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ABSTRACT

Proton conducting ceramic cells (PCCs) are an attractive emerging technology operating in the interme-
diate temperature range of 500 to 700 °C. In this work, we evaluate the production of hydrogen at inter-
mediate temperatures by proton conducting ceramic cell electrolysis (PCCEL). We demonstrate a high-
performance steam electrolysis owing to a composite positrode based on BaGdgglap,C0,06 s
(BGLC1082) and BaZrgsCep4Y0.103_5 (BZCY541). The high reliability of PCCEL is demonstrated for
1680 h at a current density as high as -0.8 A cm~2 close to the thermoneutral cell voltage at 600 °C.
The electrolysis cell showed a specific energy consumption ranging from 54 to 66 kW h kg~! that is com-
parable to state-of-the-art low temperature electrolysis technologies, while showing hydrogen produc-
tion rates systematically higher than commercial solid oxide ceramic cells (SOCs). Compared to SOCs,
the results verified the higher performances of PCCs at the relevant operating temperatures, due to the
lower activation energy for proton transfer comparing with oxygen ion conduction. However, because
of the p-type electronic conduction in protonic ceramics, the energy conversion rate of PCCs is relatively
lower in steam electrolysis. The faradaic efficiency of the PCC in electrolysis mode can be increased at
lower operating temperatures and in endothermic conditions, making PCCEL a technology of choice to
valorize high temperature waste heat from industrial processes into hydrogen. To increase the faradaic
efficiency by optimizing the materials, the cell design, or the operating strategy is a key challenge to
address for future developments of PCCEL in order to achieve even more superior techno-economic

merits.
© 2023 Science Press and Dalian Institute of Chemical Physics, Chinese Academy of Sciences. Published
by ELSEVIER B.V. and Science Press. This is an open access article under the CC BY license (http://creati-
vecommons.org/licenses/by/4.0/).

1. Introduction

production by water electrolysis powered by renewable resources
has low CO, emission and is of utmost importance for the decar-
bonization of the energy and transportation sectors [4]. Water

The global hydrogen demand reached 94 million tons (Mt) in
2021 representing 2.5% of the global energy consumption [1].
The current hydrogen production is mainly based on steam
methane reforming and coal gasification [2], which is responsible
for more than 900 Mt of CO, emissions annually [3]. Hydrogen is
commonly used in refineries for the petrochemistry and chemical
industry, and a growing demand of hydrogen is expected from
the hard-to-abate sector such as the aviation, heavy industry, ship-
ping, heavy-duty transportation, or district heating [1]. Hydrogen
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electrolysis is an endothermic process. It is especially efficient at
high temperatures when steam is used as the feedstock, as a signif-
icant portion of the energy required for the water splitting is sup-
plied in the form of heat [5]. High temperature steam electrolysis
based on solid oxide electrolysis (SOEL) performed typically at
temperatures above 800 °C is proven to be the most efficient tech-
nology compared to the low temperature ones such as alkaline
electrolysis (AEL), polymer exchange membrane -electrolysis
(PEMEL) and anion exchange membrane electrolysis (AEMEL) [5].

SOEL is usually performed under isothermal conditions, that is
at a cell voltage close or slightly higher than the thermoneutral
voltage (Vn, ~1.28 V). At Vqn and under ideal adiabatic conditions,
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the electrical energy conversion in the cell is 100%. In reality, the
voltage is maintained slightly above Vyy to enable a slight heat
generation and to balance the heat losses to the environment,
keeping the cell or the stack in isothermal conditions. SOEL opera-
tion in isothermal condition is favoured by the supply of super-
heated steam at a temperature very close to the nominal stack
operating temperature in order to avoid critical thermal gradient
along the gas channels. In SOEL, the water splitting occurs at the
fuel electrode (negatrode) of the solid oxide ceramic cells (SOCs)
which is generally made of a cermet of nickel mixed with an oxy-
gen ion conducting ceramic, for example, yttria-stabilized zirconia
(YSZ) or gadolinia-doped ceria (GDC) [6,7]. The supplied steam is
mixed with a fraction of 5% to 10% hydrogen in order to maintain
constant reducing conditions and to avoid the oxidation of the
nickel in the cermet electrode. The electrolysis process yields typ-
ically a 70%-80% hydrogen-rich stream at the stack outlet, with
unconverted steam as the balance. This large fraction of steam in
the outlet stream together with the high temperature poses the
significant challenge of the recirculation and heat recovery in
terms of materials selection, design, and durability of the blower
and the heat exchangers, respectively [8-10]. Moreover, the
remaining steam must be removed in most of the use cases of
the produced hydrogen.

