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ARTICLE INFO ABSTRACT

Keywords: Solid Oxide Fuel Cell represents a valid and clean alternative to conventional combined heat and power systems.
Solid oxide fuel cell These devices can convert different kinds of fuels into electricity with high efficiencies (up to 75-80 %) and low
Modeling

CO, or hazardous emissions. In order to understand and validate Solid Oxide Fuel Cell behavior at different
operating conditions, investigations are currently focusing their attention on modeling. In this work, an
experimental-based model to study the effect of different hydrogen and temperature conditions on both the
polarization processes and its effect on Solid Oxide Fuel Cell performance is presented. Experimental parametric
campaigns were carried out using a button anode supported Solid Oxide Fuel Cell with an active area of about 2
cm?. A practical zero-dimensional mathematical model based on low and high voltage approximations of the
Butler-Volmer equations was used starting from an experimental current-voltage dataset to obtain polarization
curve parameters representing different physical phenomena associated with the cell. To validate the obtained
results and gain additional information, electrochemical impedance spectroscopy measurements and distribution
of relaxation times analysis were performed both in open circuit voltage and underload at 0.5 A/cm?. Finally,
from the fitted parameters, it was possible to derive dimensionless charge transfer coefficients related to the most
probable reaction mechanisms occurring in the cell, equal to 2 for the anodic process and 3.5 for the cathodic
process. Moreover, from the results the obtained exchange current densities range from 0.024 A/cm? to 0.048 A/
em? for O, reduction and from 0.012 A/cm? to 0.073 A/cm? for Ha oxidation and subsequently, the activation
energies equal to 100 kJ/mol and 66 kJ/mol for anodic and cathodic electrochemical processes, respectively.

Electrochemical impedance spectroscopy
Distribution of relaxation times
Reaction mechanisms

Despite being able to cut down primary energy consumption and
limit CO, emissions, the use of environmentally clean alternative fuels
has a crucial drawback that should be considered [8]. Novel technolo-
gies, such as fuel cell systems, have been proposed, combining low CO4
emission outputs with fuel conversion to electricity, gaining significant

1. Introduction

Over the past few decades, energy consumption, ever more closely

linked to the global economy, has been causing irreparable environ-
mental damage [1]. The need to combine environmental protection [2]
and limit the use of depleting fossil fuels [3] is an essential aspect of the
sustainable development of our planet. Therefore, the development and
use of renewable energies such as solar [4,5] or wind [6,7] play a crucial
role in tackling global energy issues. Nonetheless, such resources are
intermittent and not the same in all locations; therefore, it is necessary to
use other efficient technologies to cover the energy demand perma-
nently. Among these, combined heat and power (CHP) systems based on
internal combustion engines (ICE) are consolidated and widely used
technologies.
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attention as a promising energy supply from renewed fuels such as
hydrogen [9,10]. Fuel cells exhibit certain advantages: i) high effi-
ciencies (up to 75-85 % vs. 30 % of thermoelectric conversion systems)
[11,12], ii) Low or zero CO- or hazardous emissions [13,14], iii) suit-
ability for different types of applications, both stationary and mobile
[15,16]. Fuel cells can be categorized according to operating tempera-
ture between low and high-temperature cells. Among the high temper-
ature cells, solid oxide fuel cells (SOFCs) show a high potentiality due to
high current/power densities and global efficiency of up to 85 % when
waste heat recovery is considered [12]. Moreover, being more resistant
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Nomenclature

o Charge transfer coefficient for cathode

ol Charge transfer coefficient for anode

B Symmetry factor

r Regularization parameter for the DRT method (Qecm?)

v Number of times rate determining step repeats

Eo OCV obtained from experimental conditions (V)

E. Activation energy(kJ/mol)

F Faraday Constant (96,500C/mol)

j Current density (A/cm?)

Jjo Exchange current density (A/cm?)

Jtim Diffusion current density (A/cm?)

n Number of electrons involved in the rate determining step

n; Number of electrons involved in the reduction process

ny Number of electrons involved in the oxidation process

ni Number of electrons involved before the rate determining
step for the cathode

no Number of electrons involved before the rate determining

step for the anode
Oads Oxygen adsorbed

Py Fitting parameter that represents the activation
polarization resistance (Qecm?)

P Fitting parameter that represents ohmic electrolyte
resistance (Qecm?)

P, Pre-logarithmic term that takes into account the reaction
mechanisms via charge transfer coefficients (V)

P3 Fitting parameter that takes into account both reaction

mechanisms (via charge transfer coefficients) and anodic
and cathodic reaction kinetics (via exchange currents
densities) (cm?/A)

Pia DRT peak related to the ionic conduction of 02~ ions going
through the YSZ matrix of the anode functional layer in a
range between 800 and 4000 Hz

Py DRT peak attributed to the oxygen reduction (O2/03)

determined by a charge transfer mechanism from around
17 to 78 Hz

Psa DRT peak indicates charge transfer phenomena due to the
fuel oxidation in the internal triple-phase boundary (TPB)
region from around 78 to 800 Hz

Py DRT peak related to oxygen ions diffusion through the
porous structure place between 0.1 and 1 Hz

P3, DRT peak 1 to 17 Hz occurs in the open porosity of anode
substrate

R Gas constant (J/moleK)

T Absolute Temperature (K)

Veen,avsso Cell Voltage when potential drops are below 50 mV (mV)
Veen,av<so Cell Voltage when potential drops are below 50 mV (mV)
Veen,av—so Cell Voltage when potential drops are equal to 50 mV

(mV)
VA Real part of the impedance (Qecm?)
z Imaginary part of the impedance (Qecm?)4res
Acronyms
0D Zero-dimensional
CHP Combined heat and power
cv Coefficient of variation
DRT Distribution of relaxation times
ECM Equivalent circuit model
EIS Electrochemical impedance spectroscopy
GDC Gadolinia doped ceria
ICE Internal combustion engine
LSC Lanthanum strontium cobaltite

MFC Mass flow controller

OCV Open circuit voltage

RDS Rate determining step

SOFC Solid oxide fuel cell

TBP Triple phase boundary

YSzZ Yttrium-stabilized zirconium

to pollutants, they are also suitable for use with biofuels other than
hydrogen, such as syngas [17,18]. Definitely, SOFCs represent a valid
and clean alternative to ICE in CHP systems [19,20].

