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a b s t r a c t

Reversible solid oxide cells (rSOC) can convert excess electricity to valuable fuels in elec-

trolysis cell mode (SOEC) and reverse the reaction in fuel cell mode (SOFC). In this work, a

five e cell rSOC short stack, integrating fuel electrode (Ni-YSZ) supported solid oxide cells

(Ni-YSZ || YSZ | CGO || LSC-CGO) with an active area of 100 cm2, is tested for cyclic durability.

The fuel electrode gases of H2/N2:50/50 and H2/H2O:20/80 in SOFC and SOEC mode,

respectively, are used during the 35 reversible operations. The voltage degradation of the

rSOC is 1.64% kh�1 and 0.65% kh�1 in SOFC and SOEC mode, respectively, with fuel and

steam utilisation of 52%. The post-cycle steady-state SOEC degradation of 0.74% kh�1

suggests improved lifetime during rSOC conditions. The distribution of relaxation times

(DRT) analysis suggests charge transfer through the fuel electrode is responsible for the

observed degradation.
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Abbreviations

PV Photovoltaics

rSOC Reversible solid oxide cell

SOFC Solid oxide fuel cell

SOEC Solid oxide electrolysis cell

SEM Scanning Electron Microscopy

YSZ Yttria-Stabilized Zirconia

3YSZ 3 mol% Yttria Stabilized Zirconia

LSM Lanthanum StrontiumManganate air electrode

or contact element: (LaxSr1-x)MnO3-d

LSC Lanthanum Strontium Cobalt current collector:

(La0.6Sr0.4CoO3-d)

MIEC Mixed ionic - electronic conductor

SoA State of the art

ASR Area specific resistance

EIS Electrochemical impedance spectroscopy

DRT Distribution of relaxation times

RU Repeatable unit

OCV Open Circuit Voltage

8YSZ 8 mol% Yttria Stabilized Zirconia electrolyte

CGO Gadolinium Doped Ceria (CGO) barrier layer

LSCF Lanthanum Strontium Cobalt Ferrite air

electrode: (LaxSr1-x)CoyFe1-yO3-d

LSC-CGO LSC infiltrated with CGO air electrode:

(La0.6Sr0.4CoO3-d-Ce0.9Gd0.1O2-d)

IT-rSOC Intermediate temperature e reversible solid

oxide cell

SC Single Cell

BC Button Cell

SS Short Stack

EIFER European Institute for Energy Research

List of Symbols

Rohm Ohmic resistance

Rpol Polarisation resistance

l Air excess ratio

nO2�stoichiometric The stoichiometric number of moles of

oxygen needed for complete conversion of

hydrogen

nO2�supplied The supplied number of moles of oxygen as a

fraction of air flowrate

dabsðxÞ Absolute voltage degradation rate for the RU;

x ¼ 1 to 5 is the RU number

drelðxÞ Relative voltage degradation rate for the RU;

x ¼ 1 to 5 is the RU number

S1eS9 Electrochemical characterisation steps from 1

to 9

drSOCðabsÞ Total absolute voltage degradation of the

rSOC

drSOCðASRÞ Total absolute ASR degradation of the rSOC

drSOCðabsÞ Average absolute voltage degradation per RU

of the rSOC

drSOCðrelÞ Average relative voltage degradation per RU of

the rSOC

drSOCðASRÞ Average absolute ASR degradation per RU of

the rSOC
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Introduction

The deployment of renewable energy systems has been

increasing over the past few years. Photovoltaics (PV) and

onshore wind energy sectors are forecasted to undergo enor-

mous growth between 2019 and 2024 [1]. The intermittent

energy production problem associated with PV and wind

needs to be addressed to avoid surplus electricity curtailment.

Energy production curtailment due to demand and supply

mismatch leads to low capacity factors between 10 and 50%

for photovoltaics and wind energy installations. The average

capacity factor for wind power plants is around 24.7%, and

that of photovoltaics power plants is 18% which is lower

compared to coal and nuclear electric power [1e5]. Reversible

solid oxide cell (rSOC) systems are a promising solution for

this problem. The rSOC systems operate in the solid oxide fuel

cell (SOFC) mode generating electricity when the supply from

renewable sources is limited. The system can also be utilised

in solid oxide electrolysis cell (SOEC) mode during excess

renewable electricity generation, producing useful precursors

for fuel syntheses, such as hydrogen and other fuels as

methane, methanol, ammonia, and syngas. Among these,

hydrogen has been forecasted to be a crucial energy vector to

facilitate carbon neutrality [6]. The rSOC system is the energy

conversion component of the power-to-X-to-power system,

which can be used with a smart grid to balance the electricity

demand-supply ratio [7,8]. Dynamic system model studies

have proposed the use of rSOC system for self-sustaining

islanded building, seawater desalinisation plants, hydrogen

injection into the natural gas grid, and even implementation

in paper mills has been recently suggested [9e12].

In SOFC mode, hydrogen is oxidised at the fuel electrode

while the oxygen is reduced at air electrode, as shown in

Equations (1) and (2). The reaction is facilitated at triple-phase

boundaries, starting with the adsorption of the gases on the

active sites. The overall redox reaction is converting hydrogen

into steam, as shown in Equation (3).