High temperature electrolysis in the intermediate range that is
typically around 600 °C is less demanding for the structural mate-
rials and offers, therefore, significant perspectives for a superior
longevity compared to SOEL [11,12]. Moreover, the intermediate
operating temperature range is especially attractive for valorising
the waste heat from industrial processes. The Carnot waste heat
recovery potential for high temperature waste heat, i.e., at temper-
ature above 300 °C, exceeds 150 terawatt-hour (TW h) per year in
the European industry alone with iron and steel and non-metallic
minerals industries as major sources [13,14]. Proton conducting
ceramic cells (PCCs) can be operated at intermediate temperatures
(400-700 °C) in electrolysis (PCCEL) due to a lower activation
energy for proton transfer compared to oxygen ion transfer in SOCs
[15-17]. In PCCs, Y-doped BaZrOs-BaCeOs solid solution materials,
i.e,, BaZry_,_,CesY,03_s; (BZCY), are state-of-the-art electrolytes .
BZCY exhibits mixed ionic and electronic conductivity. The charge
carriers in BZCY are electron holes, protons, and oxygen ions, and
their respective prevalence is influenced by the precise materials
composition itself, the operating temperature and the gas atmo-
sphere [18]. Electron holes are formed in BZCY electrolyte materi-
als upon oxygen incorporation, which is given by
10, +V5=20F + 2h'. (1)
The reaction is endothermal, meaning that the formation of electron
holes is enhanced at higher temperatures. The prevalence of elec-
tron holes causes electronic leakage through the electrolyte layer,
which leads to a low faradaic efficiency and, thus, to a low electrical
efficiency. The electronic leakage is minimal in fuel cell operation
[19,20]. In electrolysis mode, however, the operating conditions
favor p-type conduction in the electrolyte, and the faradaic effi-
ciency shows a strong dependency on the oxygen partial pressure
(pO,), steam partial pressure (pH,0), working temperature and
the anodic overpotential at the oxygen electrode (positrode). To
date, the observed faradaic efficiency values exhibit a wide range
spanning from ~30% to ~85% under thermoneutral conditions
(Table S1). Furthermore, operation in the intermediate temperature
range is concomitant with lower reaction rates in relation with the
oxygen reduction reaction (ORR) and the oxygen evolution reaction
(OER) at the oxygen electrode (positrode) [21]. Therefore, positrode
materials with high electrocatalytic activities are crucial for the
development of high-performance PCC technology [22]. Double per-
ovskite structure materials based on Ba;_,Gdgglag2+xC0,06_5
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(x = 0-0.5) (BGLC) with water uptake properties have been thor-
oughly investigated [23,24]. The electrochemical behavior of Bag s-
Gdp slap7C0,06_s (BGLC587) mixed with BZCY541 into composite
positrode has been investigated as a function of the gas atmosphere,
the temperature, and the applied electrical bias. The effect of these
operating conditions on the current leakage and faradaic efficiency
in electrolysis mode was extensively discussed [25]. It was demon-
strated by Vgllestad et al. that BGLC with x = 0 (BGLC1082) pos-
sesses the largest concentration of oxygen vacancies and shows
the highest electrical conductivity in a useful pO, and temperature
range, that is between 1 and 10~> atm and between room temper-
ature and 800 °C, respectively [26].

Here, we evaluated the production of hydrogen at intermediate
temperatures by steam electrolysis with PCCs in terms of perfor-
mance, durability and figure of merits compared to other electrol-
ysis technologies. Since the formation of protonic defect (OH®) by
hydration reaction consumes oxygen vacancies, the composition
BGLC1082 is likely to possess the highest electrocatalytic activity
among the BGLC compounds (with x > 0.1). We manufactured a
proton conducting ceramic cell with a composite positrode of
BGLC1082-BZCY541. High performance and durable PCCEL at a
current density as high as 0.8 A cm 2 at thermoneutral voltages
over 1680 h operation was achieved. Furthermore, steam electrol-
ysis at intermediate temperatures with PCCs was systematically
compared with the state-of-the-art SOCs for hydrogen production.
The PCC exhibited systemically higher hydrogen production rate.
However, due to the existence of current leakage across the elec-
trolyte, PCCs demonstrated a lower energy conversion efficiency
compared to SOCs. The endothermic operating regime in combina-
tion with waste heat recovery is highlighted as the most promising
operating strategy for PCCEL to achieve high energy efficiency.

2. Experimental
2.1. Materials preparation

BaGdg.gLa()QCOzOG,(j (BGLC]OSZ) and BaZrpsCeg4Y0.103_5
(BZCY541) commercial powders (Marion Technologies, Verniole,
France) were used in this study. The BZCY541 raw powder was
annealed in air at 1400 °C for 5 h before using. The BGLC1082
raw powder was treated at 600 °C for 65 h with 30% steam/Air in
order to investigate its stability in moist atmosphere.

