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Abstract
Energy storage systems are key for the transition to a net-zero carbon society, for they mitigate the great

uncertainty and intermittence of renewable energy sources and add more flexibility of regulation by connecting
electric and energy grids. Solid Oxide Cells are a type of electrochemical energy conversion technology that can
function as both a power generator (fuel cell) and as part of an energy storage system (electrolyser), thus enabling
renewable electricity storage in a chemical energy vector, namely hydrogen, and vice-versa. Despite being
considered reversible, frequent switching between fuel cell and electrolyser modes may eventually lead to reduced
reversibility and efficiency after a certain number of operation cycles.

This study aims to examine the impact of two primary process variables, namely the frequency of fuel
cell/electrolyser switches (commutation time) and the reactant gases utilization rate on the performance of Solid
Oxide Cells for 500 hours. Through operando measurement of electrochemical impedance and ex-post circuital
analysis (equivalent circuit model: LRa(R:C)GRw), the study provides a systematic analysis of the cell's state of
health and polarization resistances evolution, contributing to the field of Solid Oxide Cells research thereby. This
study finds that the ageing effect ascribed to the electrolyte resistance decreases with lower commutation times, and
high reactant gases utilization rates imply lower variation of the electrolyte resistance, yet a sharper increase of the

air electrode impedance.
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1. INTRODUCTION

The problem of a sustainable and reliable energy supply is one of the greatest and most urgent issues our society
must tackle. Year after year, according to the International Energy Agency Stated Policies scenario, world energy
consumption is growing steadily, projected to rise at a rate of 1.3%yesr from 2020 to 2030, reaching 670 EJ by 2030
[1]. Increasing deployment of renewable energy requires large-scale seasonal storage technologies. Solid Oxide Cell
(SOC) is a promising electrochemical technology for energy and chemical processes [2], especially in power-to-gas

storage [3] and power-to-liquid processes, such as power-to-ammonia synthesis [4], [5]. SOCs are superior to their
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competitors in terms of power and gas (namely hydrogen) production efficiency, modular implementation, and
environmental benefits [6]. Then, SOCs can function in dual operation -namely reversible Solid Oxide Cells (rSOCs)
- hence as Solid Oxide Fuel Cell (SOFC) and Solid Oxide Electrolyser (SOE) [7], sketched in Fig. 1.

The reversible operation allows for high utilization and benefits in energy management and investment payback [8],
[9] in the outlook of a profitable integration with renewable energy systems and sector-coupling capability [10], [11].
Nevertheless, high, and variable cell polarization may activate peculiar (either SOFC or SOE) degradation
mechanisms. Transitions from the fuel cell to the electrolysis mode impact the true reversibility both at the cell and
the system levels [12]. On the one hand, the arbitrary SOFC/SOE power commutation influences the physiological
degradation of SOC materials [13], on the other hand, SOFC/SOE inversion is crucial to fully exploit this technology

in combination with renewable power sources, in off-grid systems or connection with the electric grid [14].
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Fig. 1 rSOC dual operation principle: electrolyser (up), fuel cell (down).

1.1 STATE OF ART

Reversible Solid Oxide Cells (rSOCs) are a recent topic of investigation, driven by the need to achieve efficient and
durable performance in both power-to-gas and gas-to-power assets. The stability of standard electrode materials from
the 1% generation (NiYSZ/8YSZ/LSM-8YSZ) proved satisfactory in SOFC operation, yet the same cell operated in
SOE mode showed marked degradation of the LSM-based air electrode (AE), especially for current density higher
than 1000 mA c¢cm[15]. In these conditions, the electrode may delaminate from the electrolyte and lead to a severe
increase of serial resistance in the cell, up to the ultimate failure. According to previous findings, LSM-based AEs
become the bottleneck for high-rate oxygen surface exchange reaction [16], leading to stagnant gaseous molecular O,
at the electrolyte-electrode interface and consequent increase of gas pressure [17]-[19]. With 2" generation LSCF
AEs, this issue has been solved [20], but high current density was proven to be challenging also for Ni-YSZ fuel
electrodes (FE) which suffer from Ni particle migration from the active part [21], [22]. The gradient in the intensity
of Ni migration follows the gradient in the distribution of the current density in the cell, with a marked migration at
the cell inlet and a moderate migration at the cell outlet. The causes for this phenomenon have not been completely
clarified yet, but it was demonstrated that it is closely connected to strong over-voltages in the electrode polarization

[23], [24]. The result of degradation at the material level is revealed by a sharp increase in the cell polarization



resistance, which can be accurately measured by electrochemical impedance spectroscopy (EIS) and its
deconvolution through the distribution of relaxation times method (DRT) [25].

Although rSOC operation benefits from technological research advancements on both SOFC and SOE single-mode
operation, certain intrinsic degradation phenomena are time-dependent and display an incubation period that can be
stopped by periodically switching to the other operation mode [26]. Even in the reversible operation, redox instability
is one of the major degradation causes. This is ascribed to reoxidation of the particles in the functional layers, that
driven by the excess of oxygen ions accumulated in the fuel. This happens when the fuel utilization is high, the fuel
supply is disrupted, or in case of unmanaged emergency shutdowns.