H2 /2Hþ þ 2e� (1)

1
2
O2 þ2e�/O2� (2)

H2 þ1
2
O2/H2O (3)

The deionised water is electrochemically converted by

applying a voltage difference between the fuel and the air

electrodes in the SOEC mode. The fuel gas composition is

composed of a mixture of hydrogen and steam to avoid

oxidation of nickel in the fuel electrode [13]. The steam is

reduced to hydrogen at the fuel electrode by supplying elec-

tricity, as shown in Equation (4). The resulting oxide ion is

transferred through the electrolyte and onto the air electrode,

where oxygen evolution occurs, as indicated in Equation (5).

The reaction steps in the SOEC mode differ from that of the

SOFCmode. However, the overall redox reaction is the reverse

of that in the SOFC mode, as indicated in Equation (6).

https://doi.org/10.1016/j.ijhydene.2022.01.104
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H2Oþ2e�/H2 þ O2� (4)

O2� /
1
2
O2 þ 2e� (5)

H2O/H2 þ 1
2
O2 (6)

At the system level, the degradation while operating the

rSOC stack depends on the mode of operation, the number of

cyclic operations, fuel composition, operating temperature,

fuel utilisation or steam conversion, current density, fuel

distribution, local fuel starvation, leaks and uncontrolled

failures [14e19]. Generally, lower steam conversion and fuel

utilisation levels lead to higher durability of the rSOC repeat-

able unit (RU) at the cost of system efficiency without recir-

culation [20]. The first grid-integrated rSOC system in the

world was demonstrated by Boeing using modules from

Sunfire in 2015 [21,22]. Two modules of 25 kWDC SOFC (80

kWDC SOEC) were used for which the LHV efficiency varied

between 60.5 and 72% in the SOEC mode and a maximum of

49% in SOFC mode, respectively. Recently, for performance

mapping the reversible SOLIDpower large stack module

(SOEC: 74 kWDC) was operated between 710 and 745 �C and

reached fuel utilisation level of 90% (SOFC: 10.5 kWDC) and

steam conversion of 80% with hydrogen production rate of

39e52 kg day�1 [23]. A rSOC power plant establishedwith 100%

fuel utilisation in SOFC mode upon recirculation and with the

ability to reach 90% steam conversion in the SOEC mode had

an overall plant efficiency of 51%. The process efficiencies of

SOFC and SOEC modes were 67.1% and 76%, respectively [24].

For rSOC to be a better competitor with compressed air

energy storage system, pumped hydro storage, and batteries,

the system efficiency must be higher than 80% [25]. To

improve rSOC systems performance such that the overall ef-

ficiency is improved by 30%, identifying the degradation

mechanism is crucial. Long-term system control strategies

have also been studied and operating parameters are pro-

posed to predict failures, increase durability, and reduce

degradation at the single cell and short stack levels [13,26e28].

These models infer the need for a better understanding of

rSOC degradation mechanisms.

The degradation of rSOC cells is mostly due to mechanical

failures, nickel agglomeration/migration on the fuel electrode,

segregation in the air electrode, loss of contact and electrode

poisoning [29]. Novel rSOC electrode materials have also been

developed to increase performance at intermediate tempera-

tures (550e650 �C). The air electrode overpotential is the most

significant contributor to losses at these temperature ranges

[30]. The intermediate operating temperatures are obtained by

changing air electrode architecture, porosity, implementing

proton-conducting electrolyte (BaCeO3-based materials),

identifying the rate-determining steps for the air electrode

reactions, and developing new mixed ionic-electronic con-

ducting (MIEC) materials [31e35]. However, to achieve the

durability of the current state of the art rSOC, further research

and development of the intermediate temperature reversible

solid oxide cells (IT-rSOC) are necessary.

The current state of the art (SoA) anode supported rSOC

consists of Ni/YSZ cermet as the fuel electrode, yttria
stabilized zirconia-gadolinium doped ceria (YSZ-CGO) as the

electrolyte-barrier layer and lanthanum strontium manga-

nate (LSM) or lanthanum strontium cobalt ferrite (LSCF) air

electrode. The terminologies of fuel and air electrodes are

used as the definition of SOFC anode and cathode reverses

with changing mode of operation to SOEC in a rSOC. The

microstructural degradation occurring by operating the rSOC

at the thermoneutral point in SOEC mode can be reversed by

cycling in the SOFC mode, as demonstrated by Graves et al.

[36]. In the SOEC mode, the primary cause of degradation is

related to the air electrode-electrolyte interface under anodic

polarisation conditions. Numerous studies have been per-

formed to analyse and isolate the degradation mechanisms

[14,37e40]. Electrochemical impedance spectroscopy (EIS) is a

useful technique in identifying the changes in the ohmic and

polarisation resistances. The evolution of the EIS spectra

along the duration of the experiment renders information

related to degradation. However, the information related to

the loss mechanism is convoluted in the EIS spectra. The

deconvolution of the EIS spectra using the distribution of

relaxation time analysis (DRT) can be employed to identify

intrinsic loss mechanisms. Using DRT to analyse the degra-

dation mechanisms, a post-test analysis requirement may be

bypassed, if not wholly replaced, to identify the microstruc-

tural degradation phenomena [41]. DRT has been applied to

single-cell tests extensively in identifying solid oxide cell

behaviour, improving material properties and tuning equiva-

lent circuit models [42e47]. Only a few studies have utilised

DRT in identifying the trends in the degradation of the rSOC

stack [48e50].

