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ABSTRACT

iuMghromtte perovskite Lao.65Sr0.3Cro.85N10.1503.5 (L65SCrN) was implemented as fuel

electrode in eleco

operation! %

bas§y state-qf-the-art cells at 860 °C. At 830 °C, 800 °C and 770 °C, the perovskite fuel electrode exhibited

ported cells (ESC). The electrochemical cell performance in steam electrolysis

el'gas mixture of 80% H>0 - 20% H> was demonstrated to be comparable to Ni-CGO-

a gain in performance. Lower apparent activation energy barrier values were calculated for the L65SCrN
in symmetrical and full configurations in contrast to Ni-CGO fuel electrodes. A reaction model is proposed,
where the water splitting reaction mainly occurs on the oxygen vacancy sites on the L65SCrN surface, and

where the exsolved metallic Ni nanoparticles assist the catalytic activity of the electrode with hydrogen
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spillover and H» desorption. A voltage degradation of ~ 48 mV/ 1000h was calculated during 1000 hours
in steam electrolysis operation at 860 °C close to thermoneutral voltage. Van-der-Pauw conductivity
measurements corroborated this degradation with a decrease over time of the perovskite’s p-type
conductivity which appeared to be a diffusion-limited phenomenon. Nevertheless, the lower activation

energy of perovskite-based fuel electrode for solid oxide cells (SOCs) is promising for greegydrogen

production via steam electrolysis at reduced temperature and without the need of hydrogg eepy

KEY WORDS: High temperature electrolysis, solid oxide electrolysis cell, green ov.-; el electrode,

perovskite, chromite, p-type, conductivity.

1. INTRODUCTION

Water electrolysis powered with electricity from renewable Wgurcep is a promising pathway to green

hydrogen production.! The various electrolysis prog ssified into two main categories: i) the
low temperature technologies (LTE) that incl ainl aline electrolysis (AE) and proton exchange
membrane electrolysis (PEMEL), whic h mgke ust of liquid water at an operating temperature below

100 °C; and ii) the high temperatugg teyhnoNgies (HTE), which operate typically with ceramic cells at

temperatures above 600 °C g S into hydrogen. Due to a different state of the water at these

operating temperature, al voltage for these technologies corresponds to 1.47 V for LTE and

congarison Yo the LTE. While AE systems require 47 — 65 kWh / kg H, and PEMEL about 50 — 76 kWh /

kg H,, HTE systems offer the highest electrical efficiency with a consumption of ca. 40 — 44 kWh / kg H,?
Moreover, typical high temperature cells, i. e. solid oxide cells (SOC) are unique due to their reversibility
(rSOC). Such systems can either be operated with solid oxide electrolysis cells (SOECs) to convert

sustainable electricity into chemical energy (in the form of green hydrogen, fuels or chemicals). Or as a



solid oxide fuel cells (SOFCs) to convert directly such chemical energy back into electricity.* This allows
the versatile use of large storage-power generation units, which would require only one type of cells
(rSOCs) and not separate Power-to-Fuel (electrolysis mode) and Fuel-to-Power (fuel cell mode) systems.*
In solid oxide electrolysis (SOE), the water splitting reaction occurs at the fuel electrode of the SOC, as
shown in Eq 1:°

HZO +2e” - HZ(g) + O%ﬁectrolyte (1)

Since the electrode kinetics are enhanced owing to the high temperature,® 7 the of (Platinum

Group Metal) catalysts typically used in PEMEL is avoided. State-of-the-a fueXelectrode materials

are porous nickel-based cermets due to their high electrical conductivitg catalytic activity of both

metallic nickel phase (towards H, dissociation) and ceramic ceria-bas (towards H»O splitting and

re-combination), enables reversible operation.® ? In cathode ‘stygorted\cells (CSC), nickel is traditionally

mixed with yttria stabilized zirconia (YSZ) into Ni-YS ite fuel electrodes, while it is more

commonly found in combination with gadoliniy-dopc®gerp (CGO), in the form of Ni-CGO cermets in

electrolyte supported cells (ESC). However, Xhen ated in electrolysis, nickel cermet electrodes are

prone to irreversible degradation pfoCessdy, Data from several studies suggest that the main issues

correspond to:

i) Nickel agglomer a mperature. This may yield a loss of percolation in the cermet and a

reduction ive (PPle-phase-boundary (TPB) lengths.

away from the interface between the electrolyte — fuel electrode. This is especially

Cs at high temperatures, high overpotentials and high relative humidity, i.e. high

Some studies suggest the formation of Ni(OH), volatile species in gas mixtures of H»
H0, that could be transported and re-precipitated in other locations within the fuel electrode.'*

16 Moreover, others also explain this microstructure evolution under electrolysis conditions by a

polarization dependent interfacial energy between Ni and the oxide ion conducting phase, thus for

example affecting the Ni wettability on the oxide surface.!”"”



iii) Structural damage of the cell — especially in CSC — during redox cycles. Such event may affect the
nickel percolation and even lead to cell failure by electrolyte fracture.?’ As a consequence, once the
nickel cermet electrodes are activated i.e. when the NiO has been reduced into metallic nickel, there
is the need to keep the electrode chemically reduced. Therefore, small amounts of hydrogen are
added to the steam feed.

iv) Carbon deposition in H,O + CO; co-electrolysis and dry CO, electrolysis gpftationQhis is

especially critical in CSCs with Ni-YSZ electrodes. However, the mixed ionicqad electronic

transport properties of ceria-based materials grant a superior toleranc formation to
Ni-CGO composites in ESCs.?!
Such contingencies in electrolysis operation with high pH»O are inheW e use of metallic nickel as

electrocatalyst, current collector and, in the case of CSCs as ctural component. Besides these technical

divers, the International Energy Agency (IEA) recently ified Wickel as critical raw material for the
energy transition,”? because of the increased de th& technologies like batteries and AE, among
others. Hence, such classification represent addi 1 driver for finding nickel substitutes. In regard to

the HTE technologies, these issues dge ti\deve®pment of alternative fuel electrodes that could compete

st important requirements on the use and implementation of

¢ well-suited for ESC designs.* Their electro-catalytic properties can be tuned by a wide range
of element combination on the A-site with lanthanides and alkaline-earth metals and also on the B-site with
transition metals such as Mn, Co, Fe, Ni, Cr and Ti.** Particularly promising performance in steam
electrolysis at 800 °C (-0.9 Ascm™ at 1.3 V) has been shown with strontium titanates fuel electrodes with

precipitation of metallic nanoparticles of Ni and Fe on the perovskite surface.”> Such precipitation of



catalytically active metals, that are embedded in the perovskite lattice under oxidizing conditions, and then
are exsolved as metallic nanoparticles on the perovskite surface under cathodic polarization and/or chemical
8,25-27

reduction, is often denoted as exsolution.

