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Abstract

The deconvolution of physicochemical processes in impedance spectra of SOCs with
nickel/ceria fuel electrodes is challenging as gas diffusionstrongly overlaps with the
electrochemical processes at fuel and air electrode/To overcome this issue, symmetrical cells
were applied and the gas diffusion process at the fuel electrode was quantified by altering the
inert component (nitrogen / helium) in a ternary. fuel gassmixture. An effective gas transport
parameter considering microstructural and geometrical features was derived, enabling a
precise quantification of polarization resistancesrelated to gas diffusion and hydrogen
electrooxidation. The obtained values were applied.to parameterize a dc cell model. The
model validation in fuel cell and electrolyzermode showed an excellent agreement between
measured and simulated current/veltage characteristics over a wide range of technically
meaningful gas compositions and operating temperatures.

Introduction A

Nickel / yttria-stabilized zirconia (NI/YSZ) fuel electrodes represent state of the art electrodes
in order to reach out for’high performance and durability. However, the resistance towards Ni
coarsening or depletion as\well as the redox stability can further be improved (1). This can be
achieved by applying a nickel'/'gadolinium-doped ceria (Ni/CGO) cermet leading to more
resilient electrodes towards carbon deposition (2), sulfur poisoning (3, 4) and redox stability
(5) as well as improved.electro-catalytic activity (1). The higher robustness of Ni/CGO
electrodes is/due to the mixed electronic/ionic conductivity of CGO (6, 7) at high
temperatures and.reducing atmosphere (8). In comparison to Ni/YSZ fuel electrodes, the
charge transfer reactions are no longer restricted to active three phase boundaries that are
necessarily.in direct contact with the nickel-, the electrolyte- and the pore-matrix (8). Contact
losses withinthe Ni-matrix are compensated by the electronic conductivity of the CGO
phase. Nevertheless, there is a demand for nickel as a catalyst (9-11). In addition, a pure
CGO-layer results in a drastic increase of the polarization resistance by about two orders of
magnitude (12). Furthermore, a CGO layer between the Ni/CGO electrode and YSZ
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electrolyte increases performance and tolerance against poisoning effects (12, 13). In
contrast, the work by Nenning et al. (14) states the feasibility of a single-phase CGO fuel
electrode. Yet the role of three phase boundaries at Ni/CGO electrodes compared to double
phase boundaries of pure CGO electrodes towards the electrochemical performance is not
clarified completely.

However, in the case of full cells exhibiting a Ni/CGO fuel electrode, anrunambiguous
process assignment by electrochemical impedance spectroscopy (EIS) measurements and
subsequent distribution of relaxation times (DRT) analysis was not achieved up to now, since
different processes in fuel and air electrodes strongly overlap in the spectrum.In.a first step,
symmetrical cells can be used in order to separate fuel and air electrode’processes.
Furthermore, the charge transfer and gas diffusion at the Ni/CGO fuel.electrode also strongly
overlap in the impedance spectra (3, 13,15,16). The latter is caused by the @xygen non-
stoichiometry of CGO, which results in a large chemical capacity, shifting the relaxation
frequency of the charge transfer process to lower relaxation frequeneies«(6, 15). To overcome
this issue and visualize the gas diffusion process, gas mixtures containing different inert gases
can be applied as shown for Ni/YSZ (17) and Ni/CGO (16;:48, 19).in previous studies.

Based on the modeling approach by Leonide et al. (20,.21) this work strives for the
characterization of an electrolyte-supported solid oxide cell (ESC) with Ni/CGO fuel
electrode, 3 mol-% vyttria-stabilized zirconia (3YSZ)‘electrolyte and LSCF air electrode as
well as the development of a zero-dimensional.cell model‘for fuel cell and electrolysis mode
(21, 22). Therefore, a comprehensive understanding.and quantification of the individual loss
processes occurring in a solid oxide cell is needed, which is also crucial regarding targeted
cell development (23). In order to deconvolute'the individual loss mechanisms in a solid
oxide cell, EIS and the subsequent DRT analysis represent powerful methods. This approach
has been successfully demonstrated.for electrolyte-supported cells (ESC) (17, 24), anode-
supported cells (ASC) (21) and metal'supported cells (MSC) (25, 26). Applying this
methodology, the physicochemical loss processes occurring in the cells can be identified by
their relaxation frequencies.and charagctéristic operating parameter dependencies. The
quantification is realized by means of complex non-linear least square (CNLS)-fitting. Based
on the obtained results,zero-dimensional dc cell models, which are based on common
electrochemical approaches. as Butler-VVolmer and Fick’s laws, can be developed and
parameterized.

In this study, we present a method for the deconvolution of gas diffusion and activation
polarization within the Ni/CGO fuel electrode of an ESC by EIS measurements. By
quantifyingsthe associated electrochemical losses, a zero-dimensional cell model is
parameterized, which is capable for predicting the cell performance over a wide technically
relevant SOC operating range.