In this work, we attempt to analyse the degradation trend

of a five-cell rSOC short-stack operated at 700 �C for a total

duration of 3480 h. The evolution of the area-specific resis-

tance (ASR) is identified using current density - voltage char-

acteristic curves. Further, ohmic and polarisation resistances

are quantified using electrochemical impedance spectroscopy

measurements during the experiment. The distribution of

relaxation time (DRT) is implemented on the EIS measure-

ments to identify intrinsic loss mechanisms trends.
Materials and methods

The rSOC repeatable unit

In this study, a stack design developed by CEA is used for

testing in reversible SOFC/SOEC operation. It was initially

dedicated to SOEC operation but recently upgraded for

reversible SOFC/SOEC operation, emphasising the decrease

of the pressure drops, especially on the airside [51]. It is

planar with cross-flow fields. The 5-cell short stack com-

prises four thin interconnects made of 0.2 mm AISI441

ferritic stainless-steel sheets with in-plane interconnect di-

mensions of 205 � 205 mm2 and two thick endplates. Voltage

probes were spot-welded to each interconnect to measure

the voltage of each cell. Thermocouples (K-type) were

located in holes drilled in the thick endplates to evaluate the

stack temperature gradient. Five fuel electrode supported

cells from DTU with a 100 � 100 mm2 active surface area are

inserted between the interconnects. The cell consists of a

https://doi.org/10.1016/j.ijhydene.2022.01.104
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~10 mm thin Ni-8YSZ fuel electrode with a ~300 mm thick Ni-

3YSZ support layer. The ~10 mm thin electrolyte is made of

YSZ. In between the electrolyte and the air electrode, a ~6 mm

thin CGO (Ce0.9Gd0.1O2-d) diffusion barrier layer is deposited.

Those four first layers are fabricated by tape-castingmethod,

co-sintered at ca. 1300 �C and cut into 120mm� 120mm cells

using laser cutting. Subsequently, a ~30 mm thick LSC-CGO

(La0.6Sr0.4CoO3-d-Ce0.9Gd0.1O2-d) air electrode is screen-

printed on the CGO barrier layer and sintered at ca. 950 �C.
Finally, an additional ~30 mm thick screen-printed LSC

(La0.6Sr0.4CoO3-d) contact layer completes the cell after sin-

tering in air at ca. 950 �C, as represented in Fig. 1(a). A sample

single solid oxide cell was imaged using scanning electron

microscopy (SEM) observation to verify the fabrication pro-

cess, as shown in Fig. 1(b).

A nickel grid (100 meshes$cm�2) and an LSM layer with the

same size as the electrodes are added as contact elements

between interconnects and cells, on the fuel and air sides,

respectively. A commercial ceramic glass Schott G018-311 is

used for sealing, with a mica foil that ensures the electrical

insulation between two adjacent interconnects and the pre-

cise positioning of cells. Additional information on stack

design and experimental results on performance, durability

and gas conversion rates can be found in previously published

works [51e55]. The 5-cell stack was assembled and pre-tested

on a test bench at CEA to shape the sealant, assess good

electrical contact and reduce fuel electrodes before shipment

to EPFL. Quality control was also performed, recording some J-

V curves and EIS diagrams used as reference performances.

Moreover, a self-compression system composed of rods, tubes

and springs was developed by EPFL with CEA collaboration to

allow the compression force application from the cold part

outside the furnace during testing at EPFL. This system was

mounted on the stack for safe transportation to EPFL and

maintained adequate support of electrical contacts during the

test there.

Experimental setup

Fig. 2(a) and (b) shows a view of the 5-cell stack when

assembled with the self-compression system and ready for

shipment. Compressed air, Hydrogen (99.999%) and Nitrogen

(99.999%) were used at EPFL and gas flows were controlled by

Voegtlin mass flow controllers. A provision was made to

supply liquid deionised water to the evaporator for steam

generation purposes. A damper system was used to minimise

steam pulsation at the exit of the pump. The rSOC was placed

in a furnace maintained at 700 �C. Thermocouples (K- type)

were installed at different positions to verify the temperature

distribution during the operation of the rSOC as indicated in

Fig. 2(c) and (e). The reactant flow exhaust was condensed to

separate the generated steam from unused reactants. The

unused reactants were combusted in a burner using hot air

exhaust from the rSOC. The electrochemical analysis of the

five repeatable-unit rSOC short-stack was performed at EPFL

using the setup configuration, as shown in Fig. 2(c). The actual

setup used is shown in Fig. 2(d). The repeatable units (RU)

were placed so that RU5 was on the bottom plate, as shown in

Fig. 2(e).
The rSOC was tested at 700 �C with 50% H2 and 50% N2 in

the SOFC mode and 20% H2 with 80% H2O in SOEC mode.