Lanthanum chromites, that are p-type conductors, have also been investigated as electrocatalysts since

conditions, some of the B-site cations are reduced to metals and exsolW he surface maintaining the

charge balance of the host perovskite lattice.*

In our recent work, we studied the lanthanum chromite r0.390.85N10.1503.5 fuel electrode decorated
and comparable performance with respect
chieved.® Post-test analysis after 950 hours at high

suggested remarkable dimensional stability of the Ni

using kite-based fuel electrode cells instead of the traditional state-of-the-art Ni-CGO cermets in

ESCs. The performance of Lag 5Sro.3Cro.85Ni0.1503-5 (L65SCrN) and Ni-CGO fuel electrodes are evaluated,
as well as the temperature dependency of the electrochemical performance of the L65SCrN-based cells
between 770 °C and 860 °C. For the latter cells, the durability in steam electrolysis operation was

investigated for 1000 hours.



2. EXPERIMENTAL METHODS

2.1 Cells preparation. ESCs were investigated in two different configurations: symmetrical button-
cells and full square-cells implementing the perovskite fuel electrode L65SCrN.

2.1.1 L65SCrN symmetrical button-cell manufacturing. A chromite powder with nominal
composition Lag ¢5S10.3Cro.85Ni0.1503-5 (L65SCrN) was synthetized by the nitrate combustion me 8 SEM
imaging of this powder is shown in the supporting information (SI) in Figure S1. The electyde ink
| and 6 wt%

was prepared by dispersing the L65SCrN powder in a liquid ink vehicle (94 wt% ¢ Terpi

ethyl cellulose) with a powder to liquid ratio of 2:1, and mixed with the 3-rg 80E EL. The

device Aurel model 900 (Aurel automation s.p.a, Italy) was used for theg of the electrodes.®
Symmetrical button-cells were prepared by screen printing 10 mm dia les of the L65SCrN ink on
20 mm-diameter commercial electrolytes CGO20 (5 pm) | (90 pm)‘] CGO20 (5 um) from Kerafol
GmbH (Eschenbach, Germany) and after drying heated u °C/Pn to 1200 °C in air and fired for one
hour. Platinum paste was used as current collectq k shed on both electrode surfaces. Following,
the cells were heated up at 3 °C/min to 105 &p eld also for one hour. The active electrode area
was 0.785 cm?.

2.1.2 Full-cell manufacturing ese pélls, the L65SCrN ceramic powder was supplied by Marion

Technologies®! (Verniollg khown in Figure S2. With this commercial powder, a L65SCrN ink

was prepared as desef@ged)aboWyFull cells were prepared by screen printing an area of 40 mm x 40 mm of

the L65SCrN N0 k on 50 mm x 50 mm commercial electrolytes from Kerafol CGO20 (5 um)
| 3YSZ ( 20 (5 pm). Then, those half-cells were fired in air at 1100 °C for one hour with a
heafing rat C/min. Next, an area of 40 mm x 40 mm of the Lag ssSro4FeosC00203.5 (LSCF) oxygen
elect eraeus commercial reference) was printed on the other side of the electrolytes. The LSCF-

printed electrode was co-fired in air with the brushed-platinum paste on the fuel electrode at 1050 °C for
one hour. Moreover, state-of-the-art cells supplied by Sunfire GmbH (Dresden, Germany) with Ni-CGO

cermet were used as reference. Apart from the fuel electrode, the cells were of the same architecture and



employed the same electrolyte substrate as the L65SCrN-based cells in this work. For the oxygen electrode,
a LSCF/CGO composite with a LSCF current collector layer was used.

2.2 Symmetrical cells characterization. Symmetrical button-cells were tested at open circuit voltage
(OCV) in a single chamber configuration at 860 °C, 830 °C, 800 °C and 770 °C with humidified H, flow.
In order to minimize the gas diffusion contribution to the ASR of the symmetrical cells, elecj®shemical
tests were carried out at a reduced pressure of ca. 295 mbar (10% H>O — 90% H») and ¢"99 mMg (38%

H>O — 62% H>). The pressure was regulated by continuous pumping of the chambergvith a Qgtinuous feed

gas flow rate of 0.02 slpm. The electrodes were contacted with highly porous sting chamber

of fused silica. These measures decrease the gas diffusion ASR to rou 23233 Four button

cells were measured at the same time by using a multiplexing s lectrochemical impedance
spectroscopy (EIS) was performed in four-wire mode with vocongrol Alpha impedance analyzer in a
frequency range from 50 mHz to 100 kHz and amplitud e Vtage stimulus of 50 mV. Equivalent

circuit model fitting of the impedance data wg£ pe e\, with the commercially available program
Zview®.