Modeling
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In order to set up and parameterize a nonlinear dc performance model that considers the
different loss processes in cathode, electrolyte and anode as well as further processes related
to the gas transport in current collectors and gas channels a two-step approach is applied..To
deconvolute and quantify the different loss processes and their operating parameter
dependencies, impedance spectroscopy and impedance data analysis by the distribution of
relaxation times is applied (21). Based on the peaks in the DRT and their characteristic
operating parameter dependencies a linearized equivalent circuit model, representing the
small signal behavior of the cell in the actual operating point, is developed and parameterized
by a combined fit considering impedance and DRT data (27). From the equivalent circuit
model parameters, obtained from this fit, physicochemical meaningful materialand electrode
parameters as exchange current densities and effective gas diffusion coefficients were
deduced, enabling the simulation of the nonlinear losses in the cell at.elevated current
densities (21). To simulate CV characteristics of the cell an OCV minus.losses model was set
up (28). Starting from the open circuit voltage Ugcy, the cell voltage™ U, /Is calculated by
subtracting ohmic losses n,nm, activation losses at the fuel electrode (FE) 1, rg and the air
electrode (AE) n.cap as Well as gas diffusion losses at thefuel nq4ieepg and air electrode
Naiseag [1]. The equations describing the individual loss meechanisms are given in (21).

Ucel = Uocv = Mohm — Nact,FE — NacfAE — TAiGEE — Tdiff AR [1]

Such OCV minus losses model does not only enable'a performance prediction over a
wide range of operating parameters but also provides quantitative information about the
different voltage losses limiting the cell,performance (28).

So, the ohmic law represents the proportional character of the ohmic resistance R,nm
towards the current density j resulting in the.ohmic losses in equation [2].

Nohm = J * Rohm [2]
N

In addition, the Arrhenius behavior in equation [3] is suitable for characterizing the
temperature dependency.of the:ohmic resistance. It’s determination requires the cell specific
constant B,ppy,, the.ohmic activation energy Econm, the temperature T and the universal
gas constant R.

E
. exp ( act,ohm) [3]

T
R T) = -
ohm( ) B BT

ohm

Activation losses caused by the charge transfer reaction can be calculated by the Butler-
Volmer approach in equation [4]. Here, j, z; denotes the exchange current density, ag; the
charge transfer coefficient of the electrodes (EL), z the number of exchanged electrons and
F the Faraday-constant.
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. ZFnact,EL
J = JoEeL |€XP |\ AL — =, ) — €XP —(1—ag)

ZF77act,EL>] [4]
RT

RT

The exchange current densities for fuel j, g and air electrode j, og are shown in.the
equations [5] and [6] respectively. At this point, py, e defines the hydrogen partial pressure
at the fuel electrode, py,org the steam partial pressure at the fuel electrode, po, ag the
oxygen partial pressure at the air electrode and p..r the reference pressure (p.gp= 1 atm).
The influence of the overall pressure can be neglected since all experiments are operated
under atmospheric conditions in this work. Also, a, b, and m denote the dimensionless
exponents as well as yg; an exponential prefactor and E, g, the activation energy of the
corresponding electrode.

jor = ¥ (sz,FE)a (szO,FE)b exp (_ Eact,FE) N [5]
OFE FE Pref Pref RT
. Po,AE\" Eact AR
Jo,AE = VAE( 2 ) €xp <— = ) [6]
ref RT

Gas diffusion losses ngigrr; Can be described/based on the Nernst-Equation and Fick’s
law of diffusion in the equations [7] and [8] (29,30). Here Ly, denotes the thickness of the
gas diffusion layer, W, the microstructure parameter at:each electrode side and D; the gas
diffusion coefficient of the species i, p the averallpressure and P.,.. a conversion factor
of 101330 Paatm™.

. 1+ RT Ly 'J'\
B RT 2FWeg Dy, 0Pu,0,rEFeorr
Tdiff FE = ﬁln ) RTLgg . / 7]
) | ZFLPFEDHZPHZ,FEPcorr J

RTI / 1 \

3 RTLAg(1 — po,ac/P) .
4FYpgDo,Po, A ecorr

[8]

Whereas the abovementioned equations and parameter dependencies were sufficient to
simulate CV=characteristics:of cells exhibiting a Ni/YSZ-anode, in case of ceria additional
dependencies such as‘the impact of the gas composition on the ohmic resistance of the cell
might become essential. The required modifications of the dc performance model are
discussed in the results.

Experimental
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In this work planar electrolyte-supported cells with an active cell area of 1 cm? were
investigated. The cells exhibited a Ni/CGO fuel electrode, a 3 mol-% YSZ (3YSZ)
electrolyte substrate and an LSCF air electrode. Additional CGO layers were placed in
between electrodes and electrolyte. The layer thicknesses were analyzed by scanning electron
microscopy (SEM) yielding in a thickness for the fuel electrode of approx. 24 um, forthe
electrolyte of approx. 85 pm and for the air electrode of approx. 30 pum. A schematic sketch
of an experimental full cell is shown in figure 1. Furthermore, an SEM image of a focused
ion beam (FIB) polished fuel electrode cross section is presented in figure 2. The FIB-
polishing and SEM-imaging was performed in a SEM/FIB Thermo Scientific™ Helios,G4FX
DualBeam™ (Thermo Fisher Scientific, Waltham, Massachusetts, USA) instrument. Further
information about the equipment can be found in (31). Three different cell layers become
visible at this SEM image, namely the 3YSZ electrolyte 1 (cf. figure 2), a2 CGO interlayer 2
and a Ni/CGO fuel electrode 3. In the latter, Ni depicts the darker grey particles and CGO the
lighter grey ones with black pores in between. It is visible that the Ni‘particle size and amount
varies from bottom to top of the electrode. This further demands theiinvestigation of the role
of three phase boundaries at Ni/CGO electrodes compared ta:double phase boundaries of
pure CGO electrodes regarding the electrochemical performance. However, a three-
dimensional reconstruction of the Ni/CGO fuel electrode of thiseell with a focused ion beam
scanning electron microscope was not performed until.now, as an adapted reconstruction
procedure has to be developed first. The results will be published in another paper. In order to
study the processes at cathode and anode individually; symmetrical cells with nominally
identical electrodes were applied.