In order to understand the operation of SOFC systems under different
operating conditions and to extend, simplify and speed up the data
analysis, investigators have focused their attention on different
modeling approaches that involve physical, statistical, and physical-
empirical methods [21]. In this regard, considering that impedance
analysis could be a suitable strategy to characterize the electrochemical
process within the cell at a specific voltage condition, I-V curves could
better represent the performance cell in a broad range of operating
voltage. Thus, simulating I-V curves obtained from realistic experi-
mental conditions could achieve a more reliable comprehension of
SOFC. For instance, Wang et al. developed a polarization modeling by
fitting experimental I-V curves obtained by changing the oxygen partial
pressure at the cathodic side in order to separate different polarization
contributions found in the cell overpotential, such as ohmic, activation,
anodic and cathodic concentration [22]. Similarly, Sahli et al. and
Bianchi et al. proposed thermodynamic cell model simulations to
determine the polarization losses, displaying the capacity to represent
the effect of operating parameters on the potential cell [23,24], while
Kuboyama et al. isolated polarization losses through an equivalent cir-
cuit model (ECM) and electric charge analysis at the cathode [25].

Furthermore, it is important to stress that some parameters used for
modelling are usually taken from the literature to simulate and verify
the performance of the cell, such as the activation energy (E,) [26] or
even the exchange current densities (jo) [27-29] Therefore, those

parameters, in some cases, are used to reduce the number of variables
and facilitate the equation-solving procedure in order to focus on other
aspects of the cell, such as the study of the anodic diffusion polarization
[30] or estimation through the fitting of ionic conductivity of the elec-
trolyte, porosity/permeability of the anode support layer, tortuosity and
pore diameter [31]. In this concern, Nakajo et al. have assumed a re-
action mechanism with the relative rate-determining steps to reduce the
number of unknown variables, even if it does not seem to be the one that
fits very close to the experimental data [32].In contrast, in our work, the
charge transfer coefficient relating to the limiting step is chosen based
on the best fitting produced. It is worth noting that this does not mean
having univocally determined the reaction mechanism but only having
identified the limiting steps among some reaction mechanisms, whose
relative anodic and cathodic charge transfer coefficients determine the
optimal fitting.

Other investigations focused on understanding SOFC behavior have
used available literature and performed specific experimental mea-
surements to determine parameter values subsequently used to feed the
model fitting [33]. Those experimental measurements attempt to feature
the behavior of the global cell in order to understand local mechanisms
occurring on each electrode, which implies specific studies on a single
electrode by using half-cells [34]. However, this strategy presents some
issues related to the intrinsic complexity of positioning or creating a
reference electrode inside the cell [35]. On the other hand, in other
cases, actual empirical expressions are even used [36,37]. Moreover,
there are several papers that use mathematical models of different
complexity from OD to 3D, but in this work, it is possible to highlight
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Cathode LSC (15 um)

Barrier layer GDC (5 um)

ElectrolyteYSZ (3 um)
Activelayer (12 um)

Support layer (356 um)

Contact layer (12 um)

Fig. 1. Details of the button cell and ceramic SOFC test housing used during the test campaign.

that all the electrochemical parameters, characterizing an assembled
SOFC cell, have been found by means of the fitting procedure of
experimental data obtained in different operating conditions without
using the literature as parameters value source, but only as comparison
validation.

Indeed, the present investigation is focused on employing effectively
and usefully two different approximations of the Butler-Volmer equation
to determine all the parameters characterizing an electrochemical de-
vice such as a solid oxide fuel cell (SOFC). Considering both approxi-
mations over different current and voltage ranges and assuming values
for the anodic and cathodic charge transfer coefficients that produced
the best fitting, it has been possible to determine the exchange current
densities of the two electrodes and the E, for both the anodic and
cathodic processes.

Moreover, electroanalytical analysis has been used to evaluate SOFC
performance and its constraints. For example, the single anodic and
cathodic effects in electrode resistances combining electrochemical
impedance spectroscopy (EIS) with ECM fitting and analysis have been
investigated [22]. Although EIS has been considered a notable tool to
determine polarization resistances caused by the operating parameters
in featured electrochemical systems (batteries, electrolyzers, SOFCs),
SOFC systems are strongly influenced by the operating conditions
varying their polarization resistances (activation, ohmic and diffusive)
in determining times of process, being a critical aspect when it comes to
separating a single effect from operating conditions. Since this meth-
odology could cause unsuccessful outcomes due to the overlapping of
anodic and cathodic processes [35,38], implementing the reference
electrode could also be proposed as an alternative for splitting anodic
from the cathodic contribution, even if, as said before, it could present
some difficulties [35]. However, significant drawbacks are still
mentioned regarding the gas phase contact with an electrode material,
electrode placement, and variations on the potential distribution that
result in non-reliable current density and overpotential measurements
[38].