2.3 Full cells characterization. T,

eldgtroc ical characterizations of the L65SCrN fuel electrode

implemented in a full ESC and 44 GO Jeterence cell were carried out on a high-temperature cell-test

bench.® " The L65SCrN i was contacted with a platinum mesh and the Ni-CGO with a nickel

with air %
elefrodes Vg

was a to 860 °C, 830 °C, 800 °C and 770 °C. For each temperature the fuel gas composition was set

e oxygen side respectively, to ensure gas-tightness of the gold seal. Then, the fuel

duced with H» (1 slpm) for one hour at 900 °C. Afterwards, the operating cell temperature

to 80% H20 —20% H> (0.8 slpm of H>O and 0.2 slpm of H») and polarization curves (i-V) were measured
from OCV to 1.5V at arate of -0.012 Aes™'. Galvanostatic EIS measurements were performed at OCV with
the electrochemical workstation SP-200 from BioLogic Science Instruments, at a frequency range from 50

mHz to 100 kHz and an AC amplitude of 500 mA. To avoid the scattering of the EIS data at low frequencies



caused by fluctuations from the steam supply, the fuel gas was diluted with 0.5 slpm of N during the
impedance measurements. Subsequently, a galvanostatic durability test of ~ 1000 hours on the L65SCrN
fuel electrode cell with a fuel gas composition of 80% H>O —20% Ha (0.8 slpm of H,O and 0.2 slpm of H>)
at 860 °C was carried out. The current density was fixed to -0.67 Aecm. EIS measurements at OCV were
carried out in a specific time interval. Equivalent circuit model fitting of these data was per ed with
Zview®.3* After such long-term SOE operation, the L65SCrN fuel electrode cell’s ho was

observed with a scanning electron microscope (SEM) Zeiss ULTRA PLUS SEM (Cagl ZeissG, Germany)

in combination with energy-dispersive X-ray spectroscopy (EDS) for elem

Xflash 5010 detector supported with the software Quantax 400. The crygiglli re was investigated

by X — ray diffraction (XRD) using the D8 Discover GADDS, equ ith a VANTEC-2000 area

detector (Bruker AXS, Germany) and a microfocus Cu-Ko ragtion squrce operated at 50 kV and 0.6 mA

with Bragg-Brentano geometry. Crystalline phases were i§Wgtied Wfth the ICDD database.

2.4 Conductivity measurements. The electri octi§gty was measured on porous L65SCrN films
that were screen-printed on inert, insulatin 1 cmQQ\ O3 substrates, and subsequently sintered in air at
1100 °C for one hour with a ramp rate,@&3W/min-™n these, four-wire Van-der-Pauw measurements*® were

performed to determine the sig tange” and effective conductivity in varying gas mixtures and

temperatures in a high-te N gasurement chamber consisting of a fused silica tube inside a tubular

surements, the resulting pO. (which is a function of the mixing ratio) was equal to

thatfin the

comp to the full cell electrolysis measurements (80% H>O —20% Ha).

11 cell tests (~107'® bar). Therefore, the defect chemistry and Ni exsolution kinetics were

3. RESULTS AND DISCUSSION
3.1 Temperature dependency of the steam electrolysis with L65SCrN and Ni-CGO fuel electrodes
in ESCs. Polarization curves of full cells with L65SCrN and Ni-CGO fuel electrodes in SOE operation are

shown in Figure 1a. The fuel gas mixture was 80% H>O - 20% H; and the operating temperature was varied



from 860 °C to 770 °C. At the typical SOE operating temperatures, the thermoneutral voltage for steam
electrolysis remains relatively constant at 1.29 V. For both types of cells, the specific electrical energy
requirement’® close to thermoneutral voltage (1.29 V) was calculated to be ~ 35 kWh/kg H,. This calculation
was done as the ratio between the consumed power and the produced hydrogen mass flow, assuming
Faraday efficiency of ~ 1.For stacks the values are typically slightly higher in the range betwg@37 — 44
kWh/ kg H,.* ¥7 Regardless the fuel electrode and the temperature, the cell voltage U, we early

linear evolution without indication of mass transport limitations in the investigatqd rangcAt 860 °C, a

comparable performance of the two cells was appreciable. However, at low , a significant

performance difference was observed: at the thermoneutral voltage of 5SCrN-based cells

displayed higher electrolysis current densities, i.e. 0.65, 0.52 and 0.40 A n contrast, those values are
0.61, 0.48 and 0.37 Ascm™ for the Ni-CGO cells at 830 °C, °C ad 770 °C respectively. Above 1.29
V, the curves flatten slightly, likely due to improved elec incics and electrode/electrolyte transport
characteristics because of the local heating whegfente tNp exothermal regime.*® Nonetheless, in first

B

approximation, U_,;; can be described by OAINs la g. 2 as a function of:

1) the OCV (Uocv),

ii) the applied electrolygimmggur®yt degsity /, and
iii) the area speci e bf the cell (ASR;otq;) that is the slope of the polarization curves in

the line a hich is a function of the operating temperature. The temperature

de tE ASR;otq1 can be described by an Arrhenius-type expression as shown in Eq.
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Figure 1. (a) Polarization curves of L65SCrN and Ni-CGO fuel elecjaemulg

SCs in electrolysis
mode with a fuel gas mixture of 80% H>O - 20% H> (0.8 slpm of HzO slpm of H») at 860 °C, 830
°C 800 °C and 770 °C. The thermoneutral voltage (1.29 V) o m elagctrolysis is depicted. (b) Arrhenius-
type plots of the ASRoi for the L65SCrN and Ni-CGO ¢ culfted from (a) on a linear interval close

to the thermoneutral point. The corresponding al128g hyyhrogen production rate is shown on the right

axis.
Uceu% Rrotat *J e

— Ea
%, = Bexp(2) 3)
Figure 1b shows t iusY¥pe plot of ASR;p¢q:- The exponential fits were shown to be suitable to

describe the t dédpendency and thus it was possible to determine an apparent activation energy

7 tar for the two type of cells: E, = 0.57 eV for the cells with L65SCrN fuel electrode

(R*& 0.999) aMd E, = 0.69 eV for the cells with Ni-CGO cermet electrode (R? > 0.996). The normalized
hydrogen production rate % is also reported as complementary indicator of the performance (Figure 1b,

right axis), with m as the calculated mass flow rate of produced hydrogen and A as the active area of the
cell. At 860 °C both type of cells produced similar amount of hydrogen. However, at lower temperatures

the hydrogen production rate calculated for the L65SCrN-based cell was systemically higher than the one
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for the Ni-CGO-based cell. This observation correlates well with the lower apparent E, calculated for the
L65SCrN-based cell, which reflects lower ASR;,;,; Values at lower temperatures. To elucidate the different
temperature dependencies of the two type of cells, it is thus necessary to further resolve the specific
contributions of the ASR;,¢q;, Which can be described as the sum of the ohmic and polarization resistance

terms:>®

ASRTotal = (ASRohmic) + (ASRpolarization) (4)