Testing of full and symmetrical cells was performed in a test bench described in (27).
The fuel is supplied by a gas mixing unit.via mass flow controllers providing gas mixtures of
hydrogen H», oxygen O> as well as the inert gases nitrogen N2 and helium He, respectively. A
total flow rate of 250 sccm is setat each electrode side. Steam is produced in an upstream
combustion chamber by mixing.oxygen.to the fuel. This enables a stable fuel humidification
of upto 100 % H-O.

N

After mounting the cell inthe test rig, a predefined startup procedure was performed. In
the following testing‘phase, iImpedance spectra and CV-characteristics were measured at
systematically varied operating conditions. The spectra were acquired by a Solartron 1260
frequency response analyzer using a pseudo-potentiostatic mode (amplitude < 12 mV
regarding the polarization resistance (27)). The frequency was varied in between 30 mHz
and 1 MHz with~ 12 peints per decade. All experiments were conducted under open circuit
conditions (OCV), except for the determination of the charge transfer coefficients a. In total
about 500wimpedance spectra were measured in a wide range of gas compositions in a
temperature range from 600 °C to 900 °C.

The validity of the measured spectra was verified by a Kramers Kronig Test (32).
Moreover, after each variation a reference measurement was conducted. The deviation
between these spectra was less than 2 % proving that ageing effects can be neglected
throughout all measurements.
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Results and Discussion

Regarding a first analysis of processes at the cathode and the anode, impedance spectra of a
full cell shall be compared with those of the electrodes taken from symmetrical cell
measurements (figure 3). Figure 3 (a) shows the spectrum of the full cell, (b) of the LSCF air
electrode and (c) of the Ni/CGO fuel electrode. It should be noted that in (b):and (c) the
spectrum of a single electrode is displayed, i.e. the measured spectrum of the symmetrical
cell divided by two, whereas in the further figures the full spectra and the related DRTs,of the
symmetrical cells are displayed. The different ohmic resistances can be explained by different
electrolyte thicknesses of the cells. The visible deviation between the full cell and the
addition of fuel and air electrode impedance taken from symmetrical cell measurements
might originate from minor leakages in the full cell measurement that canbe excluded in
symmetrical cell measurements as well as minor temperature differences.

A more detailed analysis of the LSCF air electrode is shown in the appendix of this
contribution as similar properties and parameter dependencies as reported in (21) were
observed. Recapitulatory, for low oxygen partial pressures a peak.at frequencies between

0.3 — 10 Hz becomes visible in the DRT. It strongly depends on the oxidant composition
@

but shows approximately no operating temperature dependency, and thus is attributed to the
gas diffusion process in the air electrode. It should be noted that the related resistance is
negligibly small for technically meaningful operating conditions. In addition, a coupling of
the charge transfer with the solid-state diffusion of oxygen ions could be identified in a
process around 2 — 500 Hz, which corresponds te the oxygen reduction in the mixed
electronic-ionic conducting LSCF-cathode modelled by a Gerischer element (33).

This paper focuses on results obtained from symmetrical cells with Ni/CGO electrode in
order to identify and quantify the processes in the fuel electrode. The challenge to overcome
in this contribution shall be llustrated.in the DRT of a temperature variation with a fixed gas
mixture of py, pg = 0.8 atm and py, o, = 0.2 atm in figure 4. The temperature covers a
range of 600 °C to 900 °C. According to previous studies, the DRT can be divided into two
major peaks in the low frequency P rrg and middle frequency range Pygprg (6) as
indicated in the DRT infigure 4. These contributions include gas diffusion, charge transfer
reactions in the electrode and ionic transport in the CGO-matrix of the electrode. Obviously,
all visible peaks in'the DRT are thermally activated. Since a gas diffusion process should
exhibita T temperature.dependency, the direct correlation of one of those two DRT-peaks
to the gas.diffusion process is impossible (21). As gas diffusion is an unavoidable process in
the fuel/electrode, the observed temperature dependency of the DRT-peaks suggest that the
gas diffusion process is covered by the thermally activated electrochemical processes (3, 13,
15/16). Furthermore, three minor peaks are visible at frequencies above 100 Hz, which are
not further analyzed in this study. Suggestions for their origin are given in (6).
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Gas Transport Conditions. —The fuel gas supply of the symmetrical cell is shown in
figure 5. Gas transport processes will occur in the gas channels of the flow field (convective
and diffusive), the contact mesh (predominantly diffusive) and the porous fuel electrode
(diffusive). This complex 3D setup is simplified to a virtual gas diffusion layer with a
thickness L, whose impact on the gas diffusion resistance is modeled with the approach
described in (29).

The dimensions of the gas channel, Ni contact mesh (34) as well as the porous. fuel
electrode are shown in table I. It becomes obvious that the thickness of the fuel electrode
differs by more than one order of magnitude compared to the contact mesh.andeven more
compared to the thickness of the gas channel. Since the gas diffusion reSistance as discussed
in (29) represents a function of the thickness of the gas diffusion layer.L, which is dominated
by the anode substrate in ASCs (20), the gas diffusion inside the just 24<um thick porous
fuel electrode in the investigated ESC presumably can be neglected (6), whereas gas diffusion
in the Ni mesh and the gas channels has to be considered. With respect to™*“pore”
diameters > 100 pum in gas channel and contact mesh, Knudsen diffusion can be neglected
and the gas diffusion coefficients D; are based on molecular.gas diffusion solely. The
Knudsen number Kn has been calculated for a temperature of 800 °C with a gas mixture of
0.5 atm Hz and 0.5 atm H20 and is shown in table 1.