2.2. Full cells fabrication

Proton conducting ceramic cells: negatrode supported proton
conducing ceramic full cells were fabricated. NiO (Marion Tech-
nologies, Verniole, France), BZCY541 and starch (REMY FG P,
BENEO GmbH, Germany) (weight ratio of 6:4:1) were mixed in
2-propanol by planetary ball milling for 3 h, and the obtained mix-
ture was dried in an oven at 65 °C. 1 g of the mixture was pressed
in a 20 mm diameter die at 60 MPa uniaxial. The green pellet was
pre-sintered at 1150 °C for 2 h to enhance the mechanical strength
for the next processing steps. BZCY541 electrolyte was deposited
on NiO-BZCY substrate by drop-coating. The suspension was pre-
pared by mixing BZCY541 raw powder, ethanol, polyvinyl butyral,
polyethylene glycol and triethanolamine on a roll-miller for 12 h.
When a homogeneous suspension was formed, 200 pL of the elec-
trolyte suspension was dropped on the surface of the NiO-BZCY541
substrate. After drying, the assembly was co-sintered in air at
1450 °C for 5 h, resulting in the formation of half cells. During sin-
tering, the sample was covered by the raw powder to prevent Ba
evaporation. For the positrode, BGLC1082 and BZCY541 with the
weight ratio of 6:4 were mixed in ethanol, ball-milled for 5 h with
400 r min~' in a planetary ball mill, and finally dried at 60 °C. A
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fraction of the obtained powder mixture was annealed in air at
1000 °C for 2 h to check the chemical compatibility of the two com-
ponents while the rest was blended with a ink vehicle (6 wt.% ethyl
cellulose in terpineol) in a three-roll mill to form a homogenous
ink. This ink was subsequently screen printed onto the surface of
the BZCY541 electrolyte of the half cells and calcined at 900 °C
for 2 h. A Pt paste (Heraeus GmbH, Germany) was painted on the
positrode and fired at 700 °C for 1 h as a current contacting layer.
The active area of the full cell was 0.5 cm?.

Solid oxide ceramic cells: commercial SOCs (ASC-400B) from
Elcogen AS (Estonia) were used in this study. The SOCs consist of
a NiO-YSZ substrate (400 + 30 pum) with a diameter of 20 mm, a
NiO-YSZ negatrode layer (~10 pm), a YSZ electrolyte (3 + 1 pm),
a GDC barrier layer (2 £ 1 pm) and an LSC (Lag gSrp 4C005_s) posi-
trode (15 + 5 pum). The active area of the SOC full cell is
0.79 cm?. A Pt paste was brushed on the top of the LSC positrode
and calcined at 700 °C for 1 h to keep the consistency of the exper-
iments with PCCs measurements.

2.3. Characterization

X-ray diffraction (XRD) with a D8 Discover GADDS and
equipped with a VANTEC-2000 area detector was used to analyze
the ceramic powders (Bruker AXS, Germany). The diffraction pat-
tern was recorded using a tuned monochromatic and collimated
Cu K, radiation source in Bragg-Brentano geometry. The ICDD
database was used to identify crystal phases. Microstructures of
the different functional layers and elemental mapping were
observed using a Zeiss Crossbeam 350 scanning electron micro-
scope (SEM, Carl Zeiss AG, Germany) with the energy dispersive
X-ray spectroscopy (EDS) detector of Oxford ULTIM MAX 100 mm?.

2.4. Electrochemical measurement

The as-prepared proton conducting ceramic cells with
BGLC1082-BZCY541 positrode were investigated in steam electrol-
ysis operation using an electrochemical test system. The system
comprises the ProboStat base unit (NORECS AS, Norway) as the cell
housing, humidifier (HumiStat, NORECS AS, Norway) for water
evaporation, mass flow controllers (Vogtlin Instruments GmbH,
Switzerland) and a mass spectrometer (EISense, V&F Analyse und
Messtechnik GmbH) for outlet gas analysis. For the test, Pt meshes
were attached on both positrode and negatrode as the current col-
lectors, and each Pt mech was connected with two Pt wires. The 2-
electrodes 4-wires method was used for all the electrochemical
measurements. A ceramic sealant (Ceramabond 552, AREMCO,
USA) together with a glass paste (617, AREMCO, USA) were used
to ensure gas-tight sealing between the two electrodes. After cur-
ing the sealants, the cells were heated up to 700 °C by 3 °C min '
with 5%H,/N, supplied to the negatrode and air supplied to the
positrode. After 12 h reduction, the gas feed to the negatrode
was switched to pure H, until the open circuit voltage (OCV)
became stable. The electrochemical performance of the PCCs was
tested in fuel cell mode first with wet air supplied to the positrode
side and wet H, to the negatrode side. Polarization curves were
recorded at the voltages from OCV to 0.3 V with a scanning rate
of 0.005 Vs~