Considering the contribution of the electrolyte, the current collection and interfacy s (CCD to
the ohmic term, as well as the contributions to the polarization term from oxygen electrode
processes and the gas transport losses, Eq. 4 can be detailed as:

ASRrotar = (ASRejectrotyte + ASReer) + (ASRpyer etectroae + AS etectrode + ASRgas) (5)

The term corresponding to the gas transport losses mainly acgunts Yor the gas conversion polarization

diffusion limitation (gas flow perpendicular t fuel Qecode) is expected to be minimal in the ESC

clect@pde were similar for both type of cells, the difference

¢ with thickness variation.’> 4142

spectra 1or the (a) L65SCrN- and (b) Ni-CGO-based full cells at different temperatures. The characteristic
frequencies of the charge transfer process on LSCF oxygen electrode and the LSCF/CGO interfacial
double-layer capacitance were identified to be between 100 Hz and 1 kHz.* *-# A low frequency peak,

that is generally associated to the gas conversion in our setup!! was identified at ~ 3 Hz. A slightly lower

11



frequency (~ 1 — 3 Hz) of the gas conversion was observed for the L65SCN electrodes, which is in
agreement with our previous work with similar L65SCrN fuel electrodes.® The gas conversion resistance
can be expected to slightly increase with higher temperature,* which is in accordance with the observed

behavior for the L65CrN-based cell at frequencies ~1 Hz (Figure 2.a).
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0.06 fﬁé‘% 0-06r = 770°C
o 4 E ® 800°C
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Figure 2. Imaginary impedance spectra recorded at OCV ¢ (a) Lﬁv - and (b) Ni-CGO-based full ESCs
in electrolysis mode with a fuel gas mixture of 80%QEO -Y% > (0.4 slpm of H,O, 0.1 slpm of H, and

0.5 slpm Ny) at 860 °C, 830 °C, 800 °C and 7,

However, the Ni/CGO-based #sll Show opposed temperature dependency of the impedance at
frequencies of ~1 Hz, where fha reS€tanc decreased with increasing temperature (Figure 2.b). This

¥

reased convolution of the gas conversion process and the Ni/CGO

fuel electrode pro

dependency o COS een 3-100 Hz for both cells, characterized by a decrement of the imaginary

studi 5SCrN?® and Ni/CGO fuel electrodes.*®*” Nevertheless, these processes could overlap with the
gas conversion at ~1 Hz.** 4% Additionally, on porous electrodes, ion conduction, stoichiometry changes
(chemical capacitance) and surface redox kinetics cannot be deconvoluted by individual frequencies. All of

these phenomena make very difficult to precisely quantify the ASRfye; erectrode term. What stands out

from these spectra is the response of the imaginary impedance of the L65SCrN-based cell in the frequency

12



range between 1-100 Hz upon changing temperature, which was less pronounced than the one of the
Ni/CGO-based cell, being thus in accordance with the trend observed on the polarization curves in Figure
1. In the Nyquist plots of these EIS spectra (Figure S3), a slight difference in the ohmic resistance between

the L65SCrN and Ni-CGO-based cell can be observed for all temperatures. For each temperature, the

Ni-CGO, while 0.54 Qecm? for the L65SCrN cells. For the case at 770 °C, the AS

was identified at 0.86 Qecm? and for the L65SCrN at 0.94 Qecm?. Such syste

resistance could be attributed to a lower electronic conductivity of themger

N

electrodes and current collectors. However, this can by far n lain the entire observed difference in the

contribution to this difference might also originate from slightly di ontact resistances between
ohmic resistance. In order to better assess the fuel electro essys on the L65SCrN fuel electrodes, the
temperature dependency was evaluated in a sy; tr cq} configuration in H,: H,O atmospheres as
following.

3.2 Temperature and gas compogftion\depenence of the polarization resistance of L65SCrN fuel

electrodes. EIS measurements 3 LGSCrN symmetrical button-cells are shown in Figure 3 a-d, in

o semicircle-like features for all 4 temperatures and both gas
compositions (Figu e low frequency process at peak frequencies of ~ 0.1 -1 Hz was likely

c
relatedtoa L fag¥'process.® In the symmetrical cell test setup, H, and H,O partial pressures were

lower and @ shpere was more reducing, compared to the full cell setup. Therefore, due to the different
0xy<en stolSmasictry in the symmetrical setup, the CGO buffer layer and the L65SCrN exhibit higher
chem acitances, which could be modelled in parallel connection. Moreover, the surface kinetics are
lower due to the lower H, and H,O partial pressures, which leads to a decrement of the characteristic
frequency, also due to the larger ASR and chemical capacitance. Consequently, for the symmetrical cells
studied in this work, the characteristic frequency shifted to lower values, identified at ~ 0.4 — 0.6 Hz (Figure

3b and d). Equivalent circuit model (ECM) fitting was performed in order to estimate the resistance values

13



of the different thermally-activated contributions. Details of the ECM for each temperature are described

in FiguremS4-S5 and Tables S1-S10. The fitted resistance values of the L65SCrN electrode polarization

process as a function of temperature are shown in the Arrhenius-type plot in Figure 3e.
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Figure 3. EIS spectra recorded at OCV of L65SCrN symmetrical cells at 860 °C, 830 °C, 800 °C and 770

°C. (a) Nyquist and (b) imaginary impedance plots for the fuel gas mixture of 10% H,O - 90% Ho,. (¢)
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Nyquist and (d) imaginary impedance plots for the fuel gas mixture of 38% H»O - 62% H,. (e) Arrhenius-
type plots of L65SCrN symmetrical cells calculated from ECMs at OCV with fuel gas mixture of 10% H>O

- 90% H, (blue pattern) and 38% H,O - 62% H> (black pattern).