@

Therefore, the binary gas diffusion coefficients can be calculated by Chapman-Enskog
(35, 36). Gas diffusion coefficients for companents in‘a.gas mixture with more than two
components on total are calculated by Wilke (37)-

According to Primdahl (29), the gas.diffusion resistance Rgi¢rg at the fuel electrode can
be calculated by equation [9].

R <§T)2 : ( 1 i : ) , o
. = | — TNy '
diff, FE 2F Wy DHZ . sz,FE DH20 . pHZO,FE Pcorr

In this case, R denotesthe.universal gas constant, T the temperature, ¥ the
microstructure parameter within the gas diffusion layer, L the thickness of the gas diffusion
layer, D; the molecular gas diffusion coefficient of the component i, p; the partial pressure
of the component i and"P.... a conversion factor of 101330 Paatm™.

In our'setup the-microstructure parameter ¥ and the thickness L represent unknown
parameters, which can be summarized in an effective gas diffusion parameter Geg
accounting for an averaged diffusion length L in a (macroporous) medium with effective gas
diffusion properties W described by [10].
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k4
Geff = f [10]

This parameter, which is solely depending on geometrical and microstructural features of
the test setup and the cell, is not depending on temperature or gas composition and thus can
be used to calculate Rg4¢rpg for arbitrary operating conditions.

Quantification of the Gas Diffusion Process. — In the following a procedurge in‘order to
overcome the overlap of activation and gas diffusion polarization in the spectrum with'similar
time constants is suggested. The subsequent experiment by the applicationsof symmetrical
cells with Ni/CGO fuel electrodes is designed to enlarge the gas diffusion resistance Ryt rg
at the fuel electrodes (FE) with the help of equation [9] (29).
~

To analyze the gas diffusion process and quantify G, a high accuracy test should be
performed at operating conditions enlarging the gas diffusion resistance” Rg;es re. AS Raife FE
is proportional to T°5, a high operating temperature of 850:2C is preferable, which also
leads to a decrease of all thermally activated polarization{processes=Also, low partial

pressures of the reactant py, g = 0.1 atm and the reaction product py,orr = 0.05 atm

with an appropriate balancing by inert gases, nitrogen and helium, are selected. This ensures
reducing atmospheres to avoid Ni-oxidation and a sufficient content of steam to keep the
charge transfer resistance at a low level. Based:en the principles of the kinetic gas theory, we
can apply two ternary gas mixtures with different gas diffusion properties as hydrogen and
steam diffuse with different velocitiesiin.nitrogen.or helium respectively. The molecular gas
diffusion coefficients at 852 °C for hydregen diffusing in the above-mentioned
steam/nitrogen- and steam/helium-mixture differ by a factor of about 2:

Dy, m,0N,) = 0.70 - 1073 m*s*and Dy, m,ome) = 1.38° 1073 m?s™.

The measured EIS spectra with corresponding DRT are shown in figure 6 for a
symmetrical cell with Ni/CGQ‘fuel electrodes. The application of two different inert gases
results in a differencé'of the polarization resistance of 37 mQcm? at a temperature of
852 °C. As the two inert gases are electrochemically inactive, other processes such as charge
transfer and ionic charge transport are not affected and the difference in the spectra relies on
gas diffusion solely;.as shown by Sonn et al. (17) for the Ni/YSZ fuel electrode. This
experiment proves the existence of a gas diffusion process, which is predominantly attributed
to gas diffusion inthe N1 mesh and the flow field. Observing the DRT of the symmetrical cell
in figure 6°(b), the gas diffusion process becomes visible in a frequency range of

0.4 — 100 Hz and thus strongly overlaps with the charge transfer process in the fuel

electrode. Itshould be noted that the large gas diffusion contribution visible in the spectra are
related to the selected operating conditions i.e. a highly diluted fuel.
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The effective gas diffusion geometry parameter G Shall be obtained from the
difference of the polarization resistances indicated in figure 6 (a). Based on the assumptions
described above we claim that the difference of the polarization resistance between the gas

mixture with nitrogen Ry, N, and helium Ry 4o equals the difference of the gas diffusion

resistance in equation [11].

RpoiN, — RpolHe = Raifen, — Raiftne = ARaitr [11]

We can now determine the unknown geometry parameter Geg in equationd12].

2\ RT\* 1 1
¥t 2F ARdiff Pcorr

1 o/ 1 1 [12]
Dy, H,0N,) "PH, DH,0,H,N,) "PH,0 (Du, Hy0,He) * PH,

~

; ]
- o
Dy, 0,(H,,He) * PH,0

With the help of the effective geometry parameter G.¢ it is now possible to predict the
gas diffusion resistance for any set ofseperating conditions using equation [9].

To evaluate reproducibility appropriatesimpedance measurements were conducted at
different temperatures. The resulting.differences in the polarization resistances ARy pg Of

the symmetrical cells as well as the subsequent determined geometry parameters are listed in
table 1l. Also, the mean value as Wellxas the standard deviation at each temperature is shown.
The calculation of the resulting effective gas diffusion geometry parameter G.¢ is conducted
with halved resistancesto accountfor one electrode.