Constant current tests were done at ±0.5 A cm �2 in SOEC and

SOFC modes, respectively. The flowrates of H2 and N2 used in

the SOFC mode were 3.33 Nl min �1 each, while 0.83 Nl min �1

of H2 and 3.31 Nlmin �1 of steamwere used in the SOECmode.

The air flowrate used was 7.50 Nl min �1 and 4.2 Nl min �1 in

the SOFC and SOECmodes respectively. The air excess ratio (l)

is defined, as shown in Equation (7).

l ¼ nO2�supplied

nO2�stoichiometric
(7)

where, nO2�stoichiometric is the number of moles of oxygen needed

for complete conversion of supplied hydrogen in the SOFC

mode at �0.5 A cm�2 and nO2�supplied is the number of moles of

oxygen supplied as a fraction of the air flowrate using themass

flow controller. A summary of the experimental conditions for

both the SOFC and SOEC modes are listed in Table 1.

The rSOC was characterised using J-V and electrochemical

impedance spectroscopy (EIS) measurements at various exper-

iment stages. By performing the EIS measurements close to

open circuit voltage (OCV), the required RU material properties

and processes can be defined [56]. The quality of the EIS spectra

was verified using Kramer Kr€onig's test. The spectra were

further corrected for inductive and capacitive behaviour and

smoothened. The corrected spectra were used to plot the dis-

tribution of relaxation time (DRT) analysis using Tikhonov reg-

ularisation [41,57,58]. The methodology used to calculate the

DRT can be found in the published work of Caliandro et al. [43].

Thesummaryof theadaptedmethodologycanbefound inFig.3.

Degradation calculation

By measuring the voltage evolution over time, the change in

absolute and relative degradation rates for individual RU was

calculated using Equations (8) and (9) respectively. The

degradation rates of individual RU give performance infor-

mation of the rSOC stack. The total degradation rate of the

rSOC short stack was calculated by summing the degradation

rates of the RU, as shown in Equation (10). The average voltage

degradation per RU was calculated, as shown in Equation (11).

The change in area-specific resistance (ASR) can be calculated

based on the absolute and relative voltage change by incor-

porating the current density. This information is essential for

determining the durability of the five cell rSOC short stack.

DURUx

Dt
¼
�
URUxðt2Þ � URUxðt1Þ

t2 � t1

�
� 1000 ¼ dabsðxÞ (8)

�
DURUx
URUxðt1Þ

�

Dt
¼

0
BB@

�
URUxðt2Þ�URUxðt1Þ

URUxðt1Þ

�

t2 � t1

1
CCA� 1000 ¼ drelðxÞ (9)

where x¼ 1 to 5, is the number of the repeatable units in the 5-

cell rSOC short stack; DURUx is the change in voltage levels for a

RU between times t1 and t2, in millivolt [mV]; Dt is the time

duration between t2 and t1, in kilohour [kh]. URUðt1Þ and URUðt2Þ
is the voltage levels of the RU at times t1 and t2 in millivolt

[mV].

https://doi.org/10.1016/j.ijhydene.2022.01.104
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Fig. 1 e (a) The various layers present in one repeatable unit of the rSOC short stack, (b) the corresponding single cell

scanning electron microscope (SEM).
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The relative change in voltage is given by the DURU
URUðt1Þ, repre-

sented as a percentage change. Therefore, the units of abso-

lute and relative degradations are represented asmV kh�1 and

% kh�1, respectively.

drSOCðabsÞ ¼
X5

x¼1

dabsðxÞ

drSOCðASRÞ ¼ drSOCðabsÞ
J

(10)

where J is the current density of operation, ±0.5 A cm�2 based

on the mode of operation.

drSOCðabsÞ ¼ drSOCðabsÞ
total number of RU

drSOCðrelÞ ¼
X5

x¼1
drelðxÞ

total number of RU

drSOCðASRÞ ¼ drSOCðASRÞ
total number of RU

(11)

Results and discussion

Voltage evolution of the rSOC short stack

The rSOC short stack was initially subjected to steady-state

testing starting with SOFC mode at þ0.5 A cm�2 followed by

SOEC mode at �0.5 A cm�2, as shown in Fig. 4(i). The initial

steady-state tests allow for preconditioning of all the RUs in

the rSOC short stack [17]. Each mode was operated for 120 h.

The J-V and EIS characterisation methods were performed

before and after each steady-state mode (S1 to S3). After the

initial steady-state modes, 35 rSOC cycles were performed

between current densities of ±0.5 A cm�2. Although some data

points are missing due to data logging issues (M1 to M3), we

firmly believe the tests have been conducted as planned.