In steam electrolysis operation, polarization curves were
recorded from OCV to 1.5 V at the operation temperatures from
500 to 700 °C with 30%H,0/air was supplied to the positrode and
wet (~3% Hy0) 20%H,/N, was supplied to the negatrode. A long-
term stability test was performed in galvanostatic mode, lasting
for a total of 1680 h. The SOCs were tested in the same apparatus
following a similar protocol. Air was supplied to the positrode, and
30%H,0-20%H,-50%N, was supplied to the negatrode at a flow
rate of 50 sccm on both electrode sides. Polarization curves and
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electrochemical impedance spectra (EIS) at OCV were recorded in
the temperature range of 550-700 °C. Electrochemical impedance
measurements were performed in the frequency range from
100 kHz to 0.1 Hz at the amplitude of 20 mV. Equivalent circuit
model (ECM) fitting was carried out using ZView®. The faradaic
efficiency () of PCCs for steam electrolysis was calculated by
analyzing the deviation between theoretical hydrogen production
rate with the actual hydrogen production rate.

3. Results and discussion
3.1. PCCEL at intermediate temperatures

In PCCEL, the water splitting process occurs at the positrode,
and the generated mobile protons, which are introduced by the
hydration process (V; + Og + H;0=20H, ) in a wet atmosphere,
transfer from the positrode to the negatrode. On the negative elec-
trode, the protons are reduced to hydrogen (2H" + 2e~ — H,), while
the oxygen evolution process (20>~ — 0, + 4e~) takes place on the
positrode side to produce the by-product of oxygen, as shown in
Fig. 1(a). We have used a negatrode supported planar PCC with
the composite positrode of BGLC1082-BZCY541 for hydrogen
production.

By the XRD analysis, the BGLC1082 powder displayed a layered
perovskite structure in tetragonal P4/mmm space group (Fig. S1a)
[24,27]. Recently, a water-induced surface modification phe-
nomenon and performance enhancement was observed in double
perovskite structure materials with cobalt on B-site [28-30]. The
in-situ exsolved BaCoOs_s; phase was shown to be the active site
for rapid oxygen adsorption and dissociation process. In BGLC1082,
the BaCoOs5_; phase was detected by treating the raw power in 30%
steam/air at 600 °C for 65 h (Fig. S1b). Exploring the mechanism of
BaCoOs_; exsolution in the BGLC1082 goes beyond the scope of
this study. Chemical compatibility between BGLC1082 and
BZCY541 was confirmed by checking the phases of the mixture
of BGLC1082-BZCY541 annealed in air at 1000 °C for 2 h. No sec-
ondary phase formation or decomposition was observed (Fig. S1a).

The PCC consists of a ~800 pm thick negatrode (Ni-BZCY541),
a ~10 pm thick electrolyte (BZCY541) and the composite positrode
(BGLC1082-BZCY541) of 30 um in thickness (Fig. 1b). Current den-
sities of —1.60, —1.23, —0.83, —0.51 and —0.27 A cm 2 were
achieved at thermoneutral voltage (~1.28 V) and the operating
temperatures of 700, 650, 600, 550 and 500 °C, respectively
(Fig. 1c). The measured current density is 8 times higher than the
previous research in a tubular cell with a similar positrode, in
which the current density was limited to around —0.10 A cm?
at ~1.28 V and 600 °C [24]. This is also higher than our previous
work with BGLC587-BZCY541 composite positrode cells (—0.65 A
cm 2 at 1.3 V and 600 °C) [25]. Furthermore, we demonstrated
an excellent performance of the cell with peak power densities of
506, 667 and 833 mW cm 2, respectively, at 600, 650 and 700 °C
in fuel cell mode as well (more details see Note S1 and Fig. S2).
The results confirmed that the BGLC1082-BZCY541 composite
positrode exhibits remarkable electrocatalytic activity towards
both the ORR and OER processes.

The measured (Voc) and theoretical (V1) open circuit voltages
revealed increasing discrepancies upon temperature increase
(Fig. 1c). For a better understanding of this phenomenon, electro-
chemical impedance spectra (EIS) measurements were performed
at OCV (Fig. 1d). An equivalent circuit model (Fig. S4a) was used
for the EIS data fitting. The ohmic resistance (Rq) is determined
by the high frequency intercept with the real axis. Considering
the mixed ionic and electronic transport properties of the BZCY541
electrolyte, R is the sum of ionic resistance (Rq;) and electronic
resistance (Rge). The ionic transference number (t;) and the elec-
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Fig. 1. (a) Schematic illustration of the PCCs for steam electrolysis. (b) SEM cross-section image of the as-prepared PCCs. (c) Polarization curves recorded in steam electrolysis
mode with 30% steam/air supplied to the positrode and 20% H,/N; to the negatrode (inside, the comparison between the measured open circuit voltages and the theoretical
values); and the corresponding electrochemical impedance spectra recorded at OCV (d). (e) Arrhenius plot of the electronic resistance (Rq.), ionic resistance (Rqg;), and

corrected polarization resistance (Ry, and Ry ).