It should be noted that:the observed deviations in G are related to rather small
variations of the‘measured polarization resistance (< 5 mQcm?). Furthermore, the resulting
Raigere 1S much smallerthan the overall resistance of the cell and will become even smaller
for realistic fuel mixtures without 85 % of inert gases. As discussed above, the accuracy in
determining” G.genisdncreasing with increasing operating temperatures. Thus, the values at
902 °Cwith G = 736.87 m* are more reliable than those at much lower temperatures,
where-the activation polarization dominates the polarization resistance.

Determination of the Activation Polarization Resistance. — With the objective of

establishing a dc cell model, polarization contributions in the impedance spectra of the
electrodes can be simplified by RQ-elements (20) and more complex approaches as

https://mc04.manuscriptcentral.com/jes-ecs
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transmission line models (23, 38) can be avoided. To quantify the activation polarization
resistance R, rg Of the Ni/CGO fuel electrode, the low and middle frequency processes

including the gas diffusion are summed up to obtain Ry, rg. TO account for one electrode the

values from the CNLS-fit are divided by 2. Then the gas diffusion resistance R ;s pg1S
calculated according to equation [9] and subtracted in equation [13].

Ract,FE = Rpol,FE - Rdiff,FE [13]

It is now possible to quantify the activation resistance of the Ni/CGO fuel electrode
R, rE, Which enables the further parameterization in order to develop:a zero-dimensional
cell model (21, 22). In comparison to a direct fitting of the spectra/this approach provides a
higher accuracy as G iS previously determined under ideal conditions enabling a precise
calculation of Ry g for technically relevant operating points.

Activation Energy Fuel Electrode. —Figure 7 shows the resulting, ASR values for activation
processes of a single fuel electrode for a variation of temperature between 600 °C and 900 °C
in steps of 50 °C with a gas mixture of py, rg = 0.8 atmandepy,orr = 0.2 atm according
to the spectra in figure 4. The fuel electrode’s activation resistance indicates an Arrhenius
behavior and therefore this approach is apphediin order to determine the activation energy of
the fuel electrode E,rg. The latter can be extracted by the slope of fitting equation [14] to
the measured data.

E ,FE
RacireT) = Bre - exp (2% [14]

This results in an activation energ\y of the fuel electrode of Eact rg = 90.54 kJ mol?
(0.94 eV) and a cell specifi¢ constant'of Brg = 2.9517 - 10~° Qcm?.

Exponent a. — The determination of the exponent a in order to describe the hydrogen
partial pressure dependency of the fuel electrode’s exchange current density follows the
approach by Leonide et al. (21). Thus, the exponent a is extracted by a variation of the
hydrogen partial pressure with a fixed amount of steam by adding nitrogen as an inert
component to‘the fuel gas mixture. Therefore, a variation of the hydrogen partial pressure at
0.8 atm, 0.4.atm, 0.2 atm, 0.1 atm with a constant steam partial pressure of 0.2 atm and
balancedwith Nojat™T = 754 °C is shown in figure 8 (a) for a symmetrical cell. After
determining the ‘activation resistance R,. g by subtracting the calculated gas diffusion
resistance from.the overlapping resistance it can now be plotted as a function of the hydrogen
partial pressure in a double logarithmic scale in figure 8 (c). According to Leonide et al. (21),
the exponent a can now be identified by the negative value of the slope in figure 8 (c) at
598 °C, 658 °C, 754 °C, 804 °C, 853 °C, and 902 °C.
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Whereas in case of the Ni/YSZ fuel electrode the exponent a was not depending on
temperature. In case of the Ni/CGO fuel electrode a significant temperature dependency of
the exponent a is observed.

The resulting exponents are listed in table 111. The differences are ranging over an order
of magnitude with the accentuation of two temperature dependent plateaus ranging,from
approx. 600 °Cto 750 °C and from 800 °C to 900 °C respectively.

Regarding low temperatures a mean value of a(T = 600 — 750 °C)= 0.035 with a

standard deviation of 0.013 and for higher temperatures a mean value of a(T = 800 —

900 °C) = 0.161 with a standard deviation of 0.016 is found. The temperature
dependency can be explained by the assumptions related to the application of a generalized
Butler-Volmer (BV) approach in (21). The coupling of charge transfer and ionic transport in
the active electrode volume is described by the overall activation resistance R, gg, Which is
subsequently used to calculate the parameters of the BV-gquation. This approach was suitable
for the Ni/YSZ-fuel electrode as the electrochemical reaction is limited to the three phase
boundaries and the ionic conductivity of the YSZ-matrixis,not affected by the oxygen partial
pressure. Considering a Ni/CGO fuel electrode thessituation isydifferent. lonic and electronic
conductivity of CGO are depending on the oxygen partial pressure at the fuel electrode, i.e.
the fuel gas composition and furthermore the electrochemical activity of the CGO-surfaces
will be affected by gas composition and temperature. These complex interactions presumably
result in the observed temperature dependency of the exponent a. The unexpected
discontinuous temperature dependency cannot'be further explained on the given data basis. A
more comprehensive investigation of this observed temperature dependency has to be carried
out.