Considering the previous-mentioned bottleneck and the complexity
of resistive mechanisms in fuel cell systems, distribution of relaxation

times (DRT) analysis has been developed to identify anodic and cathodic
processes attributable to SOFC resistance losses [38-42]. In this regard,
Leonide et al. have identified five processes attributable to polarization
losses by means of DRT analysis [39,42], while similar analyses have
been followed by Caliandro et al., investigating the contribution of the
elementary processes to the total losses through the variation of six
operating parameters (temperature, current density, oxygen and steam
flow rate at both the respective anode and cathode, total flow rates and
gas composition) [43]. Those results clarified the physical contribution
represented by peaks, mainly those at mid-frequency regions overlapped
by the confluence of electrode mechanisms caused by the oxygen and
fuel gas reaction. A remarkable achievement in DRT analysis was ob-
tained by Suboti¢ et al., who studied 10-cell stacks by integrating the
previous knowledge available for a single cell. In this sense, DRT anal-
ysis featured processes at very similar specific frequencies occurring for
both single-cell and stacks, but also analysis at early stages facilitated
the determination of irreversible processes that could endanger and
decrease the lifetime of SOFC [38].

Based on the above-mentioned statements, this investigation pro-
poses a methodology capable of calculating polarization curve param-
eters by performing a fitting between a voltage balance equation and
experimental I-V curves from SOFC analysis under real operating con-
ditions. The analysis of the electrochemical charge-transfer reaction
mechanism and EIS measurements agreed with the numerical findings
from fitting, while DRT assessments were performed to analyze better
the EIS results, separating each polarization resistance contribution
associated with a specific frequency. According to the previously results,
the anodic and cathodic exchange current density and activation energy
were determined for the SOFC system.

2. Materials and methods

In this section, information is provided regarding the equipment
used, as well as the various tests performed on the SOFC. Furthermore,
the polarization model adopted to perform the fitting analysis is pre-
sented in detail.



L. Del Zotto et al.

Energy Conversion and Management 299 (2024) 117877

RS232/Flowbus- | = P f i, Vent
Bronchorst ]
,‘ Instruments - 207
Labjack T4 Squidstat - EIS
High precision
s e multimeter
................................... p- 1120 discharge

MFC control unit

TK1

UR 100%
heated pipe

UR 100% X
heated pipe o

ELECTROLYTE

CATHODE

Temperature

Ball rotameter

controlled furnace

&= Ball rotameter

0-500 Nml/min 0-500 Nml/min Ambient concentration
...................................... sensors
------- 0-500 Nml/min @)
___________ g) 0-1000 Nml/min @ e
0-1000 7y wall wall é wall
Nml/min ‘ 15/1 bar 15/1 bar 1 15/1 bar !
200/15 bar 200/15 bar 200/15 bar
—=- e 3 — -
Legend
Air Electrical
Dry air —  H2
H. | 50L N 500 50 It. 200 bar No: oo Data signal
200 bar 3
200 bar N, 79% —_— H20
0,21%

Fig. 2. Experimental setup layout for SOFC test.

2.1. Solid oxide fuel cell features and test rig

An intermediate temperature commercial anode supported square
button cell has been used to obtain the experimental dataset at varying
temperatures (650, 675, and 700 °C) and hydrogen concentrations at the
anode inlet (15, 25, 50, 75, and 90 %). The anode supported button cells
consist of a ceramic-metal composite with the following composition
Ni-YSZ/YSZ/GDC/LSC. The fuel oxidation occurs at the anode side,
which is made of Ni-yttria-stabilized zirconia (Ni-YSZ) divided into
contact, support and active layers with a total thickness of around 400
um. The 15 um-cathodic layers made of lanthanum strontium cobaltite
(LSQ) is in charge of oxygen reduction when airflow is in contact. Both
anodic and cathodic layers are separated by yttria-stabilized zirconia
(YSZ) as electrolyte (3 um) and gadolinia doped ceria (GDC) acting as a
diffusion barrier. The anodic and cathodic active surface of the cell has
dimensions of 14 x 14 mm. Fig. 1 shows the details of the fuel cell and its
schematic internal structure.

A complete ceramic housing made of alumina purchased from
CHINO Corporation has been used. The holder can accommodate either
button cells or 5 x 5 cm-square cells by changing only the gas distri-
bution plate. Moreover, it optimizes thermal and electrical insulation,
avoiding steel poisoning during operations, compared to metal holders
that are conventionally used. The closing of SOFC assembly is another

crucial step to guarantee proper gas tightness: it is achieved by aligning
a mica sealing between each gas distribution plate and button cell, fol-
lowed by a mechanical closing composed of ceramic screws, nuts and
springs; all this system is tightened to 12 ¢cNm. This procedure focused
on maintaining a proper gas distribution and reducing potential gas
leakage problems. Nickel and gold mesh current collectors are used for
the anode and cathode sides, respectively (Fig. 1). The electrical current
is brought outside through platinum wires, which are connected to the
current collectors. A thermocouple is pre-installed inside the holder in
order to acquire the cell temperature.

Fig. 2 illustrates the test rig employed in the experimental campaign,
which incorporates a furnace, gas feeding pipeline, data acquisition and
control system, electrochemical analysis system, and a solid oxide fuel
cell (SOFC) unit. A CarboliteGero CWF 11/13 3216 furnace was used
during the experimental campaigns. The temperature control, which
consists of cooling and heating ramps at 1 °C/min, was guaranteed
through a proportional-integral-derivative (PID) controller, checking
the temperature from thermocouples TK1 and TK2 (type K) installed
inside the chamber and the anode inlet, respectively.