Intermediate EIS measurements were performed after cy-

cles 8, 16, 24 and 35 (S4 to S7). EIS measurements were also

carried out in post-cycle steady state SOEC mode between S8

and S9. The summary of themeasurement conditions is given
in Table 2. The air preheater was changed after cycle 16 due to

failure, and the new air preheater had reasonably performed

the task. Due to this, there was air inlet temperature differ-

ence after cycle 16, compared to the initial cycles, as shown in

Fig. 4(ii). This highlights the challenges associated with the

balance of plants. The performance of the rSOC stabilized

after one to two cycles of operation, after each EIS measure-

ment. Therefore, degradation rates were calculated separately

between cycles 3e16 and 18e35 for all the RU. The represen-

tation of the calculation window for the SOEC and SOFC

modes, is shown in Fig. 4(a) and (b) and Fig. 4(c) and (d),

respectively. The time period between which the degradation

was calculated is represented between the dashed lines. The

voltage degradation rate was calculated first between the

beginning of cycles 3 and 16 (EC1:EC3 in SOEC mode and

FC1:FC3 in SOFCmode). This operation was repeated between

the ends of cycle 3 and 16 (EC2:EC4 and FC2:FC4). The two

values were later averaged such that a single degradation rate

in each mode between cycles 3e16 was found. The same

method was adopted to calculate the voltage degradation

rates between cycles 18e35.

As a whole, the rSOC short stack showed improvement or

no degradation in cumulative performance in the initial

steady-state conditions, as shown in Fig. 5(a) and (b), in both

modes. The initial steady-state degradation rates revealed

considerable performance improvement of 350mV kh�1 in the

SOFC mode for the whole stack. This performance improve-

ment of all the RUs during preconditioning could be due to

improved oxide (O2�) ionic conductivity associated with YSZ

in the electrolyte and the hydrogen electrode [59]. A positive

degradation rate in the SOFC mode indicated performance

improvement, while the same indicates degradation in the

SOEC mode. As the rSOC short stack is in endothermal con-

ditions in the SOECmode, the temperature gradient across all

the RUs influences the degradation rates. The temperature

gradient is also impacted by the stack placement in the oven,

with RU5 being close to the oven heat source compared to RU1.

High voltage degradation was observed for RU1 and RU4 in the

SOFC mode during the cyclic operation, while less than 0.5%

kh�1 (4 mV kh�1) were observed for the rest of the RUs. Per-

formance decline in SOFC mode could be attributed to the
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Fig. 2 e 5-cell stack with CEA design and DTU cells, (a) assembled to the self-compression system on a mechanical device

and (b) ready to shipment to EPFL, (c) schematic representation of the rSOC short-stack testing facility at EPFL, (d) the

experimental setup with oven, gas flow control system and the control computer at EPFL, (e) schematic representation of

spatial placing of the RSOC short-stack and sensors.
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Table 1 e Experimental Conditions for short stack rSOC in SOFC and SOEC modes.

Parameter SOFC SOEC

Current Bias rSOC operation �50 A/-0.5 A cm�2 þ50 A/þ0.5 A cm�2

Current Bias EIS Measurements �1 or �2 A/-0.01 or �0.02 A cm�2 1 or 2 A/0.01 or 0.02 A cm�2

Perturbation EIS Measurements 200 mA 1000 mA

Reactant Composition H2:N2 ¼ 50:50 H2:H2O ¼ 20:80

Hydrogen Flowrate 3.33 Nl min �1 0.83 Nl min �1

Nitrogen Flowrate 3.33 Nl min �1 0 Nl min �1

Steam Flowrate e 3.31 Nl min �1

Water Flowrate to Evaporator e 2.67 Nml min �1

Air Flowrate 7.50 Nl min �1 4.2 Nl min �1

Air excess ratio (l) 1 e

Experimental duration per cycle 19 h 20 min 3 h

Number of rSOC cycles 35

Fig. 3 e Workflow for rSOC characterisation and analysis.
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damage caused in SOEC mode. The rSOC short stack cumu-

lative degradation was about 45e70 mV kh�1 in SOFC mode

and 27e65 mV kh�1 in SOEC mode for cycles 3e16 and 18e35.

The average voltage degradation rate per RU of the rSOC short

stack between cycles 3e35 was 1.64% kh�1 (11.44 mV kh�1) in

the SOFC mode and 0.65% kh�1 (9.11 mV kh�1) in the SOEC

mode. During the reversible operation, the overall ASR change

was 114.41 mU cm2 kh�1 and 91.06 mU cm2 kh�1, in SOFC and

SOEC modes, respectively. These values are summarised in

Table 3.

The rSOC was subjected to steady-state SOEC mode for

1506 h after the cyclic operation. The J-V and EIS measure-

ments were taken at 2090 h (S8) and 2831 h (S9). The average

voltage degradation rate of the rSOC during the post-cycle

steady-state SOEC test was 0.74% kh�1 (6.60 mV kh�1), which

corresponded to a change in ASR level of 13.2 mU cm2 kh�1.

A comparison of the performance of the rSOCwith the data

from literature has shown variation in the quantities reported

for similar SOFC material composition and operating condi-

tions, as indicated in Table 4. From this work, the rSOC

operation has shown degradation in SOEC mode to be about

0.65% kh�1, which is among the lowest to the best of the au-

thors' knowledge.
Area specific resistance, electrochemical impedance
spectroscopy and distribution of relaxation time analysis

The characteristic J-V polarisation curve of the rSOC short

stack, recorded sequentially, shows similar OCV and perfor-

mance for all the RUs suggesting gas-tight seal and good

integrity of each RU, as shown in Fig. 6. The OCV was around

1.25 V for the SOFC mode and 0.92 V for the SOEC mode. The

difference in the OCV between the two modes is due to the

usage of different compositions: dry gas (H2:N2 ¼ 50:50) in

SOFC mode and high quantity of steam (H2O:H2 ¼ 80:20) in

SOEC mode.

