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Abstract

This paper describes the reversible operation of a highly efficient microtubular solid
oxide cell (SOC) with a nickelate-based oxygen electrode. The fuel cell was composed
of a microtubular support of nickel and yttria stabilized zirconia (Ni-YSZ), an YSZ dense
electrolyte, and a double oxygen electrode formed by a first composite layer of
praseodymium nickelate (PNO) and gadolinium-doped ceria (CGO) and a second one
of PNO. A good performance of the cell was obtained at temperatures up to 800°C for
both fuel cell (SOFC) and electrolysis (SOEC) operation modes, specially promising in
electrolysis mode. The current density in SOEC mode at 800°C is about -980mA-cm™ at
1.2V with 50% steam. Current density versus voltage curves (j-V) present a linear
behavior in the electrolysis mode, with a specific cell area resistance (ASR) of 0.32
Q.cm™. Durability experiments were carried out switching the voltage from 0.7V to 1.2V.
No apparent degradation was observed in fuel cell mode and SOEC mode up to a
period of about 100 hours. However, after this period especially in electrolysis mode
there is an accumulated degradation associated to nickel coarsening, as confirmed by
SEM and EIS experiments. Those results confirm that nickelate based oxygen

electrodes are excellent candidates for reversible SOCs.
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1. Introduction

Solid oxide cell (SOC) technology is one of the most efficient systems for transforming
chemical energy into electrical energy [1]. This technology can work in reversible mode
(RSOC), producing hydrogen from steam and electricity (in solid oxide electrolysis
mode, SOEC), and then use the stored hydrogen to generate electricity and heat (in fuel
cell mode, SOFC), acting as an electrical energy storage device. The operation of
SOCs at intermediate to high temperatures has the potential to provide large-scale
electricity storage at a lower cost than other storage methods such as batteries, which
would allow further development of renewable electricity sources as that is the case of
solar and wind energy. Even so, applications for electricity storage in reversible mode
(RSOC) are still limited [2].

However, there is a problem of long-term stability of the cell components at
temperatures higher than 800°C [3]. We have to bear in mind that 40,000 hours of
operation is usually required for stationary devices and 1,000-20,000 hours for portable
and transport devices [4]. For this reason, SOCs are typically developed with electrode
materials for operations at intermediate temperatures, in the range between 600-800 °C
[5,6]. The characterization of reversible cells has been published extensively, especially
for planar configuration. However, long-term reversibility has only been studied more
recently [7,8,9,10,11,12,13,14,15]. In terms of degradation, one important issue is
related with the presence of impurities or secondary phases at the electrolyte/electrode,
which affect particularly to yttria-stabilized zirconia (YSZ) and ceria gadolinium oxide
(CGO) [16,17]. Those impurities are generally segregated at the grain boundaries
decreasing the ionic conductivity of the electrolytes [18]. In addition, cation diffusion can
be t also aking place during cell operation, especially through the cell interphases. For
example, Sm and Y segregation, as well as nickel agglomeration, was found on
microtubular cells operated for periods above 1000 hours, leading to structural and
chemical changes on the different layers [19]. The interaction between the barrier layer
and the YSZ, could also result in the formation of solid solutions with a lower ionic

conductivity [20].



Another issue is related to impurities coming from the fuel gas, producing the
degradation of Ni-YSZ fuel electrodes [21]. The optimization of Ni-YSZ structures has
also been studied, focusing on the correlation between the initial Ni-YSZ microstructure
and the resulting electrochemical performance during long-term SOEC operation at high
current density and (~0.9 atm) [22]. The present study demonstrated the
advantages of decreasing Ni particle size, matching the particle size of the 3 different
phases involved: Ni, YSZ and pores. It is evident that porosity distribution of the
supports plays a very important role in electrolysis mode [23]. In this sense, it was
recently reported that the introduction of large straight open pores into the supporting
electrode allows fast diffusion and thus the concentration polarization contribution to the
final resistance is reduced, providing better access to the reaction sites [24]. Finally,
another important aspect to take into account when operating in SOEC mode is the
limiting operation voltage. As previously reported by several authors, high voltages can
lead to electronic reduction of the YSZ [25,26]. This is a consequence of a moderate
increase in relation to the oxygen partial pressure in the adjacent gas phase occurs
along the oxygen electrode/electrolyte interface. Severe cell degradation can be
produced in form of voids, cracks and/or delamination of the oxygen electrode
[10,27,28].