tronic transference number (t.) can be calculated (Fig. S5), accord-
ingly [23,31,32]. The value of t; decreased from 0.996 at 500 °C to
0.965 at 700 °C, indicating the increased electronic conductivity
at higher temperatures. By neglecting the contact resistances, the
conductivity of the electrolyte (6) can be calculated using the fol-
lowing equation:

UIJLH; {Z} = Ra + Reontact = GL_Q, (2)
where L is the thickness of the electrolyte. Therefore, the ionic (¢ ;)
and electronic (0o.) conductivities of the electrolyte can be deter-
mined (Fig. S6). Both 0q; and o, increased at elevated tempera-
tures, with oq; ranging from 0.002 to 0.006 S cm™~! between 500
and 700 °C, which is in good agreement with the previously
reported BZCY541 conductivity values [33]. Besides, the g, is
more than 2 orders of magnitude lower than oq; at low tempera-
tures. To quantify this electronic leakage based on the EIS results,
we employed the method developed by Choi et al. [34],

Toc(e™) = —loc(H') = —%y(l —Vv—oNc), 3)
where Ioc(e”) and Ioc(H") are the electronic and protonic current
densities at open circuit voltages, and R; is the total resistance at
Voc. The current leakage was estimated to be between 0.007 A cm 2
at 500 °C, and 0.163 A cm™2 at 700 °C, confirming the impact of the
p-type electronic conduction through the electrolyte and an accel-
erated current leakage at higher temperatures.

The polarization resistance (Rp) is given by the intercepts
between high and low frequencies with the real axis. In the
Nyquist plot, the impedance curve shows a predominant low fre-
quency arc (Ry) that is generally assigned to a surface related diffu-
sion process and a high frequency arc (Ry) that is assigned to a
charge transfer process. The real polarization resistance at high fre-
quencies (Ry;) and low frequencies (R.,) are obtained from the
same equivalent circuit model fitting. Current leakage leads to dis-
crepancies between apparent values and true polarization values,

that is determined by considering the current leakage (as pre-
sented in Table S2). The activation energy (E,) is calculated by
using the corrected resistance values obtained from the fitting
results. The calculated E, of R; is 0.29 eV, which is relatively low
in comparison with the reported E, values of proton migration
through the bulk [35]. Besides, the E, of Ry, and R, are 0.59 and
0.98 eV, respectively. For negatrode-supported PCCs, the polariza-
tion resistance is demonstrated mainly from the positrode [25,28],
and the E, of Ry ; is quite close to the reported E, of the oxygen sur-
face exchange coefficient for ordered cobaltites [36,37]. The E, of Re
shows the highest values of 1.05 eV.

3.2. Current leakage and faradaic efficiency in PCCEL

Under polarization, the conduction of electron holes through
the BZCY electrolyte leads to the current leakage during electroly-
sis, resulting in a net reduction of the effective current for proton
reduction at the negatrode (step 5 in Fig. 2a). Zhu et al. [19]
reported that the flux of all charge carriers under high polarization
current is dominated by the migration flux which is directly pro-
portional to the conductivity of the electrolyte under the condi-
tions at positrode side and thus, related to the transference
number of the corresponding charge carriers, as at open circuit
conditions.

The total current density, that is the applied current density,
and the terminal voltages are summarized in Fig. 2(b). The faradaic
efficiency was calculated by comparing the detected H, production
rate with the theoretical values (Fig. 2c). The measurement was
performed under galvanostatic mode at each measurement point
for more than 30 min until the detected outlet gas composition
was stable. At Vry, the maximum faradaic efficiency reached 64%
at 550 °C (Fig. 2¢), which is competitive with previous reports as
summarized in Table S1. At a given voltage, the faradaic efficiency
decreased upon temperature increase. Moreover, the faradaic effi-
ciency reduced dramatically with the increase of terminal voltage.
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Fig. 2. Characterizations of PCCs with BGLC1082-BZCY541 composite positrode for steam electrolysis at different operating temperatures. (a) Schematic illustration of the
PCCs for steam electrolysis accompanied with electronic current leakage (step 1: water adsorption, step 2: incorporation, step 3: oxygen release and proton transfer, step 4:
oxygen incorporation, step 5: Null = h® + e, step 6: proton reduction [24]). (b) Apparent polarization curves. (c) The measured faradaic efficiency as a function of voltage. (d)
Polarization curves corrected by the corresponding faradaic efficiency and plotted as a function of the effective current density.