The gas feeding system consists of three different lines connected to
steel storing cylindrical gas tanks (50L x 200 bar) containing pure
technical gas (N2, Hy) and air (79 % N3 and 21 % Os). The operational
pressure of the mass flow controllers (MFCs) (Bronkhorst El-Flow),
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Table 1

Experimental array assessing different H, concentrations at the anode side (15,
25, 50, 75 and 90 %vol) and temperatures (650, 675 and 700 °C) using an active
surface area of about 2 cm?,

Temperature 650, 675 and 700 °C
H, variations ( %vol) 15 25 50 75 90
Anode flow H, 11.25 18.75 37.5 56.25 67.5
(Nmlemin"ecm™2) N> 63.75 56.25 37.5 1875 7.5
Total 75
Cathode flow Total  Air
(Nmlemin'ecm™2) 125

located at the inlet, is approximately 2 bar as the technical gases are
transferred from 200 bar tanks. A gas mixture consisting of Hy and Na
was fed to the anode while the air was supplied as the oxidant to the
cathode side by regulating both the gas pressure and mass flow rate at
the inlet.

The input signals from the instrumentation were monitored through
the Admiral proprietary software and in-house-made LabVIEW program,
which collects and visualizes all the data from controllers and sensors
(thermocouples, MFCs and voltmeters). Furthermore, the performance
of the SOFC unit was analyzed by a potentiostat/galvanostat Admiral
Instruments Squidstat Cycler 1404 with four independent channels
along with two pairs of electrodes and sensing auxiliary wires in order to
perform polarization curves and EIS measurements. This versatile
equipment, in galvanostatic mode, can supply current ranging from 0 to
5 A and maximum accuracy and resolution of about 115 pA and 2.70 pA,
respectively. In the case of the potentiostatic mode, it can measure up to

12 R? 15%H, = 0.995
1.3 R? 90%H : 1.0
1.2 —e—15% H,
\ 90% H, {08
111 08 1.0 1.2 &
S o Vexp (V) 0% - los g
< 1.0+
2 =3
o
= 094 [
o 104
> 8
0.8 o
40.2
0.7
Qe
'
& (@)
0.6 T T T T T 0.0
0.0 0.2 0.4 0.6 0.8 1.0 1.2

Current density (A/cm?)
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5 V with an accuracy near 2 mV and a resolution close to 11 pV. In
particular, in the performed EIS measurements, potentiostatic mode was
used for OCV conditions with an amplitude of £10 mV as an excitation
signal, while galvanostatic mode was employed in underload conditions
at 1 A with an amplitude of £100 mA as excitation signal. In both cases,
the frequency ranged from 10 kHz to 100 mHz with 50 steps. In addition,
a high precision voltmeter (Mastech MS8229) was permanently used to
measure voltage outputs without interfering with the electrical system.
Finally, it is worth adding that the fitting process does not require much
computational resources and experimental data used in the fitting do not
require any pre-processing procedure. Regarding resource re-
quirements, the used model is a 0D model, and it can be simply compiled
and solved by some mathematical software such as MatLab, MathCad or
Origin. In this work, MatLab was used.

2.2. Experimental campaign

Several tests were conducted to obtain experimental data required
for the model fitting. Start-up, shut-down and anode reduction phases
have been conducted following the procedures reported in our previous
work [44]. Different operating conditions (hydrogen concentration and
temperature) were evaluated, as seen in Table 1. The total flow rate at
the anode was kept constant at 150 Nml/min by fixing the Hz and Ny
flow ratio. At the cathode side, an airflow rate of 250 Nml/min with a
nominal composition of 21 % O and 79 % N3 was used. From Table 1
and Fig. 3, considering the inlet anode flow and delivered current it is
possible to state that the cell always works in over stoichiometric oxygen
conditions.

121 e 15%H, = 0.997
1.3 — ] H,=0.998 1.0
S 10
124 > 5% H,
0.8 o My
\ 90% H, 1038
i s
11 0.8 1.0 1,2ggggggg Kg
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Fig. 3. Polarization, fitting and power curves for different hydrogen concentrations at (a) 650 °C, (b) 675 °C and (c) 700 °C.
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Table 2
Polarization curves parameters values for Py, P1, P, and Pa.
Hy (%) 15 25 50 75 90
T (Q) Py P P, P; P P P, P; Py P, P, P; P P, P, P; P P, P, P
650 4 026 0.061 73 24 026 0.061 53 2 026 0061 34 17 026 0061 26 165 026 0061 23
675 22 021 0063 55 1.9 021 0063 40 15 021 0063 28 14 021 0063 22 135 021 0.063 19
700 1.8 018 0065 43 155 018 0065 31 12 018 0065 20 11 018 0065 15 1 0.18  0.065 14
Polarization curves were generated by increasing the current in steps RT j
of 100 mA, beginning from the open circuit voltage (OCV) to a limit Nay = ® In(1 - jT) (6)
im

potential of 700 mV. This potential limit has been selected according to
the range of nominal working conditions of the cell suggested by other
investigations [39]. In addition, impedance measurements were per-
formed by operating the EIS module in both potentiostatic mode for OCV
and galvanostatic mode for underload conditions at 1 A. The EIS results
were subsequently analyzed by the DRT using a free MatLab toolbox
[45] with the Gaussian discretization method and a regularization
parameter (A) equal to 1 x 1073 [46]. That analysis was used to identify
each polarization resistance with respect to a characteristic frequency.

2.3. Model description

The developed model takes into account activation, ohmic and
concentration overpotentials. In order to achieve the best fitting for each
current density value, Eq. (1) is used for the initial 50 mV decrease in
potential values, while Eq. (2) is used when the potential drop exceeds
50 mV.