In attempts to contrast degradation, two techniques are normally experienced, namely thermal and current cycling
(example: [27]). It has been demonstrated that periodically reversing the current helps reducing degradation. As
already debated, LSM-YSZ undergo delamination when exposed to high SOE currents during reversible operation.
Nevertheless, the periodic switch to fuel cell mode can eliminate degradation effects. Graves et al. proved this
evidence implementing the 5:1 protocol, which consists in alternating 5 hours of SOFC operation every 1 hour of
SOE [28]. However, a 5:1 SOFC/SOE inversion protocol is not always feasible in a real system, unless other energy
storage unit are integrated with the rSOC to modulate the input/output profile. Similarly, Sampathkumar et al. [29]
tested rSOC inversion with a longer SOFC phase, with a time ratio of about 6.5:1 related to SOFC/SOE.

In another research work by Hauch at al. [27], rSOC commutation tests were conducted in cycles of 16 h SOFC and 8
h SOE (2:1 ratio), with applied current densities 400-600 mA/cm2 in SOFC and 600-1200 mA/cm2 in SOE,
applying an equimolar feed gas composition H20:H2 in both modes, reaching a reactant utilization of 40-80%. This
research revealed that, upon load cycling higher current densities are detrimental for the FE, yet H20 partial pressure
is not an issue and the cell mechanical integrity was maintained.

Beside investigating the best operation protocol, at stack level, some improvements are still needed for rSOCs as
demonstrated by ongoing research initiatives like the EU project REFLEX [30] and the Polish project Hydrogin,
where a 10-kW rSOC integrated with a combined heat and power plant fuelled with biomass was constructed and
tested [31].

1.2 SCOPE OF THE RESEARCH

The time-dependency of some degradation phenomena is worth exploring on 2™ generation state-of-the-art SOC, to
elucidate possible benefits or further damage induced by the SOFC/SOE operation inversion. Therefore, the current
work aims at assessing experimentally the impact of reactant gas utilization rate and the SOFC/SOE commutation
frequency on the polarization resistances evolution in NiYSZ/8YSZ/GDC-LSCF cells. The operation inversion
protocol is symmetric, with a time ratio 1:1 referred to SOFC/SOE phase (same power density in both modes, same
duration of each phase). Thinking of a rSOC as a “H2/H20 battery”, this operation protocol is equivalent to
homogeneous charge and discharge profiles, implying that the rSOC consumes all the hydrogen produced within a
SOE half-cycle in the subsequent SOFC half-cycle. This provides a novel approach compared to the state of art and

results to understand whether it can be a viable option. Hence, results are collected in 500-h lasting tests and, thanks



to a detailed analysis based on the equivalent circuit model, the most frequent degradation mechanisms are analysed

and related to the operation parameters.

2. MATERIALS AND METHODS

Experiments are executed on commercial 5-cm side planar squared NiYSZ/8YSZ/GDC-LSCF cells. Specimens are
installed in a gas-tight steel housing consisting of two manifolds (fuel + air) and an intermediate frame plate. Steel
components exposed to an oxidant atmosphere are coated with a dense CuMn204 obtained by electrodeposition to
preserve the active surfaces from Cr evaporation [32]. The manifolds are sealed with mineral sheet frames
(Spetotherm TUI910) and a thin layer of thermosetting glass paste (Schott GO18-311). Ni and Au meshes assure the
electric contact between the cell and the manifold at the fuel and air sides, respectively. The cell-meshes assembly
realizes an active area of 16 cm? and reaches a thickness of 0.3 mm. The cell housing is placed in an electric furnace
equipped with a temperature control system equipped with two K-thermocouples (TM for direct measurement and
TR for feedback regulation). Feeding gas lines are supplied with technical-purity gases (99.999%), compressed
atmospheric air, and deionized water. Gas flow rates are controlled by digital mass flow meters controllers (FMC),
while steam content is regulated with a temperature-controlled bubbler. SOFC/SOE switch and operation are
managed by an Arduino controller, an electronic load, and a power supply. Online EIS measurements are performed
with a potentiostat (Biologic SP-240, ranges current 4A, voltage 2V). The test bench structure is depicted in Fig. 2.
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Fig. 2 Test-bench layout.

2.1 DESIGN OF EXPERIMENT

The test campaign consists of 5 trials to analyse the effect of the variation of the Reactant gas Utilization Rate (RU,
as defined in Eq.(1), where | stands for the electric current, F for the Faraday constant, Nu2in and nNeooiin for the
hydrogen and water molar flowrates at the cell inlet), and the SOFC/SOE commutation period (T, defining a

complete cycle including SOFC and SOE phases). The test campaign is fully described in Table 1 and it is built



according to a centred-body approach around an intermediate testing condition (Test 2, T=4h RU=33%). RU center
value is set to 33% in order to achieve a symmetric geometric variation of this parameter (halving in Test 4 and
duplication in Test 5) without exceeding the capabilities of the single-cell setup used for the test campaign.