Exponent b.— Subsequently, the exponent b in order to describe the steam partial
pressure dependency of the fuel electrode”s exchange current density is determined by a
variation of the steam partial pressure with a fixed amount of hydrogen and balanced with
nitrogen (21). In figure8 (b) DRTs'of the symmetrical cell are shown for a variation of the
steam partial pressure” pyyore at 0.3 atm, 0.2 atm, 0.12 atm, 0.08 atm and 0.04 atm with
a constant py, pg OF 0.6:atmand balanced with N2 at T = 755 °C. The activation resistance
R, re 1S determined by equation [13]. Similarly, impedance measurements under these
conditions have been performed at 598 °C, 658 °C, 706 °C, 755 °C, 804 °C, 853 °C
and 902 °C. Thefresults are plotted in figure 8 (d) and reveal a temperature dependency of
the exponent b as well.

In.addition, the resulting exponents are shown in figure 9 as a function of temperature
and reveal a linear character.

This'can be linearly fitted and described by equation [15].
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0.0012
= -T —0.9892 [15]

Prefactor ygg. — The prefactor ygg can be described by equation [16] including the cell
specific constant Bpg (21).

~ -1
o = RT l(sz,FE)“ (szo,FE)bl [16]
2FBFE Dref Dref

The above-mentioned evaluation for the cell specific constant Bgg' has been operated for
a fuel gas mixture of py, pg = 0.8 atm and py,ore = 0.2 atm by varying temperature with
an overall pressure p = 1 atm. Therefore, these conditions are applied in‘order to determine
the prefactor ypg (21). In addition, a temperature dependency of the'exponents a and b
has been identified as shown above, which has to be included when ealculating ygg iIn
equation [17].

Yee(T) = 1.46 - 105(Am~2K™1) - [(0.8)%®). (0.2)1’(”]_1 T [17]
@
The fuel electrode is now fully parametrized except for the charge transfer coefficient.

Charge Transfer Coefficient. — In contrast to the previously discussed parameters obtained
from symmetrical cells at OCV, the charge transfercoefficient ag; has to be determined from
full cells in a polarized state. Considering a cell exhibiting a Ni/YSZ fuel electrode, different
charge transfer coefficients have been found for SOEC and SOFC mode (21,22). This shall be
examined for the full cell with @ Ni/CGO:fuel electrode as well.

In this contribution, the charEe transfer coefficient of the LSCF air electrode a,g could
not be characterized adequately, because the polarization resistance of the air electrode is
smaller compared to the fuel electrode and being overlapped by the latter in the spectrum.
Therefore, the chargestransfer coefficient of the air electrode is assumed to be equal to the one
determined by Leanide et al. (21) as it is the same type of electrode and thus a,g = 0.65 is
assumed.

Regarding the SOEC 'mode —0.1 Acm? —0.2 Acm? -0.4 Acm? as well as
—0.6 A em? withwasfuel gas mixture of Pu,re = 0.38 atm (balance H20) with synthetic air at
the air electrode’at T = 745 °C was set, which is shown in the DRT in figure 10 (a). Further,
for SOFC'mode@ fuel gas mixture of py, rg = 0.8 atm (balance H20) with pure oxygen at the
airelectrodéat T = 750 °C by varying the load starting from 0.05 A cm?upto 0.25 A cm?
in steps of 0.05 A cm™ was applied. Pure oxygen is used in order to minimize processes at the
air electrode. The corresponding results are appearing in figure 10 (b). Also, measurement
artifacts have been omitted at frequencies larger than 10* Hz.
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1
2

3

: In the following, the two main contributions in the lower and middle frequency range are
6 summarized to Rj,5q4 and is plotted for the two modes in figure 11 (a) and (b) respectively. It
; can be described by a second-degree polynomial fit as a function of the current density j..in
9 equation [18].

10

11

12 Fiosa() = 209 _ g, 2 4 gy e (6]

13 ]

14

12 The corresponding coefficients g, g, and g are listed in table IV,

17

18 The integration of equation [18] leads to an overpotential in equation [19]. In order to
;g obtain the activation overpotential at the fuel electrode, the overpotential for gas diffusion at
21 the fuel electrode and activation at the air electrode is calculated and/subtracted at the
22 corresponding current density. In this case, the gas diffusion at the air electrode is neglected.
;i Under OCV-conditions (j = 0) results 1, rg(j = 0) = 0 and therefore, q, levels zero.

25

26 L1 5 1 o . .

57 Macere() =341 J° 502" J" + qs ] + 4 Nairere () [19]

;g — Nact,AE (]) v

30

31 With the help of equation [19] the activation overpotential can now be calculated as a
32 function of the current density j and is plotted infigure 11 (c) and (d) for SOEC and SOFC
gi mode respectively. These curves cande.described with the Butler-Volmer equation and with
35 the help of the Matlab™-solver fsolve the.charge'transfer coefficients can be extracted.

36 Regarding the SOEC mode a charge transfer coefficient of apgsorc = 0.59 and for
;73 SOFC mode aggsorc = 0.76 resuits.

39

40

j; Ohmic Losses. — In order to qua}tify the ohmic losses the thermal behavior of the area

43 specific ohmic resistance Ryn#m(T) |Is investigated for a full cell. For this purpose, a fuel gas
44 mixture of 0.8 atm Ha(balance:Hz0) as well as synthetic air at the air electrode was set at

jg temperatures of 600.°C, 651 °C, 700 °C, 750 °C, 800 °C, 850 °C, and 897 °C. The

47 validation of the zero-dimensional model has been examined with this full cell as well. Thus,
48 the logarithm of temperature divided by the area specific ohmic resistance is plotted in

49 figure 12 correspondingto the logarithm of the ionic conductivity times temperature as a

g? function of temperature. By assuming a temperature independent activation energy of the

52 ohmic losses it can.be determined by the slope of the linear fit with the help of the Arrhenius
53 equation for thedarea specific ohmic resistance [3]. As can be seen in figure 12, this cannot be
g‘s‘ sufficiently.applied, because a slight deviation can be seen at temperatures higher than

56 800 °C andssubsequently two sections of temperature are visible in order to describe the

57 Arrhenius behavior. A non-linear description is therefore necessary in order to quantify the

58 ohmic losses.