In order to solve all this problems, one way to reduce the cell degradation is to
alternate cathodic (SOFC) and anodic (SOEC) operation modes [18]. For instance, it is
possible to unblock a degraded Triple Phase Boundary (TPB: where pores meet the
electronic and ionic conducting phases) by in-situ forming a new one by reversing the
operation mode. Activation by reorganizing the Ni-YSZ interfaces can be achieved by
reoxidizing the Ni particles, either by exposure to air or by a high polarization in SOEC
mode, followed by the reduction back to Ni, leading to a new TPB and improving the
electrochemical activity [29,30]. It has been also proposed to use high periodic cathodic
polarizations that lead to the formation of a nanostructured Ni-YSZ with greater activity
in TBP [31,32]. In terms of oxygen electrode activation/deactivation processes, it has
been shown that in LSM-YSZ electrodes reversible operation either avoids the
formation of oxygen bubbles at the electrolyte/electrode interface or enables reversal

growing process [33]. When SOEC polarization is halted, the oxygen pressure is



released, and the grain boundaries are healed by sintering back together at the high
operation temperature. Performance recovery was also demonstrated using LSCF-
based electrodes in SOFC mode [34]. In this case, the degradation was attributed to
surface segregation of Sr and accumulation at the electrode/electrolyte interface by

cathodic polarization, and could be remarkably mitigated by anodic polarization.

On the other hand, the development of new enhanced oxygen electrodes is
necessary to improve the phase stability and performance of the electrode/electrolyte
interface under high in SOEC operation mode, and especially above ~ 750°C [35].
In this sense, nickelates pertaining to the Ruddlesden-Popper (RP) series are proposed
as good candidates. The RP structure can be described by alternating “n” octahedral
layers with perovskite structure, (AMX3),, with rock-salt layers, AX, where A is a
lanthanide or alkaline earth metal, M a transition metal and X the anion (general
formulation: An+1MX3n+1). As for the nickelates where A= La, Nd or Pr, high order RP
oxides (AsNi;O7 and A4NisO40) show fast ionic and electronic transport properties
[36,37]. This family of materials presents a flexible oxygen stoichiometry, capable of

accommodating the oxygen excess under high atmospheres in the crystallographic
interstices and supporting the low atmospheres through the loss of interstitial
oxygen. Nickelates show rapid diffusion of oxygen ions through granules and rapid
surface exchange kinetics. Their oxygen diffusion and kinetic surface exchange
coefficients are among the highest values available in literature [38]. It has also been
reported that nickelates are less prone to Cr poisoning from interconnectors than LSCF
based oxygen electrodes [39]. However, chemical and thermodynamic stability is a
problem for the Pr3Ni,O; phase (PNO), the one with the highest oxygen diffusion and
surface exchange kinetics, at the typical SOC operation temperatures [40]. In despite of
this, nickelate materials have been proposed as oxygen electrodes for electrolysis
applications [41,42]. Studies about reversibility using PNO cathodes were also
performed in standard planar cells [43]. In addition, in a recent study we reported good
stability using PNO-CGO oxygen electrodes, where no degradation was detected during
100 hours of SOFC operation. The performance obtained during these experiments in
SOEC mode was also remarkable (-780mA-cm™ at 800 °C and 1.3V) [14]. In this



experiment it was concluded that a reaction between PNO and CGO occurs during
sintering, thus forming a mixed oxide of cerium doped with Gd and Pr.

The present work will be focused on the development of advanced SOCs using
PNO electrodes in microtubular configuration. This configuration presents significant
advances including higher energetic density, better resistance to thermal stresses, and
smaller starting times as compared with conventional planar configuration [13,44].
Several studies can be found in the literature regarding microtubular SOECs [10, 14, 15,
23]. In addition, Chen et al. [45] conducted direct synthesis of methane from CO»-H,0
co-electrolysis using tubular SOCs. However, there is still lack in the literature about
long-term reversibility studies using microtubular configuration. In our previous work, we
presented results about the performance of PNO based cells in fuel cell and electrolysis
mode [14]. Nevertheless, reversible cycling studies were not performed in detail, as they
will be here presented and discussed.