ID T RU jsorc jsoe Test duration
1| 24h | 33% | -500 mAcm? | 500 mAcm? >500 h
2 | 4h | 33% | -500 mAcm? | 500 mAcm? >500 h
3 1h 33% -500 mAcm™ 500 mAcm™ >500 h
4 4h |16.5% | -500 mAcm™ 500 mAcm™ >500 h
5 4h 66% -500 mAcm™ 500 mAcm™ >500 h

Table 1 Test matrix, configuration variables.
The commutation period T is composed of two iso-duration semi-periods with opposite’ current loads (1:1
SOFC/SOE inversion protocol). Pointing at real-life applications, this is worthwhile because of i) a better match to
renewable power source cyclic availability (i.e., solar PV regarding the rSOC 24h-cycle, ii) improved SOE/SOFC

power density balance and match to hydrogen storage capacity.

I
abs
(ZF NH2in

abs(

2F ﬁHZO,in

SOE

All tests are executed at a temperature of 750°C, supplying the AE with a constant airflow rate (1.87 NI h™* cm?) and
the FE with a 50% v01:50%y0 Mix of hydrogen and water steam. RU is constant during the entire test duration (except

for EIS measurement spots with dry feeding, as explained later in subsection 2.2).

2.2 ONLINE DIAGNOSIS
During each test, EIS is periodically acquired to monitor the polarization resistances evolution. EIS scans are
performed in galvanostatic mode with a 350 mA-amplitude current wave. Each scan begins at 100 kHz and ends at
100 mHz (12 ppd-resolution with logarithmic spacing). Each measurement is the result of an average of 5 samples.
The EIS acquisition protocol entails scans under two feeding conditions of the FE:
i) “wet”: equimolar hydrogen/water at 1=0 A (j= 0 mA cm?), 3.5 A (j= 500 mA cm?), -3.5 A (j= -500 mA cm),
ii) “dry”: hydrogen at I=0 A (j= 0 mA cm), and -3.5A (j= -500 mA c¢cm?).
EIS data elaboration is carried out with Relaxis3 (rhd instruments, Darmstadt, Germany). The DRT is calculated
using Tikhonov regularization with a A=103, optimized according to the procedure described by the authors in [33].
An equivalent circuit model (ECM) consisting of LRe(R«C)GRw (see Boukamp’s notation [34]) is used for the
CNLS-fit of impedance responses. In the ECM, the capacitor element is replaced by a constant phase element to take

into account the electrode roughness and inhomogeneities [35]. All the fitting procedures are conducted and

1 Conventionally, current (I) and current density (j) are assumed negative in the SOFC mode and positive in the SOE mode.



optimized until reaching a y?~10°-107. Other technical details about the EIS-DRT procedure are extensively

discussed in the previous paper published by the authors [33], [36].

3. RESULTS

All tests achieved the target duration of 500 hours. Tests 1, 2, 4, and 5 had a regular operation throughout the entire
timespan observed, while Test 3 featured an unpredicted behaviour for a few hours around 220h after the test started.
This is ascribed to a problem in managing the purge line, which induced a concentrated degradation of performances.
Besides singularities, overpotential increase shows a constant trend with time, with no significant difference between
SOFC and SOE phases.

3.1 EIS MEASUREMENT AND DECONVOLUTION
Three features feature all the ac-responses:
- a high-frequency inductive artefact given by the inductance of the instrument itself and wirings (for sake of
clarity is not shown)
- a high- to mid-frequency arc which was assigned to the charge-transfer resistance and the double-layer
capacitance
- alarger arc in the mid- to low-frequency region given by the gas diffusion in the anode support layer. A further
feature is present, which is the Gerischer-type diffusion assigned to the oxygen surface exchange and diffusion
in bulk LSCF material; however, this feature is not visible in the Nyquist plot since it is overlapped with the two

predominant arcs.

3.1.1 Testl — In Fig. 3, the Nyquist plots and their respective DRT acquired with dry H, during test 1 are reported.
The DRT functions are characterized by 6 peaks, with P1 being visible only with humidified H, at the FE and low
pO, at the AE [37]. P2 and P3 are ascribed to the gas diffusion in the FE support layer which can be approximated as
a finite-length Warburg diffusion. P4 is ascribed to oxygen surface exchange and diffusion in bulk LSCF (AE) and
can be modelled with a Gerischer element. P5 is the charge-transfer process, while P6 is a not better-identified
process which does not possess any dependence on the operating parameters [37], [38]. The ac-responses at j = 0 and
-500 mA cm2 differ from each other in terms of magnitude. The evolution of the 1% arc, which is related to the
charge-transfer resistance, is correlated with the Butler-Volmer expression and is expected to shrink when negative
currents are applied [38]. The 2" arc decreases when a load is applied since it is connected to the FE concentration
overpotential [37]. In both measurements, j= 0 and -500 mA c¢cm, a common trend is detectable in the Nyquist plots
(Fig. 3 a-c) i.e., a positive shift of the ac-responses, meaning that during the test the resistance associated with the
electrolyte layer increases probably due to the delamination at the electrode/electrolyte interface, formation of cracks
in the electrolyte with a subsequent increase of its width or, change in the crystal structure of YSZ into another
polymorph [39]. No evident changes in the amplitude of the high- and mid-frequency appear in the Nyquist plots.
Apart from small deviations, the DRT functions of the measurements at j=0 mA cm (Fig. 3b) overlap each other,