59

60
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Thus, considering that the ohmic losses are dominating in an electrolyte-supported
compared to a fuel electrode-supported cell and combined with less doping of the 3YSZ
compared to 8YSZ, the temperature dependency of the ohmic activation energy cannot be
neglected. Therefore, the ohmic resistance shall be described by a parabola-fit. At first,
equation [3] is transferred dimensionless in equation [20] by Qcm? in order to take the
logarithm of it. Subsequently, it shall be equaled with y = k;x? + k,x + k3 in
1000K

equation [21], where the variable x denotes x = with K denoting the unit Kelvin:

1 (Rohm(T )) I (BT 1 ) Eactohm [20]

Qcm? ohm Qcm? RT

~

X = k1x2 + kzx + k3 [21]

1000K 1 1 Eact ohm
In ( . . —) —
Bohm Qcm? x/  1000K:-R

We assume that the original approach by extracting the ohmic activation energy Ej,ctohm
from the linear slope can be transferred to the parabola likewise inorder to extract the ohmic
activation energy from the slope of the parabola. Therefore, equation [21] is derived by x
and solved for E,c¢onm In equation [22]. The latter.can.now be described as a function of
temperature. y

N 1
Eactonm = 1000K - R (Zklx + k, + ;) [22]

Subsequently, the cell specific parameter B,,, can be obtained by solving equation
[21] to equation [23].

1000K 1 £,
B. = . — (k%2 + kox + ko — —BCtOhm ) 23
ohm = T T em? eXp‘( (1x Tlex ks =o0ok-5 ¥)) 28

Finally, the parabolafit is shown in figure 13 with a sufficient agreement to the ohmic
resistance.

By applying.theintroduced method, the polynomial coefficients can be obtained and are
listed in table'V.

Model Parameters. — The relevant parameters in order to model the current-voltage
behavior in‘azero-dimensional approach are listed in table VI. Apart from the adaptions
described above, no further changes in the model and its parameterization (21) were
necessary..Furthermore, the parameters have been varied independently in order to
investigate their sensitivity towards the model. The experimentally obtained voltage at a
current density of 0.5 A cm™ with a gas mixture of 0.65 atm H. (balanced with H,0) at a

https://mc04.manuscriptcentral.com/jes-ecs
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temperature 850 °C was chosen as a reference. Therefore, the last column in table VI
indicates the deviation from the simulated in relation to the measured voltage, when the
parameter is varied by + 20 % in its value and thus showing the sensitivity towards the
model.

It becomes obvious, that the model is mostly sensitive towards the cell specific constant
regarding the ohmic losses B,nm- The ohmic losses in this particular case with the empirical
determination presented above are independent of the ohmic activation energy. Another
parameter with high impact represents the activation energy of the fuel electrode E; ggg. All
other parameters only show a rather small influence when varied by + 20.%.

Model Validation. — The cell voltage can now be modeled with equation 1] and further
equations given in (21) as all of the unknown parameters are determined. The model covers
operating temperatures from 600 °C to 900 °C with arbitrary fuel mixtures of hydrogen and
steam in a cell voltage range from 600 to 1400 mV. To obtain an excellent agreement with
measured CV-characteristics the temperature increase duetto.self-heating of the cell has to be
considered in the model. This was realized by using the cell temperature measured by a
thermocouple approx. 2 mm above the cell surface. Furthermore, the measured open circuit
voltage is used in order to correct minor leakages below 2.% in the test bench. Exemplary, a
validation is shown for a fuel gas mixture of 0.65'atm H: in figure 14 (a) and 0.35 atm H>
in (b) (balanced with H20) and synthetic air at the air electrode.

The developed zero-dimensional cell model represents the measured current-voltage
behavior in excellent agreement with a deviation: < 3 % for both SOFC and SOEC mode.
The remaining deviation between calculated:and measured current-voltage curves is most
probably caused by the difference between the internal cell temperature (electrolyte
temperature) and the measured temperature (39).

It is now possible to quantify'the.individual loss contributions (figure 15). Regarding the
investigated ESC the ohmic losses are dominating the cell performance as expected. An about
one order of magnitude smaller.overvoltage has to be attributed to the activation losses at the
fuel electrode. The fuel and.air electrodes gas diffusion losses as well as the air electrode
activation losses (testing with synthetic air) are in the range of a few mV only and thus can
almost be neglected. Gas diffusion losses in the cathode can only be analyzed at very low
oxygen partialipressures-in the applied setup. It should be noticed that this can change
drastically if the cell is contacted by a thin contact layer in a stack (40).