2. Materials and methods

The support tubes were fabricated by the Powder Extrusion Molding (PEM) method, as
previously described [46,47]. After reduction of nickel oxide their composition was 25%
Ni, 25% YSZ and 50% porosity (in vol.%). YSZ electrolyte and the PNO based oxygen
electrode were subsequently deposited by dip-coating. The oxygen electrode is
composed of an external layer of PNO (Marion Technologies), and a functional PNO-
CGO layer with 4:1 wt% composition (CGO from Fuelcellmaterials). Both layers were
sintered in two steps at 1100° C for 2 hours. The final dimensions of the cells are: 580
pMm thick fuel electrode, 20 pym thick YSZ electrolyte, 5 um thick PNO-CGO and 40 pm
thick PNO oxygen electrode (3.2 mm resulting diameter). The porosity of the samples
was calculated by Hg porosimetry experiments, as described in reference [46]. The cells
were then evaluated in SOFC and SOEC modes, using a fuel composition of 50% Ha
and 50% H-0, using typical gas flows of 100 ml min™" (fuel utilization of about 40%)
[48]. The oxygen electrode was exposed to static air. Electrical contacts were made
using gold wires in a four-probe setup configuration [49]. For the fuel electrode contact,
gold wires were coiled into featured holes on both ends of the microtubes. For the
oxygen electrode contact, gold wires were coiled around the PNO cathode surface (1

cm2) adding Au paste to improve the electrical contact and current collection. The cells



were sealed to alumina tubes using a ceramic sealant (Aremco, Ceramabond 503).
Current  density—voltage  (j-V) characteristics were recorded using a
galvanostat/potentiostat (Princeton Applied Research, Oak Ridge, US) working in
potentiodynamic mode at a scan rate of 5 mV-cm?'s™”. Electrochemical impedance
spectroscopy (EIS) measurements were performed under open circuit voltage (OCV)
conditions using 20 mV of sinusoidal amplitude and a frequency range from 100 kHz to
100 mHz. The durability tests were carried out in chronoamperometry mode at fixed
voltages of 0.7 V (SOFC mode) and 1.2 V (SOEC mode). The microstructure of the cell
was analyzed, before and after operation, using a Carl-Zeiss (Merlin) field emission

scanning electron microscope (FE-SEM).

3. Results and Discussion
The j-V curve measured at 800 °C for the reversible microtubular Ni-YSZ/YSZ/PNO-
CGO/PNO cell is shown in Fig. 1. The obtained current densities are about 500 mAcm™
at 0.7V in SOFC mode, and about -800 mAcm™ at 1.2V in SOEC mode (ASRsorc =
0.40 Qcm? and ASRsoec = 0.32 Qcm?), and the performance is enhanced after 20 hours
under SOEC operation: 580 mAcm™ at 0.7V in SOFC mode, and about -980 mAcm™ at
1.2V in SOEC mode (see figure 3a). The performance in SOFC mode, including power
densities, is shown in figure 3b. These results outperform previous reversible
microtubular cells in SOEC mode using either LSM-YSZ (-480 mAcm™ at 1.2V and 820
°C) or LSCF (-675 mAcm™ at 1.2V and 800 °C) as oxygen electrodes [10,15,47,50]. In
despite of a slightly lower performance in fuel cell mode, it is remarkable that the
performance on SOEC mode is significantly higher when using PNO-based oxygen
electrodes. As previously reported, electrode materials with oxygen hyperstoichiometry
due to their Ruddlesden—Popper crystal structure, such as PNO, are believed to be

suitable for effective oxygen evolution in the SOEC mode [7].

Subsequent to the initial characterization, durability experiments were carried out. For
this purpose, alternate SOFC and SOEC cycles were recorded fixing the voltage at 0.7
and 1.2 V respectively, as shown in Fig. 2. Representative j-V curves obtained between

the cycles are shown in Fig 3. The total duration of the test was about 150 hours under