suggesting that there were no evident changes in the cell structure and morphology. However, at j = -500 mA cm



(Fig. 3d), fluctuation in the relaxation times of the peaks P3-P6 is discernible. To have a better insight, the Nyquist
plots have been fitted with a CNLS algorithm, while the DRT functions have been fitted with a Gaussian function.

The fit results are shown in the Supplementary materials in Fig.S1 and Fig.S2.
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Fig. 3 Test 1, dry H, feeding to FE: a-b) Nyquist plot and DRT functions at j = 0 mA cm2 (OCV). c-d) Nyquist plot
and DRT functions at j = -500 mA cm (FC).

In the CNLS-fit results (Fig.S1a&c), the resistances associated with the gas diffusion in the support layer of the FE
and to the charge-transfer processes are practically constant during the test. On the other hand, the resistance
associated with the electrolyte experiences a steady growth upon cycling. Concerning the AE (Fig. S1b&d), the
Gerischer rate constant and admittance reveal small fluctuations upon cycling. In the fit results of the DRT functions
(Fig. S2), no evident change in the area of the peaks is detected during the test. Similar results have been obtained by
acquiring impedance spectra when the FE is fed with humidified H.. The Nyquist plots as well as the DRT function
acquired at j = 0, -500, 500 mA cm-2 are shown in Fig. 4.

As already observed in Fig. 3, in all the measurements, the ac-responses experience a positive shift during the
experiment, suggesting that a possible degradation of the electrolyte and/or at the electrode/electrolyte interface
occurred upon cycling. No evident changes in the magnitude of the arcs are detected as the cell ages. This behavior is
also confirmed by the calculated DRT functions in which the peaks maintain almost the same areas upon cycling
experiencing small fluctuations in the relaxation times. The results of the CNLS-fit as well as the fit of the DRT
functions (Supplementary materials, Fig.S3 and S4) confirm the observed results obtained with dry H; i.e., a steady
increase of the resistance associated with the electrolyte layer, while the other parameters present only small

fluctuation upon cycling.



< —on | | | 0.12/—0n
E02 . 72h | | : a) o o10—r2n D) P2 Fo
52 . 120 h ! 3 3 E 0.08 120 h \
oG . 192 h ; ; ! e ik 192 h f i
204 288 h i i i = 288 h -y P3 |
N e e goot e LY &N
. 528 h p = .02 528 h P1 / Y 7 \_“ W A / 1
0 / /’ 4‘\}“ - \v;«-/’-&“‘_. .\( \\\ i PP /NS
'9.0 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9 2.0 1x10° %102 1x107  1x10°  1x10"  1x10%  1x10°  1x10*  1x10°
Zre’l O om? Log f/ Hz
. 0h ; 0.16;——0h P2 P6
“E 0.2} . 72h C) » 0A4[=——72h d)
o . 120 h e 0.12 120 h
e ° 192 h 2010 192 h
Lt odl e 288h 1 .0.08 288 h
N | 456n oG, s i, g T oe 456 h
: : 528h ;;;7 ‘:_’?-'5;’?:":(’\ et BT 2T N T 002[~528h ‘
Q. L . AR ey 2% e ¢ o / L
9.0 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9 2.0 1x10% moz X107 1x10°  1x10"  1x10%  1x10®  1x10*  1x10°
Z./ 0 cm? Log f/ Hz
. Oh : 0.16f =—=—=0h
02 - 72h e) @ 0.14] =72 h f) 5
G . 120h “E 0.12 120 h P P6
e ° 192 h f So010 192 h
P e 288 h : < oo.08
£0.1¢ | X 288 h
N e 456h - ; O 456 h
' . 528 h '/',f,‘.‘\‘\"'\‘-}-':- L P A L ?—gg; . 528 1y
o - .
o W ran e P g o Pls R
90 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9 2.0 X107 1x102 1x107 1x10°  1x10"  1x10%  1x10®  Ax10*  1x10°
Z. /0 cm? Log ff Hz

Fig. 4 Test1, humidified H, feeding to FE: a-c-e) Nyquist plots at j = 0 (OCV), 500 (EL), and -500 (FC) m Acm?b-d-f) DRT
functions at j = 0 (OCV), 500 (EL), and -500 (FC) mA cm™,