Veenav<so = Eo — (Po +Py) o 1
J
)

2
) @

. . RT
Veenavsso = Veenav—so — P1 @ j — P @ In(P3f) — P In(1 —

R is the gas constant, T is the cell operating temperature, F is Fara-
day’s constant, and n is the number of electrons involved in the redox
reaction. In the case of Ve, av<so and Ve, avsso, they represent the
cell voltage when potential drops are below and above 50 mV, respec-
tively, whereas Ve, av=so is the cell voltage calculated from Eq. (1)
when the potential drop is equal to 50 mV. E is the OCV obtained from
experimental conditions, j is the current density, and Py, P;, P> and P3
correspond to polarization curve parameters.

In Eq.1, activation losses are considered by linearization of the
Butler-Volmer equation (Eq. (3), while in Eq. (2), a Tafel expression that
accounts for both anodic and cathodic activation overvoltage is used
(Eq. (4) [47]. Ohmic losses are expressed with the ohmic law consid-
ering the electrolyte resistance (Eq. (5). For low H, concentrations (15 %
and 25 %), it was also necessary to consider the diffusion overvoltage
term that considers the diffusion limit current density (jiim, Eq.6). The
Jjiim value shows a direct relationship with the temperature, that is, when
it increases the jji, value increases. The jji, value was helpful for lower
hydrogen concentrations than 25 %; once the hydrogen concentration
increases, such a value makes the diffusive term negligible.

Nacraveso = (Po) ®j 3
Naciavsso = P2 @ In(P3j) @
Nopm = Py .j (5)
Table 3
Limit current density values for low hydrogen concentration.
T (°C) 650 675 700
H; (%) Jim (A/cm®)
15 0.33 0.75 0.85
25 1.55 1.65 1.80

Py represents the activation polarization resistance parameter (Eq.
.

_RT

=" )

(L + L> (Qe)
nijor  12j02

Where j,; and j,2 are the exchange current densities for the cathodic
and anodic components, and n; and n, are the number of electrons
involved in the reduction and oxidation process at the cathode and
anode, respectively.

The ohmic electrolyte resistance is represented by the parameter P;.

P, is a pre-logarithmic term that takes into account the reaction
mechanisms via charge transfer coefficients (Eq. (8)).

(e

Where a 1 and a 5 are the charge transfer coefficients for cathodic and
anodic processes, respectively.

Finally, P takes into account both reaction mechanisms (via charge
transfer coefficients) and anodic and cathodic reaction kinetics (via
exchange currents densities), as shown in Eq. (9).

a a
1\ Gra) /1 @)

()G e
01 02

Eg and j are experimental inputs, while Vcen, av<so, Vcell, av>50, Vcell,
Aav=so and polarization curves parameters are the outputs obtained by
the fitting that enables the most accurate approximation of the experi-
mental data.

_RT

Py = 7 (€)]

P = )

3. Results and discussion

In this section, after a brief analysis of the experimental data, the
output of fitting is presented, such as the values found for the polari-
zation curve parameters and their trends. The obtained results are then
validated through additional impedance tests using the distribution of
relaxation time (DRT) to identify the characteristic frequencies associ-
ated with anodic and cathodic processes at different operating condi-
tions. Subsequently, the results obtained for the fitting parameters were
linked with the most probable anodic and cathodic reaction
mechanisms.

3.1. Cell performance and polarization curve parameters

Fig. 3 presents the results of the experimental tests and the model
fitting, showing the cell polarization and electrical power curves.

The polarization curves reveal a correlation between hydrogen per-
centage and the disparity in voltage and power performance. Notably,
when a cell works with a 50 % hydrogen supply, it demonstrates an
acceptable performance. Also, it is observed that further Hy concentra-
tion increase, beyond that value, does not yield significant performance
enhancements. Additionally, the trend of power curves shows that the
maximum power achievable by the system corresponds to lower oper-
ating voltage values, outside the range of nominal working conditions
generally used in this kind of application (0.7 V). A fitting curve was
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generated for each polarization curve, and numerical values for Py, Py,
P, and P3 were derived and summarized in Table 2. Moreover, the jin,
values reported in Table 3 change coherently since the temperature and
hydrogen percentage normally favor the diffusive phenomena. As
mentioned above, for hydrogen percentages higher than 25 %, it was not
possible to determine the jj, values from fitting due to negligible
diffusion phenomena in the used current range. In addition, a parity plot
for polarization curves obtained at 15 % and 90 % Hy has been
embedded into graphs shown in Fig. 3 to quantify, by the correlation
coefficient (R?), the quality and the efficiency of the fitting, as well as
performed in [33]. The R? parameters obtained for the polarization
curves within 15 % and 90 % Hj are equal or in between the values
reported on the graph.

Fig. 4 shows the polarization curves parameters Py, Py, Py, and P3 as
temperature or hydrogen concentration changes. The P value decreases
as the temperature or the Hy concentration increases. From its formu-
lation, Py exhibits an inverse relationship with the exchange current
densities, which are related by electrode kinetics and consequently
directly proportional to the concentration of the hydrogen and oxygen
species, respectively. Similarly, the exchange current density value in-
creases as the temperature rises due to the corresponding increase in
electrochemical kinetics. P1, being an intrinsic parameter of the material
of the cell, is not affected by the Hy concentration, but decreases with
increasing temperature due to the enhanced ion mobility. As expected
from Eq. (8), P2 depends solely on temperature and increases with it.
Finally, P3 shows a decrease with increasing temperature or hydrogen
content. This behavior can be attributed to the same explanation as
parameter Py, as both P3 and Py are connected to the exchange current
densities.

3.2. Electrochemical impedance spectroscopy and distribution relaxation
times analysis

Electrochemical impedance spectroscopy analyses have been per-
formed to enhance the understanding of cell behavior and validate pa-
rameters Py and P;. The obtained data were subsequently processed
using the distribution of relaxation times method. These tests were
conducted under two conditions: i) open circuit and ii) under load with a
current density of 0.5 A/cm?.