Apparent activation energy barrier values E,; for the L65SCrN electrochemical processes were calculated
from the Arrhenius-type relation.*” The exponential fits were calculated with a single appa ctivation

energy barrier. These Arrhenius-type plots yielded an E, = 0.80 eV (R? > 0.999) for agcompPition

10% H>0 - 90% H, and E; = 0.89 eV (R* > 0.997) for 38% H>O - 62% H,. These \ngar vi¥es suggest

that the mechanistic pathway is the same for both gas phase compositions \ficant influence of

pH: on the nature of the rate-determining step between 90 % and 62 ore, these values are

within the range of other perovskite-type MIEC fuel electrode materials Zd in H,:H,O mixtures), such

as Sr(T1,Fe)Os (STF),* as well as for CGO thin film glectrod®>" PThe calculated E, values for the

L65SCrN surface process are within the relatively bufad ralg€ réPorted for Ni-CGO cermets ~ 0.51 — 1.16

eV in Hy:H>O mixtures.*> *% 4% 53 Due to the rity Wh the electrolyte substrates, the most suitable
reference data for comparison are the g m th€ symmetrical cells Ni-CGO|CGO-3YSZ-CGOINi-
CGO reported by Riegraf et al.* elpwoNg, the authors calculated an apparent activation energy of ~

t8€d in 20% H,0-80% Ha between 600 °C and 900 °C.*

1.16 eV for symmetrical Ni-( %

Overall, the calculatgthaphgrerMyg#tivation energy depends not only on the energy barrier of the rate-
limiting step, but E% temperature-dependent concentrations of surface adsorbates, oxygen vacancies
and polarogg Because of the complexity of the deconvolution of these steps, a quantification of such

N

activatio‘n energies would be very challenging and would require density functional theory (DFT)
moélling,\J ’vhlch goes beyond the scope of this work. Instead, one could assume that the calculated
apparent E,; is probably related to a rate-limiting step, that has a different activation energy barrier for the
L65SCrN than for the Ni-CGO. One important difference between the Ni-CGO cermet and the perovskite

L65SCrN electrodes is the Ni dispersion. In Ni-CGO the Ni particles are percolating in the electrode and

are much coarser than the exsolved Ni nanoparticles on the L65SCrN. Another relevant difference is the
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ceramic phase: different intermediate steps could take place on the CGO surface in contrast to the L65SCrN
surface.

Hence, it is reasonable to assume that the kinetics of the intermediate reaction steps are likely to be
different. Nevertheless, what can be drawn from these results in correlation with the full cell measurements
is that the kinetics of both electrodes are similar at 860 °C due to the comparable good cell pgfsrmance.
Below 860 °C the perovskite-based fuel electrodes show a gain in performance, whighftould Wgssibly

indicate that the reaction kinetics at these temperatures are more favorable on the LRISCr n on the Ni-

CGO fuel electrodes. Regarding perovskite electrodes, the reaction kinetics anfed by metallic

nanoparticles exsolved on the perovskite’s surface. Such performance jaggro ave been reported
on ferrite perovskites with exsolution of Fe** 3 and Ni.>
In our previous work,*! we observed that sulfur species poi d the metdllic Ni on the L65SCrN surface

in SOFC operation, for which we speculated that Ni is li involY€d in the H» dissociation and perhaps

also in a possible charge-transfer reaction e NP etween gas phase/exsolved metallic Ni

phase/perovskite phase.
Analogous to this, it was proposed giNerNe petoeskites in SOFC operation that the water re-combination

occurs on the perovskite surfacg ydgpgen spill over the metal (Fe or Ni) exsolutions.>* The authors

also assumed that the dis ia

surface.”*

» 1s much faster on the metal particles compared to the perovskite

For the rev been reported that on CGO and ferrite perovskites the H,O dissociation is
» desorption.”” *® Consequently, despite the lack of data for L65SCrN reaction
E operation, it is possible to consider that the Ni is assisting the electrode kinetics. This
s also in line with the results of a DFT study by Hansen and Wolverton, who investigated the
kinetics and thermodynamics of H,O dissociation on thin films of CeO,.«(111) deposited on close-packed

noble metal surfaces. They found that H desorption exhibited a higher kinetic energy barrier on the ceria

surface and therefore H, desorption was taking place via hydrogen spillover on the noble metal particles.>
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Therefore, it is possible that hydrogen spillover from the L65SCrN surface to the metallic Ni particles
would facilitate the hydrogen recombination and desorption in SOE operation.

As sketched in the mechanism in Figure 4, we propose that the adsorbed H, O dissociates into proton H*
and hydroxyl group OH~ on the perovskite surface, where the positively charged proton H* attaches to
the lattice oxygen 0 to form a OH}, and the negatively charged hydroxyl group OH~ fills t sitively
charged oxygen vacancy V; to form another OH;, > By means of an electron transfer, thgde two 2, are

then electrochemically reduced to 20% and 2H,,. Then, hydrogen ad-atoms spill owgg from erovskite

surface to the exsolved metallic Ni, where finally 2H,,; desorbs as H, (g the’electrode. The

electroneutrality of the perovskite lattice is maintained with one I3 % p filling the oxygen
0

5, 60

vacancy V; on the electrolyte, which is transported in the form of e oxygen electrode,” * as

suggested in Eq. 1.

Electrolyte

7
Figure 4. Sketch of the prop Whe water splitting reaction with the oxygen vacancies on the

L65SCrN fuel electrode, & spillover, recombination and desorption take place on the metallic
0

Ni nanoparticles ex§o th@perovskite surface.

