influence of
anodic overpotentials on the formation of electron holes in the
electrolyte.’® With an increasing distance from the anodic
overpotentials at the oxygen electrode, lower concentrations
of electron holes are obtained.'®*® Thus, increasing the elec-
trolyte thickness could decrease p-type conductivity in the
electrolyte and mitigate parasitic electronic leakage. In con-
trast, decreasing the electrolyte thickness leads to decreased
ohmic losses. This trade-off clearly shows that optimizing the
electrolyte thickness is important to obtain high current den-
sities and high faradaic efficiencies simultaneously.

At 700 °C and —130 mA cm > electrolysis current density,
faradaic efficiencies of 84.3%, 88.8% and 90.7% were achieved

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Measured open circuit voltages (Vocy) and theoretical Nernst voltages (Vy) as a function of temperature at (a) 3% H,O (b) 10% H,O at the oxygen
electrode. (c) lonic transport numbers as a function of temperature. (d) Calculated faradaic efficiency as a function of current density. (e) and (f) iV curve in
electrolysis mode with calculated protonic current only. Wet air (0-20% H,O) was used at the oxygen electrode and dry hydrogen at the fuel electrode.

at 3, 10 and 20% steam partial pressures, respectively. It is
evident that the faradaic efficiency increases with decreasing
temperatures and increasing steam partial pressures.

In electrolysis cells with a faradaic efficiency lower than
100%, the iV curves have to be corrected, considering that not
all electrons measured in the outer circuit contribute to the
hydrogen evolution reaction. The protonic current (Iy+) that
contributes to the HER is smaller than the measured current

© 2024 The Author(s). Published by the Royal Society of Chemistry

(Imeas) in the outer circuit. Fig. 8(e) and (f) show the measured
iV curves in electrolysis mode and the corrected iV curves with
the protonic current only. The deviation between protonic
current (I;+) contributing to the HER and measured electronic
current (Ieas) determines the electronic leakage (I = Imeas —
Iy+). At a fixed steam partial pressure of 20% H,O and at 1.3 V
the electronic leakage decreases from 14.6 mA cm™> to 7.7 mA
cm 2 to 5.7 mA em™ 2 by lowering the temperature from 700 °C
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(a) Cell voltage over time during degradation test of the electrolyte supported PNO/BCZYYb/Ni-BZY cell at the electrolysis current density of

—100 mA cm™2. (b) iV curves before and after 590 h in electrolysis operation. The temperature was set to 700 °C. Wet air (10% H,O) was used at the

oxygen electrode and dry hydrogen at the fuel electrode.

to 650 °C to 600 °C (Fig. 8(e)). This indicates smaller parasitic
electronic leakage at lower temperatures. At a fixed temperature
of 600 °C and at 1.3 V the electronic leakage decreases from 4.5
mA cm 2 to 41 mA cm > by increasing the steam partial
pressure from 3% to 20% H,O. This indicates smaller parasitic
electronic leakage at higher steam partial pressures.

3.2.5. Long-term durability in electrolysis mode. To inves-
tigate the long-term durability of the PNO/BCZYYb/Ni-BZY
electrolyte supported single cells, the cells were operated in
electrolysis mode for 590 h. It is noteworthy to mention that
long-term measurements in electrolysis mode are scare and
only a few studies report on long-term measurements over
500 h.'®'®?® Furthermore, in most studies steam partial pres-
sures below 30% H,O are used.'®'®?° At higher steam partial
pressures barium cerate zirconates tend to decompose and
form barium carbonates or barium hydroxides.'*” To com-
pare our results with literature, wet air (10% H,0) was used at

After long-term test
S8 < > 4

e

iy
Cf W
15

Fig. 10 SEM images of PNO/BCZYYb/Ni-BZY single cell after long-term
measurement in electrolysis operation for 590 h, (a) and (b) oxygen
electrode/electrolyte interface (c) and (d) fuel electrode/electrolyte
interface.
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the oxygen electrode and dry hydrogen at the fuel electrode,
respectively. The temperature was set to 700 °C. An electrolysis
current density of —100 mA cm > was applied and the cell
voltage was measured over time. Fig. 9(a) shows the measured
voltage over time. During the first 250 h, the voltage slightly
decreased from 1.38 V to 1.37 V and then increased again to
1.38 V at 590 h, giving a degradation rate of 0.029 mV h™" over the
last 340 h. This shows a very stable operation in electrolysis mode
and a high durability of the single cells. The voltage drop during
the first 250 h can be attributed to improving contact resistances
during operation. Other studies reported a similar degradation rate
of 0.03 mV h™" for a BCFZY/BCZYYb/Ni-BCZYYb single cell oper-
ated at an electrolysis current density of 1385 mA cm > in wet air
(20% H,0) at the oxygen electrode and at 600 °C."°

After 590 h of operation, an iV curve was recorded again and
compared with the curve recorded at the start of the degradation
test. Fig. 9(b) shows the iV curves before and after the degradation
test, whereby remarkably nearly no difference is observed.

3.2.6. Post-test characterization. After long-term measure-
ments in electrolysis mode, the cells were characterized by SEM
to identify any deterioration in the electrolyte and electrodes.

No structural deterioration of the cell layers or delamination
of the electrodes from the electrolyte is observed (Fig. 10). The
electrolyte still shows a dense structure, while both the fuel and
oxygen electrode show sufficient porosity for gas transport.
However, a very thin interfacial layer can be observed between
the oxygen electrode and the electrolyte. This interfacial layer
between PNO and proton ceramic electrolytes was already
observed in other studies. It forms during sintering of PNO
on BCZY electrolytes at high temperatures (>1150 °C).** How-
ever, the interfacial layer is not expected to have any detrimen-
tal effects on cell performance.*®

4. Conclusion

In this study electrolyte supported proton ceramic electrolysis
cells (PCECs) were successfully fabricated via the solid state

© 2024 The Author(s). Published by the Royal Society of Chemistry
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reactive sintering method. The ceria rich BCZYYb7111 electro-
lyte support showed high proton conductivity and low ohmic
resistances related to the high electrolyte thickness of 850 pm.
For example, BCZYYb7111 (5 mQ cm® pum ') exhibits a
6 times lower specific ohmic resistance than BZCY541
(30 mQ em” um™").”° Moreover, high ionic transport numbers
of 0.99 at 600 °C and 10% H,O were achieved, indicating that
the electrolyte is gas tight and is a nearly pure ionic conductor.
At an electrolysis current density of —75 mA em > a high
faradaic efficiency of 94% was calculated at 600 °C and 10%
H,0. These faradaic efficiencies are among the highest ever
reported. For comparison, electrode supported BGLC/BCZY/Ni-
BCZY single cells only reach faradaic efficiencies of ~50% at
600 °C, 1.5 bar steam and —100 mA cm™2.%!

The comparison of Pr,NiO,.; (PNO) and Ba, 55t 5C0o sF€p05_5
(BSCF) as oxygen electrode showed higher performance for PNO in
both electrolysis and fuel cell mode. At 600 °C, the polarization
resistance (R,,) increased from 1.25 Q e¢m” for a cell with PNO as
oxygen electrode to 2.61 Q cm?® for a cell with BSCF as oxygen
electrode. Long-term measurements of PNO/BCZYYb7111/Ni-
BZY91 single cells in electrolysis mode up to 590 h showed stable
operation with a small degradation rate of 0.029 mV h™" over the
last 340 h. Post-test characterization using SEM showed no dete-
rioration in the electrode, electrolyte and electrode/electrolyte
interface.
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