3.1.2 Test 2 — Investigating a shorter SOFC/SOE commutation period (test 2, T = 4h), a different behavior has been
observed. In Fig. 5, the Nyquist plots and their respective DRT acquired with dry H, during test 2 are reported. In
both measurements, the ac-responses positively shift, suggesting an increase in the resistance associated with the
electrolyte layer. In addition, an increase in the mid-to-low frequency arc has been observed, suggesting a possible
worsening of the FE support layer morphology and a decrease in its porosity. This behavior is highlighted on the
measurement performed at j=0 mA cm because the arc is connected to the FE concentration overpotential. The
increase of the resistance associated with the diffusion in the FE support layer is detectable in the calculated DRT
functions. At j=0 mA cm?, the peak P2 at t=132 h shifts from 6.31 Hz down to 2.37 Hz with a simultaneous increase
of its area. A similar trend has been observed at j=-500 mA c¢m, with a shift to lower frequencies and a broadening
of the peak. The CNLS-fit and DRT fit results are presented in the Supplementary material in Fig. S5 and S6,
respectively. In Fig. Sba, a sharp increase at t = 132 h of RW can be detected with an increment of 152% concerning
the initial value. At t > 132 h, no further increments are detected apart from small fluctuations. On the other hand, the
other resistance parameters (Re and Rc) experience only a small and steady growth upon cycling. Concerning the AE
(Fig. S5b), the Gerischer rate constant sharply increases at t = 132 h from 153 to 204 s, while the admittance
parameter steadily decreases upon cycling. In the CNLS-fit results at j = -500 mA cm (Fig. S5c), the sharp increase
of the resistance associated with the gas diffusion in the anode support layer is not detected; however, a steady
increment of Re, Re, and Rw is observed upon cycling. Concerning the AE (Fig. S5d), small fluctuations and a

general decreasing trend are observed for both Gerischer rate constant and admittance. The fit of the DRT functions



is in good agreement with the results shown in Fig. S5, with a sharp increase of P2 at t=132 h (j=0 mA cm?). A
similar trend was revealed with the measurement acquired with humidified H,. The Nyquist plots as well as the DRT
function acquired at j = 0, -500, 500 mA cm are shown in Fig. 6. In all three bias current measurements, the ac-
responses positively shift over time. At j = 0 mA c¢cm? (Fig. 6 a-b), an increase of the resistance associated with the
electrolyte layer as well as an increase of the mid-to-low frequency arc related to the gas diffusion in the anode
support layer are detected. This feature is detectable in the calculated DRT functions in which P2 shifts from 2.39 Hz
down to 1.42 Hz and increases its area upon cycling. An almost identical behavior has been observed at the bias
current j=-500 mA cm2. However, an increase of the high-to-mid frequency arc in the Nyquist plot coupled with the
increment of the intensity of P5 has been detected. These features are related to the charge-transfer resistance and
their increase suggests a possible worsening of the Ni catalyst morphology and surface due to the lower SOFC/SOE
commutation time. With a bias current j=500 mA cm?, only the increase of the resistance associated with the
electrolyte layer and the gas diffusion in the anode support layer has been detected. In Fig. S7-8, the CNLS fit and
the fit of the DRT peaks are reported. As shown in Fig. S7 a-c-¢, at all the measured bias currents the resistances Rej,
Rq, and Ry, steadily increase upon cycling. However, the Gerischer rate constants and admittance parameter decrease
over time, resulting in an increase in the impedance associated with this element. Unfortunately, the Gerischer
impedance increase cannot be detected in the Nyquist plot and DRT functions in Fig. 6 because P4 is commonly
overlapped with P5. Nevertheless, by observing the fit of the DRT peaks area in Fig. S8a-c, a growth of P4 at t > 228
h has been detected. This means that the apparent increase of P5 in Fig. 6d is not only due to the worsening of the
charge-transfer kinetics but also the AE kinetics.
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Fig. 5 Test 2, dry H; feeding to FE: a-b) Nyquist plot and DRT functions of at j = 0 mA cm (OCV). c-d) Nyquist
plot and DRT functions at j = -500 mA cm? (FC).
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Fig. 6 Test 2, humidified H, feeding to FE: a-c-e) Nyquist plots at j = 0 (OCV), 500 (EL), and -500 (FC) mA cm™.
b-d-f) DRT functions at j = 0 (OCV), 500 (EL), and -500 (FC) mA cm™.