current load. As observed in Fig 3, an enhancement in terms of performance was
obtained for both SOFC and SOEC modes after the first SOEC cycle at 1.2 V. In fact,
maximum values of 600 mA-cm™ at 0.7V (SOFC mode) and about -980mA-cm™ at 1.2V
(SOEC mode) were then obtained. Continuing the alternate durability test, no
degradation was observed after the first SOFC cycle, but then, a clear loose of
performance was perceived during the second SOEC cycle. In despite of this
degradation, switching again to SOFC mode (second SOFC cycle) seems to be
beneficial, as the current density increases with time until reaching a quasi-stationary
state. As shown in Fig. 2, the degradation observed in SOEC mode is then recovered
after the second SOFC cycle, and no apparent degradation was observed up to a
period of about 100 hours. This behavior also occurs in both the third and fourth cycles.
It is then clear that the system recovers its performance to a large extent by reversing
between SOEC/SOFC modes. According to Graves et al. [33], formation of O, bubbles
are being produced during extended SOEC operation by high internal pressures at the
oxygen/electrolyte electrode interface and thus generating pore formation. As a
consequence, continuous operation under electrolysis mode can carry out the complete
separation of the YSZ particles at the oxygen electrode/electrolyte interface. The
reversible operation either mitigates this mechanism or reverses its formation.
Nevertheless, in our experiments not all the degradation is fully recovered and some of
the decay is irreversible. After this period especially in electrolysis mode there is an
accumulated degradation associated to nickel coarsening, as later confirmed by SEM
and EIS experiments. The current fluctuations that can be observed in figure 2 were
associated with partial contact losses in inner current collector. The anode contact was
rebuilt after 60 hours (t3) and then current fluctuations disappeared up to 125 hours (ts),
where they appeared again. Finally, the j-V curve at ts in SOEC mode shows a concave
shape. At low current densities, concentration polarization can be observed possible as
a consequence of the deterioration of the Ni-YSZ microstructure. Subsequently, the
slope decreases at high current densities caused by electroreduction of the YSZ in the

presence of the low oxygen partial pressures at the hydrogen electrode side [5, 27].

EIS measurements (Fig. 4) were also recorded at the end of each cycle in order to

study the evolution of the cell. The Nyquist plots were fitted using the following



equivalent circuit: , Where is an
inductance, is the ohmic resistance, and , are resistances (R)) in parallel
with constant phase elements (CPE;). Capacitance and frequencies for of each
contribution were calculated according to the equations listed in reference [51]. The
assignation of the fitting parameters to the different physicochemical processes
according to their characteristic frequencies is, in general, consistent with previous
results found in the literature for similar cells [14,52,53,54,55]. A summary of the fitting
parameters is listed in Table 1. In order to validate the fitting, Distribution of Relaxation
Times (DRT) analysis [56,57,58] was also performed, as described in the
supplementary material, and the obtained values are also included in Table 1. The
ohmic resistance (Rs) increased slightly during the degradation test. We believe that this
could be related to coarsening of the gold paste of the oxygen electrode current
collector, since no porosity was detected inside the YSZ electrolyte, a common cause
for this fact frequently found by other authors [59]. R1 parameter is influenced by
interface impurities such as Pr,Zr,07. This is probably the effect occurring at grain
boundaries during sintering, or even during operation under current load. As observed
in Table 1, this component is about constant with time after the first cycle. R2 and R3
parameters were assigned to charge transfer processes at the fuel and oxygen
electrode, respectively. Focusing on R2, the variation of this component is probably
associated to Ni growth and/or the formation of nickel hydroxides [60]. R2 values
decreased after the SOFC cycles, while in SOEC conditions the opposite occurred,
indicating a direct relation with the increase of steam. These processes related to
charge transfer activation of the Ni phase [48,61], are possibly influenced by the
agglomeration/expansion of the nickel particles in the fuel electrode, caused by steam
partial pressure variations. The migration of Ni from the electrode/electrolyte interfaces
to more distant zones has been previously reported [62,63,64], and could explain the
increase of R2 due to charge transfer processes at the Ni-YSZ interface. In fact, YSZ-
NiO crystallographic orientation is of great relevance for the reduction of NiO and the
stability of the Ni-YSZ interface [65,66]. Under high applied voltages (1.2V) in a
prolonged manner, Ni can be subjected to partial reoxidations. In relation to R3,

apparently there is less variation with time of this component, which is associated to



charge transfer at the oxygen electrode. These oscillation is more noticeable from the
DRT analysis, and could be attributed to the metastability of the PNO phase in the
range of 800—-950 °C under oxidizing atmospheres, as a reversible decomposition into
PrsNizO10.x and PrO,., was reported [67]. Finally, the evolution of R4, assigned to mass
transfer processes, mainly in the supporting fuel electrode, is similar to that observed for
R2. It is reasonable to accept that the mobility of nickel particles also changes pore
distribution in the support, thus affecting gas diffusion processes. Additionally, for a
better understanding of the different components, EIS varying the current density was
performed for an analogue cell, and their results can be found in the supplementary
material (figure S4 and table S2), confirming the assignation of the four resistance

components.