Vgllestad et al. [24] demonstrated the relation between the con-
centration of electron holes and the potential E,

1 1 _EO

[h] = Kox [OH, |pyoP%, = Kox exp {F(ERTE )} . (4)

Additionally, as reported by Duan et al. [12] the steam partial
pressure (pH,0) and oxygen partial pressure (pO,) at the interface
of electrolyte/positrode can be estimated using Fick’s first law. The
pH>0 at the interface is decreased during electrolysis operation at
high current density, and the generation of oxygen increases the
p0,. Since higher pO, and lower pH,0 conditions promote the for-
mation of electron holes, this leads to a negative feedback loop
resulting in a more pronounced decrease of the faradaic efficiency
at higher current density. Therefore, the effective current yielding
net hydrogen production is reduced to -0.26, —-0.41, —0.63
and —0.76 A cm~2 at 1.28 V and temperatures of 550, 600, 650
and 700 °C, respectively (Fig. 2d).

3.3. Long-term durability of PCCEL

The durability of electrolysis cells and stacks is a crucial factor
in determining the success of a novel technology. To date, results
about degradation of PCCs during long-term experiments are
scarce as the technology is nascent. The study conducted by Zhou
et al. reported a voltage drift of 40 mV/1000 h during PCCEL
at —1.0 A cm~2 and 650 °C over a period of 1833 h [28]. In the pre-
sent study, the short-term stability of PCCEL under variable elec-
trolysis current was investigated first at 550 and 600 °C with 30%
H,0 supplied to the positrode (Fig. S8). By increasing the current
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density from —0.2 to —1.0 A cm™2, the terminal voltage remained
stable and constant at each step, demonstrating the stability of
the cell at various current densities. Another fresh cell was tested
for 1680 h to assess the long-term durability. The corresponding
life cycle is shown in Fig. 3(a). In the first 300 h, a mixture of
10% H,0 in air was supplied to the positrode, and the cell was oper-
ated at —0.4 A cm 2, corresponding to a cell voltage of 1.180 V. The
cell voltage remained constant over the period, suggesting a negli-
gible degradation. At t = 300 h, the current density was set to —0.8
A cm2, corresponding to a terminal voltage of 1.294 V that is
slightly above Vry (1.28 V). The cell was operated in these condi-
tions for 215 h. The power interruption at t = 432 h did not cause
any significant damage to the cell, as the nominal operating voltage
of ~1.294 V was recovered, demonstrating the robustness of the
tested cell.

At t = 515 h, the steam content in the positrode gas feed was
increased to 30%, while the current was kept constant at —0.8 A
cm 2. The cell was operated in these conditions until t = 1680 h.
By increasing the steam content from 10% to 30%, the terminal
voltage dropped by 23 mV from ~1.294 to ~1.271 V. The cell volt-
age was nearly stable or slightly decreasing for several hundred
hours until another power supply failure occurred at t = 1251 h.
After the power recovery, the voltages turned back to 1.291 V.
Although there is still a difference of ~20 mV, the results confirm
the excellent stability of the cell with BGLC1082-BZCY541 and
its robustness when operated at —0.8 A cm~2. After this long-
term experiment, the cell was investigated by means of SEM
(Fig. 3b). No indication of delamination could be detected between
the two electrode/electrolyte interfaces. Moreover, the elemental
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distribution remained homogeneous within the different materials
(Fig. 3¢, additional elements showing in Fig. S9). It should be noted
that Ni migration was not observed at the negatrode after the long
time PCCEL operation, despite a current density as high as -
0.8 Acm 2. SEM images with higher magnifications in Fig. S10
did not show any evidence of microstructural change in both elec-
trodes, demonstrating the high reliability of the PCC under the
tested conditions. This feature is to be compared with the voltage
drift of about 40 mV kh~! reported for negatrode supported SOCs
operated in steam electrolysis [38], whose Ni-YSZ cermet electrode
is prone to degradation. Though its origin is not clearly elucidated,
this degradation is possibly related to Ni migration via surface dif-
fusion of Ni(OH), species especially at high operating current den-
sity and high relative humidity content, leading to the high
degradation rate in SOCs [8,9,39]. This suggests that optimization
strategies for mitigating degradation in electrolysis are likely to
differ between PCCs and SOCs.