3.2.1. Electrochemical impedance spectroscopy analysis

Fig. 5 displays the EIS curves considering the variation of hydrogen
concentration at different temperatures for OCV and 0.5 A/cm? condi-
tions. From the Nyquist plot it is possible to identify the ohmic resistance
as the first intercept between the EIS curve and the real axis. The po-
larization resistance, which takes into account both activation and
diffusion losses, can instead be identified by the difference between the
second and first intersection of the EIS graph with the real axis.

Regarding polarization resistance, its values decrease from OCV to
under load because when current flows, the potential value assumed by
the electrode determines the activation of the electrode itself [48]. At a
current density of 0.5 A/cm?, the performance remains stable when the
percentage of Hj is equal to or >50 %. However, by decreasing the
hydrogen concentration, a slight variation is observed at 25 %, which is
more evident at 15 %. This behavior suggests that diffusive phenomena
are much more evident at lower H, concentrations. The mean value in
OCYV conditions is around 3 Q~cm2; meanwhile, in underload conditions,
the mean value is 0.26 Q-cm?. This range is in accordance with the mean
value calculated from Table 2 for the activation resistance parameter
(Pg) equal to 1.783 Q-cm? Moreover, ohmic resistances show no evident
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Fig. 7. DRT curves at different dry hydrogen concentrations from 15 % to 90 % using 0.5 A/cm? current density condition at (a) 650 °C, (b) 675 °C, and (c) 700 °C.

changes from OCV to 0.5 A/cm? to be around 0.2 Q-cm?. This result is
aligned with the mean value calculated from Table 2 for the ohmic
resistance parameter (P;) equal to 0.216 Q-cm?. Accordingly, the order
of magnitude of Py and P; found with the fitting procedure is consistent
with the average values found with EIS.

3.2.2. Distribution relaxation times analysis

DRT analyses, considering OCV and 0.5 A/cm?, have been performed
in order to represent qualitatively the experimental conditions used for
modeling the system. Characteristic times are associated with anodic
and cathodic processes (charge transfer, mass transport, diffusion, gas
conversion, etc.) within the internal thin Ni-YSZ/YSZ/GDC/LSC micro-
structure of cell. In agreement with the literature [38,39], six charac-
teristic peaks on the DRT diagram have been attributed to those anodic
and cathodic mechanisms in a range of frequencies. Three peaks asso-
ciated with the anodic process involve peak 1 (P,) related to the ionic
conduction of 0%~ jons going through the YSZ matrix of the anode
functional layer in a range between 800 and 4000 Hz, peak 2 (Py,) in-
dicates a charge transfer due to the fuel oxidation in the internal triple-
phase boundary (TPB) region from around 78 to 800 Hz and peak 4
(P3,), representing the mass transport phenomenon related to the gas
diffusion process, from 1 to 17 Hz occurs in the open porosity of anode
substrate. Moreover, analogous processes are represented by peak 3
(P1¢) and peak 5 (Po.) at the cathodic electrode. The former is attributed
to the oxygen reduction (02/02’) determined by a charge transfer
mechanism from around 17 to 78 Hz, while the latter is the contribution
of the oxygen ions diffusion through the porous structure place between
0.1 and 1 Hz. Finally, a sixth anodic peak, suggested from literature but
not seen in these results, indicates the gas conversion at very low fre-
quencies [39].

Based on the above-mentioned, the effect of operative parameters on
SOFC performance can be studied from the point of view of polarization
resistances. In this context, three different cases, (i) fuel composition, (ii)
operating current density, and (iii) temperature, were considered to
analyze the variation of DRT curves. From Fig. 6, it is possible to observe

that the hydrogen dilution in Ny shows a significant increase in the
resistive processes, mainly related to the anodic mass transport phe-
nomenon (P3,) between 1 and 17 Hz. This behavior, not seen on other
DRT peaks, can be attributed to nitrogen inhibition, triggering the in-
crease of activation overpotentials for low current densities or OCV
conditions [38]. By increasing the hydrogen concentration, P3, changes
in both intensity and frequency with a slight shift toward high fre-
quencies; instead, the others showed negligible variations as tempera-
ture and hydrogen concentrations changed.

Fig. 7 shows polarization resistances on DRT curves using a 0.5 A/
em? current density. As a first observation, a general decrease in DRT
resistances is notable, which is associated with the shrinking of the
peak’s amplitude compared with those obtained in OCV. When 0.5 A/
em? is applied, Py, and P;. decrease in intensity, while P3, and Py,
virtually disappear as a result of both steams generated from the current
passing through the cell and the oxygen diffusion, respectively. When
SOFC is increasingly fueled with hydrogen content, the steam influence
on the impedance decay is much more evident at hydrogen content
higher than 15 % since the steam formation should limit the nitrogen
effect, promoting hydrogen diffusion. Accordingly, the favorable con-
ditions promoted by steam formation under current load conditions
suggest the disappearance of those peaks at frequencies lower than 1 Hz
and about 10 Hz, except for very low hydrogen content (15 %) [38,48].

Finally, from DRT curves (Fig. 7a—c), by applying a current density,
anodic and cathodic polarization losses decrease and peaks also shift
towards higher frequencies, suggesting the diminishing of the time
constant. In these conditions, decreasing the time constant regarding
electrochemical processes likely entails a kinetic improvement, while
much slower kinetic processes could be correlated to longer time con-
stants such as oxygen ions diffusion or gas conversion [38,48].