3.1.3 Test 3 - In Fig. 7, the Nyquist plot and DRT function of test 3 with dry H> are reported. Test 3 is the test with a
reactant utilization RU=33% and the shortest SOFC/SOE commutation time t=1h. At both j=0 and -500 mA cm, the
cell experienced an increment in the positive shift on the real axis, suggesting a possible degradation of the
electrode/electrolyte interface and/or the electrolyte. In addition, at j=0 mA c¢cm a large increase of the mid-to-low
frequency arc magnitude upon cycling has been observed to the point that the last spectra, 408 h and 528 h, did not
meet the requirements for a good CNLS fit. This behavior is reflected in the calculated DRT functions (Fig. 7b) with
both P2 and P3 increasing their area and shifting from 0.88 and 20 Hz down to 0.19 and 5.85 Hz, respectively. On
the other hand, this feature was not observed with the bias current j = -500 mA cm2. Indeed, in the Nyquist plot (Fig.
7¢), only a shift of the intercept in the real axis can be detected. However, in the calculated DRT functions (Fig. 7d),

a shift of P5 from 5 kHz down to 1.5 kHz is revealed, suggesting a possible worsening of the charge-transfer kinetics.
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Fig. 7 Test 3, dry H, feeding to FE: a-b) Nyquist plot and DRT functions at j = 0 mA cm? (OCV).
c-d) Nyquist plot and DRT functions at j = -500 m Acm? (FC).
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The CNLS-fit and the fit of the DRT functions are reported in the Supplementary materials in Fig. S9 and S10,
respectively. In Fig. S9a, apart from the massive increase of Rw it is possible to detect a steady increase of Rg:. In Fig.
S9b, a decrease of the Gerischer admittance parameter and a simultaneous increase of the rate constants in the first
200 h suggest a possible increase of the impedance related to the AE kinetics. In the measurements with a bias
current of j = -500 mA cm? (Fig. S9c-d) an increase of both R and Ry after 216 h has been detected. Concerning the
Gerischer parameter, a similar behaviour observed in Fig. S9b has been detected, with a simultaneous increase of the
rate constant and a decrease of the admittance parameter upon cycling. In Fig. 8, the measurements of test 3 acquired
with humidified H. are reported. At the bias currents j=0 and -500 mA cm (Fig. 8 a-b and Fig. 8e-f), only a positive
shift in the real axis can be detected and a shift of P5 from 5.5 down to 1.4 kHz. However, in the measurements
acquired with the bias current j = 500 mA cm an increase of the magnitude of the high-to-mid frequency arc as well
as an increase of the area of P5 can be detected, suggesting a worsening of the charge-transfer kinetics. In Fig. S11
and S12, the CNLS-fit results and the fit of the DRT peaks are reported, respectively. In all the measurements
acquired with different bias currents, similar results have been obtained by CNLS-fit. The resistances Re and Rw
experience increase concerning their initial value. Specifically, Re suddenly increases at t=216 h while Ry starts
increasing at t >144 h. Furthermore, in the ac-responses acquired with j = 500 mA cm2, higher Rw values have been
calculated by the CNLS fit. Moreover, an increase of the charge-transfer resistance was observed, in good agreement
with the result observed in Fig. 8d. Concerning the AE parameters, in all the measurements the admittance
parameters increased until t=216 h, then decrease until the experiment end, suggesting an increase of the AE
impedance. On the other hand, in all three cases, the Gerischer rate constant showed an overall increasing trend.

2
N

o
L] oh 7] e ) Y
g 02 a)o 48h NE b) 48h P6
> C} [ ] 144 h o 144 h
L ] 216h 216h
8 - 0.1 e 288 h G 02 288 h P2
e 408 - 408 h
N AP = Y = = N B PS
0.0 L n L L = 00 26.h, A, " =l N
0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2 13 1x107? 1x10° 1x10% 1x10*
Z [ Qem? Log f/Hz
re
o 04
£ o2/C)e o o) I P6
© ) ® 144 h g 0.3 ) B
L] 216 h 216h
-l 9 ® 288h G 02 2881 P2
W e b - s S \ P3 2
N ol e 528h e ENNN e N = 00 5261 W “ = w8
0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2 1.3 1x107? 1x10° 1x10% 1x10*
Zre / Q) cm? Log f/ Hz
o 0.2
O oh »n  0.25r, —0h
g e). 48h “‘E OZOf) —48h P&
O C} [ 144 h 5 . 144 h
® 216N ~ 015 216h p2
- 6 et 2 010 pegh ; P5
£ - = 005 £\ P3
NE o e P e W%\ Com = - N o Y
0.3 04 05 0.6 0.7 0.8 0.9 1.0 1.1 1x1072 1x10° 1x10% 1x10*
Z./Q cm? Log f/Hz

Fig. 8 Test 3, humidified H, feeding to FE: a-c-e) Nyquist plots at j = 0 (OCV), 500 (EL), and -500 (FC) mA cm.
b-d-f) DRT functions at j = 0 (OCV), 500 (EL), and -500 (FC) mA cm™.