3.4. Hydrogen production and energy efficiency at intermediate
temperatures

State-of-the-art commercial SOCs (ASC-400B, Elcogen AS, Esto-
nia) were tested for the sake of comparison between SOEL and
PCCEL at intermediate temperatures. The same test apparatus
and comparable testing conditions to PCCEL were used for SOEL,
and the results are shown in Fig. 4. In principle, one of the main dif-
ferences between SOEL and PCCEL (Fig. 1a) is that in SOEL, the
steam is supplied to the SOC negatrode (Fig. 4a). A distinctive fea-
ture of the reference SOC is the ~3 pum thin YSZ electrolyte
(Fig. 4b), which was developed for intermediate SOEL operation.
During electrolysis, the current densities at Vry reach —0.055,
—0.153, —0.368 and —0.716 A cm~2 at 550, 600, 650 and 700 °C,
respectively. The apparent values of the current density obtained
in SOEL were lower than those obtained in PCCEL over the entire
temperature range. In contrast, the deviation between Vo and Vy
in SOEL is limited (less than 1%) compared to PCCEL and does not
show any temperature dependence (insert Fig. 4c). The small dif-
ference is supposed to be originating from a fraction of gas leakage
at the sealing area. Since YSZ electrolyte can be considered as a
pure oxygen ion conductor in the tested operating range, the fara-
daic efficiency of SOEL is considered to be close to 100% [40-42].
Fig. 4(d) shows the EIS recorded at OCV. The Ro mainly represents
the losses associated to the oxygen ion transport through the elec-
trolyte. Rq values in the SOC are 0.54, 0.27, 0.15 and 0.09 Q cm? at
550, 600, 650 and 700 °C, respectively. The corresponding activa-
tion energy of 0.83 eV for R in SOCs agrees with oxygen ion trans-
port (Fig. 4e) [43,44]. In the PCC, the corresponding values of Rg;
are 0.38, 0.31, 0.26 and 0.20 © cm? with an associated activation
energy of 0.29 eV for Rg; for the transport of protons (Fig. 1le).
The ohmic losses in SOCs were lower than in PCCs at temperatures
above 600 °C. While, below this temperature, the ohmic losses in
PCCs became lower than in SOCs. The thin electrolyte in the com-
mercial SOCs enable to reduce the ohmic resistance significantly
[45]. However, the higher activation energy for oxygen ion conduc-
tion compared to proton conduction, makes it challenging to
achieve high performance at low temperatures, i.e., below 600 °C
with state-of-the-art YSZ electrolyte. The higher proton conductiv-
ity values (Fig. S7) in conjunction with a lower activation energy
makes PCCs more suited for operation at lower temperatures. By
analogy with SOCs, the reduction of electrolyte thickness in PCCs
can be a suitable strategy to further improve cell performance at
lower temperatures, though its relative impact will be reduced in
magnitude due to the lower activation energy value. It is important
to note that a reduced electrolyte thickness is likely to increase the
current leakage through the PCC electrolyte which may in fine be
unfavorable from an energetic point of view. PCCs optimization
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with thin film electrolyte pose an interesting challenge that
deserves further study [46].

The Nyquist plot in Fig. 4(d) suggests 2 depressed arcs; there-
fore, the EIS spectra recorded on the SOC were fitted by the equiv-
alent circuit with 2 RQ elements (Fig. S4b). The E, corresponding to
high frequency resistances (Ry) and low frequency resistances (Ry)
are 1.18 and 1.39 eV, respectively. Again, both values are higher
than the characteristic ones in PCCs (Fig. 1e). At low frequency,
the main difference may be attributed to the steam diffusion. The
diffusion length of steam on positrode side in PCCs is
typically ~30 um (Fig. 1a), whereas it is about 400 um in the ref-
erence SOC negatrode we tested, which is more than an order of
magnitude greater. Considering various overpotential losses in
the full cells, the losses originating from the gas diffusion make
one of the major distinctions between proton conducting and oxy-
gen ion conducting ceramic cells especially at high current density.
By using a mathematical analysis, Zheng et al. reported that PCCs
possess lower concentration overpotentials compared to SOCs in
the negatrode-supported cell configuration [47].

The H, production rate in PCCEL was calculated as a function of
the terminal voltage at different temperatures (Fig. 5a). The pro-
duction rates are 1.78, 2.86, 4.39 and 5.30 mL min~! cm~2 at 550,
600, 650 and 700 °C and 1.28 V. The H; production rates in SOEL
were calculated based on the polarization curves upon the reason-
able assumption of a 100% faradaic efficiency (Fig. 5b). PCCEL
demonstrated a higher H, production rate than SOEL at all tested
temperatures.

In addition to the hydrogen production rate, the electricity con-
sumption is also a very important factor that determines the price
of the produced hydrogen. The electricity consumption was calcu-
lated for 1 kg H, production at Vyy for PCCEL and SOEL by consid-
ering the current densities and hydrogen production rate (Fig. 6a-
c). In a single cell level analysis, only the electricity supplied to the
cells was considered as the power input which can be defined as

(5)

where I is the current and V is the terminal voltage. The energy con-
version efficiency can be described as

power(input) =V x I,

__ power(output)
’/IECE ~ power(input) ’

(6)

where the power (output) is the chemical energy of the produced
hydrogen. Considering the lower heating value for hydrogen, the
power (output) can be written as

_ Ixnge

zxF

7)

where [ is the current, 7 is faradaic efficiency, z is 2 for steam elec-
trolysis, F is Faraday’s constant and AHy, nv is the low heating
value for hydrogen (241.8 k] mol~! or 33.33 kW h kg™1).