3.3 On MM stability of L65SCrN fuel electrodes in SOE. The long-term behavior was
eval Q 000 hours in galvanostatic conditions at 860 °C with a fixed electrolysis current density
of -M&7 A+¢gm=, corresponding to the initial thermoneutral voltage of 1.29 V. Impedance measurements
were carried out roughly each 100 hours at OCV (Figure 5). During the first 36 hours there was a
performance improvement where the cell voltage decreased to 1.27 V. This improvement correlated with a
strong shrinkage of the low frequency fuel electrode arc in the impedance spectra in Figure Sc and d. During

this time, very likely the surface chemistry of the L65SCrN electrode changed due to electrolysis operation.
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The most obvious candidate for this process is Ni exsolution (Ni*"),8

creating metallic surface particles
that are catalytically more active for H, formation as the bare oxide surface. Also, the increment of the
oxygen vacancy concentration may modify the hydration properties of the perovskite surface,’ as well as
the Cr species reduction (Cr®** and Cr*"*") and Sr migration. All together, these phenomena that are
depending on the gas composition, cathodic overpotential and temperature, led possibly to an ation of

the fuel electrode.

After this period, the voltage increase rate was estimated close to 48 mV/1000 h, ghich cqgesponds to a

relative voltage increment AU /U, of about 3.6 %. These results represent a d
from Schefold et al., who reported 25 mV / 1000 h corresponding to 4 - Their results were
measured in the first 1000 hours of operation of an ESC with a Ni-C tlectrode operated in steam
electrolysis (75 % H»0) at 850 °C and -0.7 Aecm®. Over 8000gurs, they réported an average voltage drift
of 5.1 mV / 1000 hours.*

ECM fitting was performed in order to quagfi ewpution of both the ohmic and polarization

resistances, as depicted in Figure 5.b. (Thos Ms etailed in Table S11 and Figure S6). From the plot
¥s noticeable that the ohmic resistance shifts to higher
values with time. Until an opergis ofa. 833 hours this value strongly increases by 9.4%, but then

seems to stabilize at 0.534Q°c recorded after 67 hours confirmed that the polarization resistance

remained constant ion of the test at ca. 0.1 Qecm?, which is in good agreement with our

previous stud also the reproducibility of these results.® After 400 hours of operation, in an
attempt tq Q hmic resistance, a redox cycle was applied to the cell by flushing 0.1 slpm of oxygen
for fl hour N ¢ fuel side. However, the ohmic resistance degraded continuously. In summary, the
degra®aeef processes mainly affected the ohmic resistance while the electrochemical electrode kinetics
remained rather stable.

To identify any significant chemical changes of the L65SCrN electrode after the long-term test,

microstructural investigations were performed. The SEM image Figure 6.a shows that there were no

delamination at any of the interfaces, suggesting a good thermal and mechanical compatibility between the
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different cell components. However, tiny cracks on the CGO barrier layer on the fuel electrode side are
visible, for which an artifact from sample cleaving during metallographic preparation may not be excluded.
Nevertheless, in the case that those cracks were generated under SOE operation, they would imply a
decrease of the active cell area for the electrochemical reaction, which would increase both the ohmic and
polarization resistances. In such a case, since the ohmic resistance represents most of the rall cell

resistance, the expected changes in the polarization resistance would be hard to be obse@d rglved.

----- Vo 128V 860°C, OCV
860°C, -0.67 A.cm? " R,
0.8 A Ry
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Figlire 5. (a tage vs. time during 1000 h long-term SOE with fuel gas mixture of 80% H>O - 20% H:
(0.8s H,0 and 0.2 slpm of H,) at 860 °C and -0.67 Ascm™ of L65SCrN fuel electrode in full ESC.
(b) Fitted values of the evolution of the ohmic and polarization resistance during long-term study. (c)
Nyquist plot and (d) imaginary impedance plot at OCV and 860 °C during long-term study of 1000 hours

in SOE with fuel gas mixture 80% H,O - 20% H> (0.8 slpm of H,O and 0.2 slpm of H»).
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Elemental analysis performed by EDS revealed the presence of Sr and Zr within the CGO barrier layer,
as well as distinctive morphologies within the L65SCrN layer correlate with presence of Ce and also Gd
(Figure S7 and S9 and Table S12-S13 in the SI). These results could suggest the presence of a zirconate
phase in the CGO barrier layer. Complementary to this, XRD characterizations were performed both at the
inlet and the outlet of the fuel electrode. In Figure 6.b, the X-ray diffraction pattern at the outl ows the
identified characteristic peaks of the different components of the fuel electrode (L65SCriyf CGOIR3YSZ
and Pt). Nonetheless, these results did not reveal pertinent secondary phases norgphase omposition,

suggesting a zirconate phase was likely not relevant to explain the measure%adat

--------- LI L e L L

T
L65SCrN/CG020/3YSZ/CGO20/LSCF Pt
Outlet fuel side (Pt current collector) Ni e
: CG0O20 =
3 Experimental pattern YSZ o
J Lay, 75T, ,sCr0, 01-074-6268 |

COPY

Sl S ! ‘ '
Sk R . L %
Pt 1 1 L 1 1

20 30 40 50 60 70 80
20 /° (Cu Ka)
Figure 6. (a) Cross-section view iddyef an ESC implementing the L65SCrN fuel electrode after
SOE operation at 860 °C foz ) s. (b) XRD pattern of outlet side from ESC performed on the
fuel electrode side Pt/L#3S 3YSZ after SOE operation at 860 °C for ca. 1000 hours.