The area-specific resistances calculated at 0.4 A cm�2

increased progressively during the preconditioning and the

cyclic operations, as shown in Figure A1 of the Appendix. The

OCV and ASR levels decrease from RU1 to 5, suggesting the

thermal gradient effects across the stack. During the post-

cycle steady-state SOEC mode test, the gas composition was

changed to H2O:H2¼ 90:10. The decrease in H2 volume fraction

by 10% increase in the steam volume fraction resulted in a

drop in OCV during the post-cycle steady-state SOEC mode of

operation [63]. As RU3 is the geometric centre of the rSOC

short-stack and had a good performance in bothmodes, it will
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Fig. 4 e i) The voltage versus time characteristics of the 5 cell rSOC Short Stack showing the steady state and cyclic

operations along the experimental duration of 3480 h. The J-V and EIS characterizations were performed at various steps (S1

to S9). ii) The temperature versus time characteristics of the 5-cell rSOC short stack during the experiment. Graphs (a) and (b)

represent the V-t characteristics of the rSOC short stack in SOEC mode zoomed on cycles 3 (EC1-EC2) and 16 (EC3-EC4).

Graphs (c) and (d) represent the V-t characteristics of the rSOC short stack in SOFC mode zoomed on cycles 3 (FC1-FC2) and

16 (FC3-FC4). Vertical lines suggest the window of degradation calculation for a cycle.

Table 2 e The electrochemical impedance spectroscopy (EIS) measurement conditions across steps S1 to S9.

Steps Time (h) SOFC mode SOEC mode

EIS Bias (A cm�2) EIS Perturbation (mA) EIS Bias (A cm�2) EIS Perturbation (mA)

S1 0 (S1 to S5) 0.01 (S1 to S7) 200 (S1 to S4) 0.01 (S1 to S9) 1000

S2 120

S3 350

S4 570

S5 800 (S5 to S9) 0.02

S6 1150 0.02

S7 1400 0.01

S8 2200 e e

S9 2900 e e
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be investigated further while information about the other RU

is given in the Appendix.

The quantification of the change in ASR is possible through

EIS. The EIS spectrum is a Nyquist plot through which the

ohmic, polarisation and total resistances of the RUs can also

be quantified. The EIS spectrum for both modes was affected
by high-frequency inductance for all the RUs [64]. The noise

due to steam generation in SOEC mode was predominant at

frequencies lower than 10 Hz. The current and voltage leads

were twisted to minimise the cable inductive effect. In

response, capacitive behaviour is observed during EIS mea-

surement at high frequency, as shown in Appendix Figure A2.
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Fig. 5 e The evolution of voltage degradation along the duration of the experiment in both modes represented in (a) voltage

change percentage per kilohour (% kh¡1) and (b) voltage change per kilohour (mV kh¡1).

Table 3 e Average Voltage and ASR degradation rates between cycles 1e35 in SOFC and SOEC modes.

Mode Cycles 3 to 35 per cycle

Units (Avg. Relative)
% kh�1

(Absolute)
mV kh�1

(ASR) mU cm2 kh�1 (Avg. Relative)
% kh�1

(Absolute)
mV kh�1

(ASR)
mU cm2 kh�1

SOFC Avg. Degradation

per RU (drSOC)

�1.64 (�0.81a) �11.44 (�5.77a) 22.88 (11.54a) �0.10 (�0.03a) �0.72 (�0.36a) 1.43 (1.37a)

rSOC Degradation

(drSOC)

�57.20 (�23.09a) 114.41 (46.17a) �3.58 (�1.44a) 7.15 (0.72a)

SOEC Avg. Degradation

per RU (drSOC)

0.65 9.11 18.21 0.04 0.57 1.14

rSOC Degradation

(drSOC)

45.53 91.06 2.85 5.69

a Voltage degradation rates excluding RU4.

Table 4 e Degradation results found in literature for similar operating conditions.

Operation Conditions Degradation Ref.

Type Operating Mode Materials [Fuel
electrode ||
electrolyte ||
air electrode]

Temp.
[�C]

Composition
[H2/H2O/N2]
[%/%/%]

Current density
[A/cm2]/SC or

FU [%]

mV kh�1 % kh�1

Single cell

(SC)

SOEC Steady-State Ni-YSZ

|| YSZ ||

LSC-CGO

700 20/80/0 ±0.5/52 e 7.7b [17,60e62],a

SOFC Steady-State 50/0/50 e 1.7b

SOEC reversible op.c 20/80/0 e 7

SOFC reversible op.c 50/0/50 e 3.8

Button Cell

(BC)

SOEC Steady-State Ni-YSZ

|| YSZ ||

LSCF-GDC

750 10/90/0 - 0.75/48 60 41

SC �0.5/n.a. 21 e

Short stack

(SS) (EPFL)