3.1.4 Test 4 - A different behaviour has been observed for test 4, with a SOFC/SOE commutation time T =4 h and a
reactant utilization factor RU = 16.5 %. The Nyquist plot as well as the calculated DRT functions obtained during

test 4 fed with dry H. are reported in Fig. 9. At both bias current j = 0 and -500 mA c¢cm (Fig. 9 a-c), the cell
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experienced a smaller shift in the real axis compared to the previous tests, suggesting a smaller increase of the
resistance associated to the migration of charges through the electrolyte. However, an increase in the amplitude of the
high-frequency arc can be detected. This behaviour is reflected in the calculated DRT functions (Fig. 9 b-d) in which
the peaks P2 and P3 are practically constant upon cycling while P4 and P5 are subjected to an increase in their area.
The CNLS fit of the Nyquist plot, as well as the results of the fit of the DRT functions, are reported in the
Supplementary Materials in Fig. S13 and S14, respectively. At OCV (Fig. S13a-b and Fig. S14a), a slight increase of
Re and Ry has been observed, while R is subjected to a stronger increase upon cycling. On the AE side, the
Gerischer rate constant increases with a simultaneous decrease of the admittance parameter, suggesting an overall
increase of the impedance associated with the oxygen surface exchange and diffusion in the LSCF layer. This
behaviour is reflected in the fit results of the DRT functions, with an increase of P4 and P5 during the experiment. At
j = -500 mA cm? (Fig. S13c-d), a slight increase of the three resistance parameters Re, Re, and Ry has been
observed, while on the AE side, a general decreasing trend has been observed for both the Gerischer rate constant and
admittance parameter. These findings are in good agreement with the fit results of the DRT functions (Fig. S14b),

with an increasing trend of the area of P4 and P5.
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Fig. 9 Test 4,dry H. feeding to FE: a-b) Nyquist plot and DRT functions at j = 0 mA cm (OCV), ¢c-d) Nyquist plot
and DRT functions at j = -500 mAcm (FC).

In Fig.10, the Nyquist plot as well as the calculated DRT functions of the Test 4 cell fed with humidified H, are
shown. In all the three bias currents j = 0, 500, and -500 mA cm a common behaviour has been observed i.e., a
slight shift on the real axis and an increase in the amplitude of the high-frequency arc. The latter is more pronounced
in the measurement performed with the bias currents j = 0 and 500 mAcm since the charge-transfer resistance is
correlated with the Butler-Volmer expression and shrinks when negative currents are applied [38]. The calculated
DRT functions agree with the observations done on the Nyquist plot, with an increase of P5 upon cycling and a slight
increase in the intensity of peaks P2 and P3. The CNLS fit results and the fit results of the DRT functions are
reported in Fig. S15 and S16, respectively. Both Re and Ry are practically constant during the experiment while Rt
experiences a slight growth, reaching values close to 0.2 Qcm? in the measurement performed with j = 500 mA cm2,
Concerning the Gerischer parameters, at j = -500 and 500 mAcm™ both rate constant and admittance parameter

decreases after t=96 h, while at j=0 mAcm2 after t=264 h the admittance parameter increases with a simultaneous
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decrease of the rate constant, suggesting an increase of the impedance related to the air electrode kinetics. The fit

results of the DRT functions agree with the CNLS fit, since P4 - P5 are only affected upon cycling.
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Fig. 10 Test 4, humidified H. feeding to FE: a-c-e) Nyquist plots at j = 0 (OCV), 500 (EL), and -500 (FC) mAcm?, b-d-f) DRT
functions at j = 0 (OCV), 500 (EL), and -500 (FC) mAcm-2,

3.1.5 Test 5 - The last test has been performed with the same SOFC/SOE commutation time (T = 4 h) of Tests 2 and
4, and a higher reactant utilization factor (RU=66%). The Nyquist plot and the calculated DRT functions obtained
with dry H. are shown in Fig. 11. In the Nyquist plot at both bias current j = 0 and -500 mA c¢m (Fig. 11 a-c), the
impedance experienced only a small shift in the real axis, with the intercept shifting from = 0.6 Qcm?to ~0.68 Qcm?.
However, in the DRT functions, an increase of the area related to P4 was detected in the measurement performed at
j=-500 mA cm? (Fig. 11d). Looking at the CNLS-fit results (Fig. S17), at OCV a steady increase of Rw was
observed, while the other resistance parameters were practically unchanged during cycling. On the AE side, a steady
increase of the Gerischer rate constant was observed coupled with a decrease in the admittance parameter, suggesting
an increase in the impedance related to the AE kinetics. At j= -500 mA cm?, R experiences an increase after 396 h,
while, at the same time, the Gerischer rate constant and admittance parameter increases and decreases, respectively.
In Fig. 12, the results of test 5 obtained with humidified H; are reported. In all three measurements, a small increase
of the intercept in the real axis has been observed, as in Fig. 11. At OCV (Fig. 12a-b), an increase of the high-
frequency arc and the areas of peak P4 and P5 has been observed, suggesting a worsening of the charge-transfer and
AE Kinetics. At j=500 mA cm (Fig. 12 c-d), the same shift in the real axis has been observed. However, in the
calculated DRT functions the peak P4 is subjected to a higher increase in intensity. On the other hand, at j=-500
mAcm? (Fig. 12 e-f), looking at the Nyquist plots the cell seems unaffected apart from the shift in the real axis.
However, in the calculated DRT function is possible to observe an increase in the intensity of P5. The CNLS-fit
results and the fit results of the DRT functions are reported in Fig. S19 and S20. In the CNLS-fit results of all three