OXyg ncies. In p-type conductors, such as L65SCrN, the positively charged oxygen vacancies that

are created under strongly reducing conditions would decrease the concentration of electron holes along the
B-O-B chains in the perovskite lattice.": © Therefore, a possible decrease of the (electronic) conductivity
could explain the observed increment of the ohmic resistance. Because of this observation, Van-der-Pauw

conductivity measurements were performed on porous L65SCrN samples as shown in Figure 7.
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3.4 L65SCrN conductivity assessment in SOE operating conditions. The pO, dependence of the
conductivity was evaluated at ~ 860 °C for different oxygen partial pressures (Figure 7a). A (pO,)*'8
dependency was identified for the range between ~ 102° and 107! bar. This dependency is reasonably close

to (pO2)*!", which was measured on LSCrN formulations by Sauvet and Irvine® and by Yasuda and

Hishinuma.®* Meadowcroft reported (pO2)*!'” on undoped lanthanum chromites.%® This vior is
compatible with the hole conduction in p-type conductors. <
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600 700 750 800 850 900
doo
T~859°C
— e
~_ 051 Ea=0.10eV
5
T | ]
N 0] u
<70 . Ea=039 eV |
3 = DO N T OPY
(pO
871.5- p )
W= B ovs TinpOg ~ 1E-16 bar, HyH,0 = 1:4
B cvs Tinair
2.0 T T T T T T T T | 0.01+ T T T T T
=21 -20 -9  -18 17 -16 -15 -14 -13 -12 1.15 1.08 1.03 0.98 0.93 0.89 0.85
log[pO, / bar] 1000/T / K
,
1E-2
O
~— o a
E ~ .
o - 1l 1E-10 f
w 8 0.10 S-cm N
<8 Q
b a
— +1E-16
F1E-20
’ 0 50 184 250 360 SéD 460 4é0 560 EéD 660 Eéﬂ 760 750 800

Time/h

der-Pauw conductivity measurement of the L65SCrN conductivity vs. oxygen partial

preSQure at 89 °C. (b) L65SCrN conductivity vs. temperature in air (black dots) and also at constant oxygen
partial pressure of ~ 107'® bar (blue dots). (¢) L65SCrN conductivity (blue dots), sample temperature (violet

dots) and oxygen partial pressure (green dots) vs. time during 750h-durability test.

The temperature dependency in air (Figure 7b — black-colored data) yielded a value of E; = 0.10 eV,

63, 64

which agrees with the values between 0.11 eV and 0.14 eV reported in previous studies. For a better
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comparison with the cell test in Figure 5, the conductivity measurement in reducing atmospheres was
performed at a constant pO, of ~107'® bar (H,: H,O mixing ratio of 1:4) between ~ 600 °C and 860 °C
(Figure 7b —blue-colored data). The measured in-plane conductivity was as low as ~ 0.2 - 0.3 Secm™! at 860
°C, which was ~ 2 orders of magnitude lower in contrast to the reported values for the densely sintered bulk
perovskite,* due to its tortuosity and lower volume fraction.®® Also, the much smaller particle i ace area
(sintering neck) in a porous ceramic likely leads to a higher grain boundary resistang€™whicyurther

decreases the conductivity.

At these reducing conditions, an apparent activation energy value of E, = wa¥ calculated. In

constrast to the E, estimation in air, this higher activation energy valuc give an insight on

how the conductivity is affected in reducing atmospheres. In this p-typ dictor, it is assumed that the

4 _ « £ 1y 63, 64
b

holes (charge carriers h’) are present on the Cr-sites, such a rcr with polaron hopping
taking place on the B-O-B chains along corner-sharing-oc a infhe perovskite lattice.

tration in Cr*" and thus hole concentration

(6)
In L65 yng reactions may take place upon exposure to low pOa:
1
2Crl +05 - 2CrE + 502 + V5 @)
1
2 Nig + 05 - 2Nig, + 502 + V5 (®)
Whereas the nickel cation undergoes reduction to its metallic state:®
1
Ni;, + 0F - Ni® + 502 + Vi + Vg 9)
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This phenomenon of Ni exsolution and thus Ni depletion of the perovskite lattice creates B-site vacancies
that are not thermodynamically stable due to the nominally-A-Site deficient initial composition. Thereby,
A- and B-site vacancies may recombine at the perovskite surface through the annihilation of ABOs3 unit
cells, reducing the under stoichiometry on the A-site, such as:

Vid + Ve +3V5° - nil (10)

Considering the nominal A-site defficiency of the L65SCrN, the electroneutrality of thgAdttice 1Wgritten

as:

3[Vigl + [Srig] + [Nig, ] +3[Ve'] = [Cre, ] + 2 [Vp']  (11)

will reduce concentration of Cr(,, which may thus be detfigntal for the conductivity. However, the

[Crér] = 3 [Vig] + [Stial + [Nig,] + 3[Ver] -

Therefore, qualitatively, upon exsolution the decrement of Ni** (Ni, and A-site vacancies (V})),

detailed investigation of the point defect chemistry of the NXoes beyond the scope of this work.
About the role of the exsolved metallic nickel yggnopar®glesyn the conductivity of L6SSCrN, it is possible

to assume that since they are isolated from €a y cannot form a Ni-percolant network, leading to

a marginal impact on the electronic

Ni nanoparticles on the perovsj shown in our previous work.® Therefore, it is likely that the
exsolved Ni nanoparticle

their role is mainly,

H, desorptio erion.

thy” conductivity change over time was evaluated by performing Van-der-Pauw

megsurementywe? the electronic in-plane conductivity of porous L65SCN films on insulating substrates in
humi mospheres for ~ 750 hours, as shown in Figure 7c. Once the temperature was stabilized at ~
860°C and the pO, at ~ 10°'® bar, the initial conductivity was measured to be ca. 0.32 Secm’!, which served

as the initial value for this durability test. During the first ~ 257 hours, the conductivity decreased to a value

of ca. 0.24 Secm’'. Shortly after that, 10 redox cycles were performed (each lasting about one hour; see hour
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~263-285 in Figure 7¢) in order to evaluate if the conductivity recovered. Nevertheless, a slow conductivity
degradation to a value of ~ 0.10 Secm™! for the total testing time of ~ 750 hours was observed, for which the
redox cycles did not recover the initial conductivity.