At Vqy for SOEL, the electricity consumption is ~34 kW h kg !,
which is very close to the lower heating value of hydrogen and
remains temperature independent. Thus, #. remains close to
100% over the entire temperature range for SOEL (Fig. 6¢). How-
ever, in PCCEL, the specific electricity consumption was consis-
tently higher and increased from 54 to 66 kW h kg~! upon
temperature increase from 550 up to 700 °C at Vqy (Fig. 6¢). This
specific energy consumption is to be compared with other electrol-
ysis technologies at low temperature such as PEMEL (47-66 kW h
kg 1), AEL (47-66 kW h kg~ ') and AEMEL (51.5-66 kW h kg ')
[48].

In PCCEL, the energy consumption above 33.33 kW h kg~! of
produced hydrogen is an energy that must be supplied to the cell
without being converted into hydrogen molecules. This additional
energy demand is due to the current leakage through the elec-
trolyte, resulting in the lower faradaic efficiency. This corresponds
to an energy conversion efficiency #yq; of 62% and 52%, at 550 and

power(output) X AHy, 1nv ,
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700 °C, respectively (Fig. 6d). Therefore, a lower operating temper-
ature is favorable to reduce current leakage and thus to promote
the energy efficiency in PCCEL. Endothermal operation, which is
at a terminal voltage below Vry, is an attractive feature of this elec-
trolysis technology, as electrical efficiencies above 100% can be
reached at the cell level in SOCs. In endothermal operating regime
that is at low overpotential, #g for PCCEL ranges from ~60% to
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~100% (Fig. 6d). Nonetheless, endothermal operation consumes
energy that must be accounted into the energy input unless pro-
vided by a free heat source for a more accurate evaluation. This
part of energy can be written as

power (Veen < Vin) = (Vin = Veen) X I X 1 .

(8)
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Additionally, the vaporization of water is energy consumption as
well, and this part of energy can be written as

_ ArpoxIxigg

Power(watervaporization) = 25,

9)
where Ay,0 is the water latent heat and X(H,O0) is the water conver-
sion rate. For the calculation, a high conversion rate was assumed to
be 90%, which is aligned with industrial values for SOEL. Consider-
ing electricity as the energy source for endothermal operation, the
Nece for SOEL decreased down to around 100% (Fig. 6e). The energy
demand for water vaporization accounts for additional ~20 points
of efficiency. In PCCEL, the energy conversion efficiency remains
lower than for SOEL, however with a reduced gap in the endother-
mal operating zone. At the system level, the gap can be further
reduced to the benefit of PCCEL if one considers the necessary
purification of hydrogen. Due to the ambipolar transport of oxygen
ions and protons in PCC electrolyte, a small steam partial pressure
of ~0.3% is established on the negatrode side [24], depending on
the oxygen ion transference number. In SOEL, steam content can
be as high as 20% in the outlet gas. If water vapor is separated by
condensation, there are approximately two orders of magnitude of
thermal energy in water vapor that could be wasted in SOEL com-
pared to PCCEL.

In summary, considering the overpotential dependency of the
hole concentration and, consequently, the faradaic efficiency (Eq.
(4)), PCCEL operated in an endothermal mode appears even more
meaningful than for any other electrolysis technology and is to
be favored to maximize energy conversion efficiency. This would
require an external heat source at sufficient temperature in order
to maintain the system at the right operating temperature and
avoid cooling. Considering that a temperature of 600 °C is more
favorable for the handling of superheated steam than a tempera-
ture of 800 °C that would be required for conventional SOEL, this
makes PCCEL a technology of choice for the valorization of high
temperature waste heat.

4. Conclusions

The BGLC1082-BZCY541 composite positrode for PCCs exhibits
high electrocatalytic activity towards ORR and OER at intermediate
temperatures (500-700 °C). We demonstrated a PCC cell with
excellent durability in electrolysis mode at ~1.28 V for 1680 h with
a current density as high as -0.8 A cm~2. This is 8 times higher than
the previous report on tubular cells. The electrolysis cell operated
at intermediate temperatures with a specific energy consumption
comprised between 54 and 66 kW h kg~!, which is comparable
to low temperature electrolysis technologies, while showing a
hydrogen production rate systematically higher than SOEL per-
formed with a commercial reference cell. In other words, at the
rated hydrogen production, PCCEL requires less active surface area
than SOEL. The reduced faradaic efficiency and comparatively low
energy conversion efficiency in PCCEL are caused by the current
leakage through the BZCY electrolyte. This can be mitigated by
operation at reduced temperatures and in endothermal mode,
which makes PCCEL a technology of choice to valorize high tem-
perature waste heat from industrial processes into hydrogen. To
increase the faradaic efficiency, by optimizing materials, the cell
design, or the operating strategy is a key challenge to address for
future developments of PCCEL in order to achieve even more supe-
rior techno-economic merits.
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