�0.7/41 17 e

SS (EIFER) �0.5/n.a. e <1

SS SOFC Steady-State Ni -YSZ

|| YSZ ||

LSM-YSZ

700 90-97/3e10/0 0.5/40 44 e

SS SOFC Steady-State Ni-YSZ

|| YSZ ||

LCN-YSZ

750 100/0/0 0.37/10 e 1.7

a There are more results available in these publications, however, only the most similar conditions are presented here.
b These results are measured over only 120 h.
c The cycles consisted of 3 h in FC mode and 20 h in EC mode per cycle.
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Fig. 6 e The polarisation curves for RU1-5 during the cycling operation (step 1 to 7) in both modes are shown in (a) to (d). The

polarisation curves at the beginning and the end of the post-cycling steady-state SOEC mode are indicated at step 8e9. The

corresponding steam conversion and fuel utilisation levels are also indicated on the top x axis.
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The high-frequency capacitive effect was trimmed, and the

spectra were extended based on the curvature of the high-

frequency EIS arc. The low frequency noise due to steam

generation was trimmed, smoothed, corrected for all the RUs,

as shown in Figure A3 of the Appendix. The Kramer's Kr€onig

residuals varied between ±3% in SOFC mode. The variation

was ±2% for frequencies higher than 30 Hz and ±4% for a

frequency range between 0.01 and 30 Hz in the SOEC mode.

The inductance and capacitance corrected Nyquist plots of

the EIS measurements for both modes showed stable ohmic

resistance after the initial preconditioning, while the polar-

isation resistance increased fromS1 to S7, as shown in Fig. 7(a)

and (b). The EIS measurements of S6 in SOFC mode were
conducted with 2A bias to verify data quality improvement.

The polarisation resistance (Rpol) in the SOFCmode appears to

be larger by a factor of 10 than in the SOEC mode. This dif-

ference is primarily attributed to the low-frequency physical

process resistances in the SOFC mode. The Bode plots clearly

show the difference in the gas conversion resistances at a low

frequency range below 10 Hz, as shown in Fig. 7(c) and (d). The

presence of 80% steam in 20%H2 significantly reduces the low-

frequency impedance in the SOECmode. Besides, degradation

of RU3 in the intermediate frequency range of 10e100 Hz in

SOFCmode, and at higher frequency range of 100 Hz to 10 kHz

in SOECmode is also observed. As expected, the Bode plots for

all the RUs show similar trends in both modes, as indicated in
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Fig. 7 e The performance of RU3 of the rSOC short stack in SOFCmode (a), (c) and (e) and SOECmode (b), (d) and (f) from step 1

to 7. The inductance and capacitance corrected impedance spectra for the respective modes are shown in (a) and (b) as

Nyquist plots, the variation of impedance as a function of frequency is represented by the Bode plots (c) and (d), and the

corresponding distribution of relaxation times (DRT) is represented in (e) and (f).

Table 5 e DRT peak description and their respective range of frequencies, adapted from Refs. [43,65e67].

Peak no. Peak range (Hz) Peak Description

P1 10�1 - 101 Gas conversion resistance peak.

P2 101e102 Oxygen-surface exchange and oxide ion transport resistance in the air

(LSC-CGO) electrode.

P3 102e103 Charge transfer resistance peak attributed to fuel (Ni-YSZ) electrode.

P4 > 103 Oxide ion transfer resistance peak attributed to air (LSC-CGO) and fuel

(Ni-YSZ) electrode.
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Figure A4 of the Appendix. The increase in resistance around

1 kHz corresponds to the charge transfer resistance at the H2

electrode-electrolyte interface.

The extended EIS spectra were used to calculate the distri-

bution of relaxation times (DRT) based on Tikhonov regular-

isation which helped in the deconvolution of various intrinsic

processes. In both modes, the presence of four prominent

peaks - P1 to P4 - was observed in Fig. 7(e) and (f), and the high

frequency regime degrades. The four loss mechanisms iden-

tity was adapted from single-cell tests done in previous works

[43,65,66] and listed in Table 5. The gas conversion resistance

peak (P1) is distinctively observed in both modes near the

frequency range of 0.1e10 Hz. Between the SOFC and the SOEC

modes a considerable reduction in the gas conversion resis-

tance (P1) is observed due to change in fuel composition. In the

SOFC mode, the change in applied bias at S6 lowers the gas

conversion peak P1 due to the evolution of gas composition
from very dry to steam generation conditions and shifts the

spectra towards higher frequencies. In the SOEC mode, from

S1 to S4 the peaks of P3 and P4 are not distinguishable (P30),
suggesting nearby time constant values [67] of the charge

transfer (P3) and oxide ion transfer processes (P4). The oxide

ion transfer resistance peak (P4), associated with the air and

fuel electrode, is seen at the end of the experiment. Upon

increasing the bias from 0.01 to 0.02 A cm�2, the charge

transfer resistance (P3) and oxide ion transfer processes (P4)

deconvolute from P30. Previous studies have reported a similar

change in charge transfer resistance (P3) based on operating

current density [43,68].