Similar to the redox cycle performed on the 1000 hours-cell test, the conductivity of the L65SCrN did
neither recover nor severely deteriorate after redox cycling. The overall rather slow trend to s lower
effective conductivity and increased ohmic resistance indicates that the underlying re n mERganism

must involve a kinetically slow process, which includes cation diffusion. During an qgidatioMgycle, oxygen

ions diffusion into the lattice is possible much faster. This was observed by
reported the fractional conductivity change versus time by abruptly chaggg
samples at 1000 °C.* They modelled this behaviour as a non-steady stNg

sion process, for which the

driving force was considered as the oxygen exchange betwe ¢ sample and the surrounding. After 2500

seconds, they observed that the conductivity stabilized at tanPalue.® From their observations, it is

In ge e could assume that upon reduction of the L65SCrN, there is a trade-off between the amount
of Ni on the B-site, that enhances the catalytic activity, and the deterioration of the bulk transport properties.
The oxygen vacancy formation would promote Ni exsolution, but from a certain amount of exsolved Ni
and therefore Ni depletion from the perovskite lattice, the electronic conductivity of the perovskite would

be decreased. Therefore, in general for MIEC electrocatalysts with exsolution of metallic nanoparticles, it
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is challenging to estimate to which extent the reduction of the B-site cations affects the long-term stability
of the electronic conductivity, which may be unveiled by the ohmic degradation evolution over time.
Notwithstanding, an additional contribution to the ohmic degradation observed in this study from the

electrolyte and the barrier layers may not be excluded (Eq. 5).

feed, not only at 860 °C but also at lower temperatures, i. e. 800 °C. Therefore, w
same cell from the previous section at 860 °C and 800 °C with a fuel gas co

N> at -0.25 Aecm. Polarization curves and 70 hours-durability tests arceggo re 8. Analogous to

Figure 5, during the first 10 hours of operation an activation of the fuel e was observed, which was

more pronounced at 860 °C. A voltage drift of 30 mV/1000 #gas determined at 860 °C, while at 800 °C
the drift was 15 mV/1000 h. In this case, it is reasonable imat¥a possible degradation in terms of an
as st

ohmic drift since the applied electrolysis current it ant for both operating temperatures. With
the observed voltage drift and the Ohm’s laf\xpre as AU = | * AASRt¢q1, the degradation could be
calculated as: %
AASRrora186 Ky 2 LV_ =0.12 Q- cm? (13)
’ 0.25A-cm™2
oc = AU‘*]"O"C = o.zg.?ql-scfn-z =0.06 Q- cm? (14)

degfadation, ™lre 8b reveals that there has been a slight increase in the measured voltage for the test at
800 ° ontrast to the drift observed at 860 °C, which is greater by a factor of 2. These results indicate
that operation at lower temperatures would reduce the ASRr.1 degradation and therefore would also reduce

the drift in voltage on durability test in SOE operation. This is also consistent with a diffusion-limited

degradation process.
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As an opening to steam electrolysis without hydrogen on the feed gas, the L65SCrN perovskite could be
considered a promising fuel electrode for the production of green hydrogen at ~ 800 °C. This operation
mode would avoid the need of a reducing gas in the fuel feed in order to keep the electrode chemically
reduced. Even so, further long-term investigations at different temperatures (lower than 860 °C) and also

different electrolysis current densities would be required in order to better evaluate these per ite fuel

electrodes. <
P N

b
a 1.6 1.2
——800°C -0.25 A-cm?
—860°C ——800°C
——860°C
: AUgggee ~ 15 MV / 1000 h
1
/\[JBWC ~30 mV /1000 h
, | ‘ | i 0.9 o ! . . ! .
-1.0 -0.8 0.6 0.4 0.2 0.0 0 10 20 30 40 50 60 70
Current density / A-cm™ Time/h

Figure 8. (a) Polarization curves at 8 °C in SOE of a full ESC with L65SCrN fuel electrode

L658C i- GO fuel electrodes were investigated for SOE operation at different temperatures in
ESQ® architgcture. Estimations of the specific energy consumption and the produced hydrogen rate
normalized by the active area of the cells confirmed similar performance at 860 °C. However, L65SCrN-
based cells showed a performance gain at lower temperatures. The temperature dependency of the ASR;o¢a

and the specific resistance of the perovskite fuel electrode surface process, in full and symmetrical cell

configurations respectively, demonstrated lower apparent activation energy barrier values E, in contrast to
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the Ni-CGO cermets. This possibly finds its origin with a superior catalytic behavior of the L65SCrN over
the Ni-CGO below 860 °C. With the proposed reaction model for water splitting and hydrogen formation,
it was possible to assume that the role of the exsolved Ni nanoparticles is mainly catalytic. It is very likely
that the metallic Ni assists the hydrogen spillover and H, desorption on the L65SCrN perovskite surface for
the production of green hydrogen from water electrolysis at high temperatures.

During a 1000 hours-test at 860 °C in SOE operation, the L65SCrN-based cell sho a siqgificant

degradation of 48 mV /1000 h, for which an increment by 9.4 % of the ohmic regstanceger time was

identified. This degradation was possibly related to cation diffusion, whi the transport

properties of the perovskite electrode. These outcomes may raise thgmgue how stable is this

A

perovskite electrode in SOE operation and if other operation modes, s gp-electrolysis would be less
detrimental for the transport properties. Also, lowering the ating temperature from 860 °C to 800 °C
could be a suitable approach to mitigate degradation issue

From an operational point of view, L65SCrN el#troMg colld also be operated in pure steam electrolysis,
which can avoid the requirement of sweepirf\gteam Wgth hydrogen. This may facilitate system design and
operation, as well as decreasing op#hati cO™s. The performance gain observed with temperature

decrement for the perovskite elg oulg) be beneficial for the operation at larger scales. At the stack

level, where temperature gfadi¥y § significant, the use of perovskite fuel electrodes may yield a more

homogeneous perfo the different repeating units. This effect could be particularly favorable

in cell archit er ohmic contribution of the electrolyte. For instance, in CSC or metal

supporteq ures, being beneficial in terms of dynamic operation. Nevertheless, a key challenge

remfiins to B il. development and identification of MIEC materials that are more stable.
Be e specific case of this chromite, further experiments using other perovskite compositions that
are more stable over time, as well as different cell architectures, could shed more light on the benefit of

their implementation into cells and stacks for application in SOE systems.
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Supporting Information. Additional SEM images of ceramic powders, Nyquist plots of full ESCs
tested in SOE operation, equivalent circuit model (ECM) fittings, EDS analyses and XRD

spectra are included in the supporting information (SI) file.
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