measurements (Fig. S19), both Re and Rt are subjected to a slight increase upon cycling, while Ry, is practically
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constant. The fit results of the DRT functions (Fig. S20) agree with the CNLS-fit results, with an increase of peak P5

area from =0.4 Qcm? up to =~0.08 Q cm? (at j = -500 mA cm?) and = 0.12 Qcm? (at j = 0 mA cm2). Furthermore, an

increase of the area of peak P4 from up to has been observed in the measurement at j = 500 mA cm2, in agreement

with the calculated DRT functions in Fig. 12 d and the Gerischer admittance parameter in Fig. S19f.
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3.2 RESULTS COMPARISON AND DISCUSSION

As expected, different SOFC/SOE commutation times (T= 24, 4, and 1 h) and different reactant utilization factors
(RU = 16.5, 33, and 66 %) have different effects on cell ageing. In Fig. 13, the CNLS-fit parameter variation

(calculated from their initial value t = 0 h) obtained at j = 0 mA cm with both dry and humidified H; are reported.
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Fig. 13 CNLS-fit parameter variation with dry H, with a) constant commutation time and b) constant reactant utilization.
CNLS-fit parameter variation with humidified H2 with ¢) constant commutation time and d) constant reactant utilization.

As revealed with the tests under constant reactant utilization factor (Fig. 13 b-d), a decrease in the variation of the
electrolyte resistance is detected with lower commutation times. Furthermore, an increase in the charge-transfer
resistance is detected when a SOFC/SOE commutation time T=1 h is used. However, concerning the measurement
performed with dry Hz and T=1 h, no further data is available since the impedance spectra did not meet the
requirements for a good CNLS fit. On the other hand, two main features are highlighted when comparing the tests
performed with different RU factors (Fig. 13 a-c) i.e., (i) lower variation of the electrolyte resistance and (ii) an
increase of the impedance related to the AE when an R=66% is employed.

4. CONCLUSIONS

This study aims to examine the impact of two primary process variables, namely the fuel cell/electrolyser
commutation time and the reactant gases utilization rate on the performance of Solid Oxide Cells. The analysis was
performed on experimental data showing the 500-h operation lifetime of commercial planar single cells.

The cell state of health was described in terms of variation of the impedance components, referred to as an
equivalent circuit model such as LRe«(R:C)GRw. The analysis of operando data revealed the impact of process
variables on the systematic degradation of the cell. This was observed as a continuous variation trend of the
polarization resistance of the cell for a period of a least 200 hours. However, to a lesser degree, the experimental tests
were affected by accidental events which caused a loss of continuity in the polarization resistances variation trends

(i.e. Test n.3). Therefore, the main conclusions of this paper are drawn on the analysis of continuous phenomena:
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1) shorter commutation times are beneficial for the durable operation of the cell since the degradation of the
electrolyte resistance decreases. This effect observed may be the result of a shorter duration of the
electrolysis phase. This is in agreement with the idea of operating the rSOC with “asymmetric” inversion
cycles [40], [29]- that is to say a longer duration of the fuel cell operation mode compared to the electrolysis
phase. The higher degradation was observed in the test with a 24-h overall commutation period. From the
point of view of rSOC integration in energy storage systems, this conclusion encourages the utilization of
rSOC with intermittent renewable power sources with intraday variation frequency or in combination with
faster-response energy storage units,

2) lower reactant utilization rates are beneficial for the durable operation of the cell. The main cause of
degradation due to high rates is the increase in the air electrode impedance. These results find agreement
with previous research focused on the development of robust cathode materials for SOFC [13]. The fuel
cell/electrolyser inversion may mitigate this effect, yet it is the predominant cause behind the slight overall
cell degradation measured. To reduce this effect with system-level strategies, reactant gas recirculation is

recommended.

Abbreviations

AC Alternate Current AE Air Electrode, CNLS Complex non-linear least square, DRT Distribution of Relaxation
Times, ECM Equivalent Circuit Model, EIS Electrochemical Impedance Spectroscopy, EL Electrolysis, FC Fuel
cell, FCM Flow meter controller, FE Fuel Electrode, (r)SOC (Reversible) Solid Oxide Cell, SOE Solid Oxide
Electrolyser, SOFC Solid Oxide Fuel Cell.

Symbols

F Faraday Constant [C mol™], I Current [A], j Current density [mA cm™], RU Reactant Utilization rate [%], T
SOFC/SOE commutation period [h], V Voltage [V], Zim Impedance, imaginary part [Ohm cm™], Z. Impedance, real
part [Ohm cm™].
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