The increase in P3 and P4 peaks resistance indicates

degradation of the Ni-YSZ triple phase boundary, suggesting

nickel agglomeration, loss of NieNi connections or contami-

nation. The degradation loss mechanisms trend for the rest of

the RUs is similar, as indicated in Figure A5 of the Appendix.
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Fig. 8 e The (left) ohmic and (right) polarisation resistances of the rSOC short stack calculated from inductance and

capacitance corrected Nyquist plots, in (top) SOFC mode and (bottom) SOEC mode.

i n t e rn a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 7 ( 2 0 2 2 ) 1 0 1 7 5e1 0 1 9 310186
The evolution of the ohmic and polarisation resistances

determines the performance of the rSOC. After precondition-

ing, both Rpol and Rohm increased for all the RUs in bothmodes,

as shown in Fig. 8. The ohmic resistance remained consistent

during the cyclic operation with minor fluctuations. The

conditions might slightly vary between cells as individual

measurements were performed sequentially. The polarisation

resistance increased during the cyclic operation. The polar-

isation resistance changed following the increase in bias due

to change in gas composition, heat generation or absorption

based on the mode of operation. However, the change in bias

did not affect the SOEC mode suggesting different reaction

kinetics contributing to the polarisation resistance and less

sensitivity towards gas conversion.

Post-cycling steady-state electrolysis

After the cyclic operation in the SOFC and SOECmode, the rSOC

was subjected to steady-state SOEC mode with a gas compo-

sition of H2O:H2¼ 90:10 on the fuel electrode and an air flowrate
for l< 1. The change of gas compositionhelps in understanding

the performance of the rSOC under lower hydrogen content.

The ohmic resistances calculated from the EIS spectra have

remained constant between S7 and S8 even after changing the

gas composition, comparing Fig. 9 and Fig. 8.

However, the ohmic resistance of RU1 and RU3 increased

considerably between S8 and S9, suggesting degradation due

to loss of contact. Surprisingly, rSOC short stack performance

improved between S8 and S9 with an average reduction in

polarisation resistance of 9%. The Bode plots showed no

change with the gas conversion peak (P1). It appears that the

steady-state SOEC mode reduced the variation in the charge

transfer resistance region across the RUs between S8 and S9.

The Bode plots between the range of 100e30 000 Hz shrank

closer amongst the RUs. Further, the DRT spectra analysis

indicates that the charge transfer resistance (P3) reduced be-

tween S8 and S9. The peak P4 overlaps indistinguishably from

RU1 to 5. As discussed earlier in Fig. 7, during reversible cyclic

operation, the charge transfer resistance in fuel electrode (P3)

and ionic transport in the air electrode (P2) showed increasing
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Fig. 9 e The performance of all the RUs in SOECmode (left) at the beginning of the post-cycling test (S8) and (right) after 720 h

into the post-cycling test (S9). (From top to bottom) The inductance and capacitance corrected Nyquist plots, the resulting

Bode plots and the corresponding DRT plots are indicated with trends across the short stack.
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trends. During the post cycling steady state SOEC mode, the

decrease in P3 was higher while P2 was nearly constant.

Overall, it was quite evident that the charge transfer through

the fuel electrode (P3) is responsible for the observed degra-

dation for all the RUs.
Conclusion

A five repeatable unit rSOC short stack was tested under

cyclic conditions at 52% fuel utilisation (SOFC mode) or

steam conversion (SOEC mode) at 700 �C and ±0.5 A cm�2.

The 35 operating cycles were performed with the fuel gas

composition of H2/N2:50/50 in SOFC mode and H2/H2O:20/80

in SOEC mode. The current density-voltage measurements

and electrochemical impedance spectroscopy (EIS) mea-

surements were performed in both modes at regular in-

tervals. The initial preconditioning operation revealed

performance drop due to operation in SOEC mode. During

the cyclic operation operating the rSOC in the SOFC mode

reduced the SOEC mode degradation to less than 2% kh�1.

The EIS spectra deconvolution by Distribution of Relaxation

Time (DRT) analysis suggested that the charge transfer in

the fuel electrode (P3) and ionic transport in the air elec-

trode (P2) is responsible for the observed degradation for all

the RUs during cyclic operation. The post-cycling steady-

state SOEC operation revealed changes only in charge
transfer through the fuel electrode, suggesting P3 as the

primary contributor for degradation of rSOCs.
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Appendix
Figure A1 e The evolution of the area specific resistance and the stability of open circuit voltage values between steps 1 to 7.

The ASR was calculated at ±0.4 A cm¡2. The ASR is measured in the linear part of the polarisation curve.
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Figure A2 e The Nyquist plots of EIS spectra of RU1 from S1 to S7 in (top) SOFC mode affected by high frequency inductance

and (bottom) in SOEC mode affected by low frequency noise due to steam generation.

Figure A3 e The inductance, capacitive and low frequency noise corrected Nyquist plots of the EIS measurements for RU1 to

5 (top to bottom), in SOFC mode (left) and SOEC mode (right).
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Figure A4 e The inductance and capacitance corrected Bode plot for RU1 to RU5 (top to bottom) in SOFC mode (left) and SOEC

mode (right) from S1 to S7.
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Figure A5 e The distribution of relaxation times for RU1-5 (top to bottom) in SOFC mode (left) and SOEC mode (right) from S1

to S7.
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