3.3. Mechanism and activation energy

The fitting analysis contributed to understanding the performance of
the fuel cell under different operating conditions. These parameters
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should be better analyzed and compared with the literature. An attempt
to understand and validate those values could be focused on calculating
jo1 and joz, which are intrinsically linked with the cathodic and anodic
reaction mechanisms. The reaction mechanisms in electrochemistry (as
well as for SOFCs) are usually described by dimensionless charge
transfer coefficients, such as a; and ay values, which explains the frac-
tion of overpotential that an electrochemical process requires to surpass
the energy barrier at the cathode/anode-electrolyte interface defining
the direction of reaction (reactants to products or vice versa) and that
depend on process rate-determining step (RDS) determination [49,50].
The assumption of values for the two charge transfer coefficients implies
hypothesizing potential kinetic mechanisms and their respective rate-
determining steps, which appear in the P2 term (equation (8)) of the
polarization curve equation (2). Thus, fitting the polarization curve and
determining the P2 term allows the validation of the initial hypothesis.
However, although this assumption does not mean the unique deter-
mining step for the reaction mechanisms, it is fair to claim that this
methodology suggests it can be compatible with the experimental data
obtained. Therefore, a screening of possible mechanisms compatible
with the experimental data and their fitting was performed.

Several cathodic and anodic mechanisms found in the literature have
been considered as follows:

3.3.1. Mechanisms for oxygen reduction process at the cathode
Mechanism C1

Oz = 20,45 (C1-1)
Ouds + € = Oags (C1-2)
Oags — OTpB (C1-3)
Otpp + € +Vo — O} (C1-4)
Mechanism C2
O, + e — Oags (C2-1)
Oags + € — 20445 (C2-2)
Oags = Ore (C2-3)
Otpp + € +Vo — O} (C2-4)
Mechanism C3
Oz + €7 = Ogqs (C3-1)
Oags — OzpB (C3-2)
Ozpp + & +V5 = Op + Ous (C3-3)
Oads + ¢~ = Ougs (C3-4)
Ougs + € +Vo — Op (C3-5)

Where Vg is the oxygen vacancy in the electrolyte with two positive
virtual charges, Oy corresponds with the oxygen occupying its natural
position in the neutrally charged electrolyte, and TPB is the triple phase
boundary of gas, electrode and electrolyte.

Reaction pathways at the anode

Mechanism Al (hydrogen spillover)

O} — O %(YSZ) + V5(YSZ) (A1-1)
Hj — 2H,a5(N1) (A1-2)
O %(YSZ) + Hags(Ni) — OHygs (YSZ) + ¢~ (A1-3)
OHygs (YSZ) + Hago(Ni) = HO,qs(YSZ) + €~ (A1-4)
H,0,45 (YSZ) - H,0 (A1-5)

Mechanism A2 (Oxygen spillover)
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Oyt (YSZ) — Ouii(Ni) (A2-1)
Ot (YSZ) — 044(YSZ) + 2¢~ before (A2-2a)
Ouds (YSZ) — O,q(Ni) + 2e~ during (A2-2b)
Oz (Ni) > Oyqe(Ni) + 2¢~ after (A2-2¢)
Hj — 2H,q5(Ni) (A2-3)
Hads(Ni) + Oaas(Ni) = OHags(Ni) (A2-4)
OH,45(Ni) + Hygg(Ni) — HyO,gs(Ni) (A2-5)
H0445(Ni) > H20 (A2-6)
Mechanism A3 (Interstitial hydrogen)
H, — 2H;(Ni) (A3-1)
H;i(Ni) = H{"(YSZ) + ¢~ (A3-2)
2H;" (YSZ) + 072 (YSZ) — HyO,4s(YSZ) (A3-3)
Hy0445(YSZ) — H,0 (A3-4)

These charge transfer coefficient values (a; and ap) were also
calculated from the possible cathodic and anodic processes, following
the expressions found in [49,50] and assuming possible RDS.

a =a, = n—]+nﬂ (10)
v

= ="21np an
v

Where v, 712 nand p are the number of times RDS repeats or should
be repeated, electrons involved before the RDS, electrons involved in the
RDS, and symmetry factor, respectively. If it is hypothesized that the
RDS is the C3-5 reaction, a; should be 3.5, and if RDS is any chemical
reaction that takes place after the oxidation reactions in the anodic
hydrogen spillover mechanism (e.g., reaction Al-5) or in the anodic
mechanism of oxygen spillover (e.g., reaction A2-6), oy will be equal to
2. Since the P, parameter was defined as 0.063 at 675 °C (Table 2), the
constant term (PoF/RT) easily calculable from Eq. (8), is equal to about
0.79. The latter value is coherent with those cathodic [51,52] and
anodic [53,54] mechanisms, which have a RDS for each reaction with a;
and oy values equal to 3.5 and 2, respectively. Those mechanisms
describe both the oxygen reduction process at the cathode and the
oxidation reactions at the anodic side, describing the mechanisms in
three different charge-transfer pathways for each electrode. In the case
of the cathode, the oxidation reaction process considers the spillover of
oxygen electroactive species (O~ and 0~2), which could be adsorbed
along the LSC surface to the TPB zone (C1-C3) [51,55]. Furthermore, the
hydrogen and oxygen spillover and the hydrogen interstitial have also
been associated with the mechanism reaction occurring on the anodic
side [54].

Considering Eq. (7) and the cathodic mechanism C3, the total
number of electrons involved (n;) is equal to 4, while oxygen or
hydrogen spillover regarding anodic mechanisms, the total number of
electrons involved (ny) is equal to 2. In this context, the term Py will be
equal to Eq. (12), as follows:

P_RT<1+1)
T F Yo 2

The parameter P3 with the previous a values considered, can be
represented in Eq. (13).