Typical microstructure of the cell after operation is shown in Fig. 5. No apparent
degradation in the double-layer oxygen electrode (PNO-CGO/PNO) is observed after
the reversible durability test (figure 5b). On the contrary, visible degradation occurs
mainly in the Ni-YSZ fuel electrode, where the agglomeration of nickel particles results
in a gradient distribution of porosity, where an accumulation of pores is observed in the
inner part of the tube. This effect is quite significant in the large pores originated from
the pore former, as observed in Fig. 5¢ and in the magnified images (figs. 5d-g). This
finding is probably causing the decrease of current density, which is also consistent with
the EIS degradation results. We have demonstrated that the degradation could be
partially removed by reversible cycling between the electrolysis and fuel cell modes, in
agreement with previous results [20,26,27]. However, irreversible damage was not fully
recovered. Additional experiments will be then needed to find the limits under

continuous SOEC operation in order to avoid irreversible damage.

4. Conclusions

We have prepared reversible microtubular solid oxide cells for both SOFC and SOEC
applications using Ni-YSZ cermet as support and fuel electrode, YSZ as electrolyte and
PNO-based oxygen electrode. The stability of PNO as oxygen electrode has been here

confirmed. We have determined high current densities in SOFC mode, 600 mA-cm™ at



0.7 V and 800 °C, and about -980 mA-cm™ at 1.2 V and 800 °C in SOEC mode, which
is, to the best of our knowledge, the highest reported value for a microtubular
electrolyzer. The cells were operated under continuous load for a total period of 150
hours combing SOEC and SOFC cycles. Although some degradation was observed
during SOEC operation, part of this degradation was recovered when cycling to SOFC
mode. The cause of the degradation was attributed to nickel mobility at the fuel
electrode under high steam partial pressures. These experiments confirm that
PNO/CGO mixtures are excellent candidates as oxygen electrode for SOFC/SOEC
applications. However, further experiments are needed in order to totally avoid

degradation in terms of power density.
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Figure 1. Initial j-V characterization (tp) of the microtubular cell in SOFC/SOEC modes
at 800°C.
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Figure 2. Durability tests in SOEC (1.2 V) and SOFC (0.7 V) modes. The different time
intervals are shown in the graph (to-ts).
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Figure 3. (a) -V curves of the microtubular cell in SOFC/SOEC modes at 800°C
collected at different time intervals during the durability test; (b) j-P curves in SOFC
mode at the initial state (tp), after stabilization (t) and after the complete durability test

(ts).
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Figure 4. Nyquist plots at 800°C (OCV conditions) collected at different time intervals
during the durability test.



Figure 5. SEM images showing the microstructure microtubular cells before and after
durability studies: a) Detail of the PNO electrode of an identical cell before operation; b)
detail of the PNO electrode after operation; c) microstructure of a similar cell before
operation showing an homogeneous distribution of porosity in the Ni-YSZ support; d)
microstructure of the PNO cell after operation showing the evolution of the porosity in
the Ni-YSZ support. Letters e-h indicate the approximate region where the subsequent

images (magnified) where taken.



Table 1. Fitting values of the Nyquist plots collected at 800° C and OCV using
equivalent circuits. Contributions to ASR correspond to the sum of Rs and Ryq (in
Q.cm?), with Rpo=R1+R2+R3+R4. Typical frequency range and capacity values for each
contribution are also indicated. The values in parenthesis correspond with the
calculated DRT values (see supplementary material).

Rs L1 R1
NA—IID—- AN

R3

R4

- NSArTANAATAN £
CPE1 CPEZ CPE3 CPE4 0
— > — > —> >
R1 R2 R3 R4
Time collected R (2-15x10° Hz) | (400-1500 Hz) | (50-100 Hz) (<12 Hz) Rpol ASR
(10*Fem-2) | (~10%F.cm?) | (~10%F.em?) | (~10™ F.cm?)
to 0.15 0.03 0.01 0.14 0.05 0.23 0.38
initial state (0.15) (0.04) (0.06) (0.07) (0.07) (0.23) (0.38)
t3(56 h). 0.16 0.09 0.24 0.29 0.73 1.35 1.51
after SOEC (0.15) (0.07) (0.37) (0.45) (0.46) (1.34) (1.49)
t; (90 h). 0.17 0.09 0.10 0.09 0.07 0.35 0.51
after SOFC (0.16) (0.04) (0.12) (0.06) (0.07) (0.29) (0.45)
ts (125 h). 0.18 0.11 0.19 0.17 0.56 1.02 1.20
after SOFC (0.16) (0.06) (0.24) (0.37) (0.37) (1.03) (1.19)
tg (150 h). 0.18 0.12 0.25 0.26 0.81 1.43 1.61
after SOFC (0.17) (0.09) (0.36) (0.49) (0.48) (1.43) (1.60)
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