2 35
1\GIy/1\Gy
01 02

Based on the previous expressions (Eq. (12) and Eq. (13), the jp

12)

13
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Table 4
Cathodic and anodic exchange current density (A/cm?) calculated using P, and Ps at different temperatures and H, concentrations.
Hy (%) 15 25 50 75 90
T(O) Jjo1 Joz Jjo1 Jjoz Jjo1 Jjoz Jo Jjoz Jo1 Jjoz
650 0.024 0.012 0.024 0.022 0.024 0.033 0.024 0.042 0.024 0.047
675 0.031 0.018 0.031 0.030 0.031 0.044 0.031 0.053 0.031 0.057
700 0.048 0.019 0.048 0.034 0.048 0.051 0.048 0.066 0.048 0.073
Table 5
Cathodic and anodic activation polarization resistances in Qecm?.
Hy (%) 15 25 50 75 920
T (0 Poy P2 Por Po2 Poy Po2 Po1 Po2 Po1 Po2
650 0.828 3.251 0.828 1.805 0.828 1.203 0.828 0.937 0.828 0.838
675 0.659 2.222 0.659 1.365 0.659 0.939 0.659 0.774 0.659 0.722
700 0.437 2.153 0.437 1.237 0.437 0.819 0.437 0.634 0.437 0.577
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Fig. 8. Activation energy of the cathodic process for 21 % O and the anodic
process for 50 % Ho,

values for the cathodic and anodic process and the related activation
polarization resistances at different temperatures and different per-
centages of Hy were calculated and listed in Table 4 and Table 5. The
obtained results show that the temperature increase causes the increase
of the cathodic (jo;) and anodic (jo2) exchange current density, being
more evident over the cathodic one. Both growing trends agree with
those mentioned above, where temperature favors the kinetic reactions,
accordingly, increasing the j, values for both electrode processes. This
behavior has also been reported in the literature [55,56]. Moreover,
observing the values in Table 5, the anodic process shows a higher
activation resistance compared to the cathodic one.

Fig. 8 shows the dependence of the cathodic and anodic j, values
with the inverse of the temperature, specifically for 50 % Ha concen-
tration. This figure, also well-known as the Arrhenius plot, was used to
calculate the E, for the cathodic and anodic processes. Concerning the
cathodic and anodic (jo1, jo2) values, the activation energies were
calculated over the three temperatures, obtaining around 100 kJ/mol
and 66 kJ/mol, respectively, which agree with those values reported in
the literature [57,58].

Performing the same procedure for the other H; concentrations, the
obtained E, values were reported in Fig. 9. Mean value () and standard
deviation (o) were calculated to obtain the coefficient of variation CV
(Eq. (14), and its value is around 3 %, and this means that the mean
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value suitably represents E, of the whole anodic process:

cv? a4
M

4. Conclusions

This work presents and discusses SOFC modelling integrated with the
experimental activity. I-V curves were obtained at three temperatures
(650, 700, and 750 °C) and different Hy concentrations (15, 25, 50, 75,
and 90 %). A summary of the main conclusions and a description in
detail are reported below:

o It was performed a OD-fitting procedure, by using low- and high-
voltage Butler Volmer approximations, to determine all the electro-
chemical parameters related to different physical phenomena asso-
ciated with an assembled SOFC button cell.

e EIS and DRT have been performed to validate the obtained fitting
results and to study in detail the physical phenomena.

e Considering dimensionless charge transfer coefficients of RDS,
possible anodic and cathodic reaction mechanisms have been pro-
posed based on the best fitting obtained.

From the experimental data, a fitting process was developed to
obtain four parameters (Pg, P;, Py, and P3) representing different
physical phenomena associated with the cell. The numerical values for
the fitting parameters at different temperatures and hydrogen concen-
trations are consistent with the expected phenomena trend: P; (ohmic
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electrolyte resistance parameter) and P (reaction mechanisms param-
eter) are constant with the H; content but vary with temperature, while
Py (activation polarization resistance) and P3 (reaction mechanisms and
electrode kinetics parameter) change with both temperature and
hydrogen concentrations. The model is validated by EIS analysis results.
Po, which amounts to 1.783 Q-cmz, falls within the range observed in
EIS: 0.26 Q-cm? in OCV and 3 Q-cm? in underload condition of 0.5 A/
cm?. Similarly, the P; value equals 0.216 Q-cm,2 which concurs with the
mean value of 0.2 Q-cm? for both OCV and underload conditions.

Moreover, DRT analysis, performed using the EIS measurements,
showed the characteristic times associated with anodic and cathodic
processes in OCV and at 0.5 A/cm?. In particular, in OCV conditions,
increasing the hydrogen concentration, the mass transport phenomenon
related to the gas diffusion process changes, showing a slight shift to-
ward high frequencies; instead, the other phenomena are negligible. In
underload conditions, anodic and cathodic polarization losses decrease,
and peaks also shift towards higher frequencies, suggesting a kinetic
improvement.

Finally, dimensionless charge transfer coefficients o; and oy equal to
3.5 and 2, respectively, calculated by the most likely anodic and
cathodic reaction mechanisms reported in the literature, have been
validated through the P, parameter obtained by model fitting.

Then, determination of the exchange current densities for both
electrodes varying temperature and hydrogen concentration was per-
formed, ranging from 0.024 A/cm? to 0.048 A/cm? for O, reduction and
from 0.012 A/cm? to 0.073 A/cm? for Hpy oxidation, and subsequently
the cathodic and anodic Ea, equal to 100 kJ/mol and 66 kJ/mol,
respectively has been determined in accordance with the results re-
ported in the literature.

The author’s perspective is focused on performing, through the same
fitting procedure, a study of different types of SOFC button cells in order
to compare and highlight the possible differences between
manufacturing designs and suggest possible changes to improve the
electrochemical performance.
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