Conclusions

In this contribution, we presented a zero-dimensional dc model of an electrolyte-supported
cell with a Ni/CGO fuel electrode. The experimental parameterization via electrochemical
impedance spectroscopy enables the model to precisely predict current-voltage characteristics
overwide temperature and gas composition ranges. In order to carry out an unambiguous
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process identification and subsequent quantification of the loss contributions, the Ni/CGO
fuel electrode required a methodology for isolating and quantifying the gas diffusion process
at the fuel electrode. This was implemented by altering the inert gas component in a ternary
fuel gas mixture. The difference in polarization resistances between two different inert gas
components, namely nitrogen and helium, can be used to determine an effective gas diffusion
geometry parameter, which enables the calculation of the gas diffusion resistance for
arbitrary operating conditions. Using this procedure, the loss contributions of gas diffusion
and activation within a Ni/CGO fuel electrode have been successfully separated-and
quantified for the first time. The excellent capability of the model for accurate cell
performance prediction has been shown by the comparison of measured and, caleulated CV-
curves over a wide range of operating conditions in both SOFC and SOEC mode.
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Appendix

The characterization of the air electrode follows the approach by Leonide et al. (21) with no
further extension regarding the extraction of the model parameters. In addition, no further
significant results were observed during thistwork. That’s why, this part is shown in the
appendix with the determination of the microstructure parameter W,g, the activation energy
E.ctar, the exponent m and the prefactor y,g of the air electrode.

Equivalent Circuit Model Air Electrode. — Processes occurring at the LSCF air electrode
are described with the equivalenteircuit model developed by Leonide et al. (21), which has
been used in previous studies (33, 41). Though, gas diffusion is described by an RQ-element.
Furthermore, the coupling of charge transfer and solid-state diffusion of oxygen ions is
specified by a Gerischer-element (42). As mentioned above, processes at higher frequencies
are accounted for the ohmic resistance.

Microstructure Parameter Air Electrode. — In this work an LSCF air electrode likewise to
Leonide etal. (21) isapplied. The loss mechanisms at the air electrode become isolated by
observing symmetrical cells. Figure A-1 (a) shows the DRT of a variation of the oxygen
partial pressure of a symmetrical cell with LSCF electrodes with a gas mixture of 0.05 atm,
0.02 atm and 0.01 atm oxygen (balanced with N2) at a temperature of 800 °C. The gas
diffusion process becomes visible in a frequency range of 0.5 — 10 Hz (21) and it’s
contribution to the polarization resistance is extracted with a CNLS-fit. The resulting gas
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diffusion resistance using the ASR values of a single electrode are shown in a double
logarithmic plot in figure A-1 (b).

In addition, the gas diffusion resistance shall be derived starting from equation [8] with
transferring it to equation [A-1] by the logarithmic law with the microstructure parameter
Wag, the gas diffusion length L,g, the gas diffusion coefficient for oxygen Do, .

- Po, AE
P RTLg (1- e )
Taiff AE AF n 4FYpgDo,po, aE corr g A

The derivation of equation [A-1] and at open-circuit leads to equation [A-2] with the gas
diffusion resistance at the air electrode R aE.

~ 2
RT L 1 1 1 1
~(5F) 7 gl . P
j=0 4F Wak Doz Po, AE P corr

4

_ ONqigrAE
Rqifr A = 3j

o

The trend of the gas diffusion resistance.as a function of the oxygen partial pressure can
now be approximated with the help of equation [A-2] using a solver with a least-squares
method in order to determine the unknown mierostructure parameter W, of the air
electrode.

Thereby, the gas diffusiondength in this case remains unknown. Though, the gas
diffusion within the gold-mesh is_contributing to it as well (34). For the purpose of
comparison to the work of Leonide (21), the gas diffusion length is set to the thickness of the
single air electrode of 47 um from the symmetrical cell. Also, Knudsen-Diffusion needs to
be considered in this case as well (21). Therefore, the gas diffusion coefficient for oxygen is
calculated by the Bosanquet-approach with the help of the molecular gas diffusion coefficient

(Do,mo1 = 1.7879 - 10=4m? s, T = 800 °C) as well as Knudsen-Diffusion
coefficient Dkp o, An estimated pore radius of 600 nm was set for the determination of
Dgn,0, resultingto Dgge, = 3.3705 - 10~* m? s at a temperature of 800 °C.

Finally, a microstructure parameter of W,z = 0.048 is resulting. In this case, the trend
of the measured gas‘diffusion resistance cannot be described precisely enough with equation
[A-2]. The latter .can presumably be explained by the application of a revised generation of
LSCF electrodes with a likely higher porosity. Imprecision also might be explained by an
estimated pore diameter. The application of a pore size distribution could not have been
performed.n the frame of this work.
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Activation Energy Air Electrode. —In order to determine the activation energy of the air
electrode E,. g a variation of temperature between 600 °C and 900 °C in steps of 50 °C
with a gas mixture of po, = 0.21 atm (balanced with N2) of a symmetrical air electrode is
shown in figure A-2. At comparably low frequencies between 10 — 20 Hz the gas diffusien
process becomes visible, as it only shows a slight correlation with temperature. In a
frequency range between 100 — 400 Hz the activation process of the air electrode.indicates
a clear activation by temperature. In the equivalent circuit model, this process is described by
a Gerischer element (33). By extracting the activation resistance with a CNLS-fityit can be
plotted in an Arrhenius-plot in figure A-3 using the ASR values of a single air electrode.
Here, a grey area is marked with resistances of less than 10 mQcm?, indicatingithe
possibility of measurement imprecisions as the boundaries of the frequency response analyzer
are reached. But, this does not seem to have an influence yet.
~

The linear trend leads to Arrhenius behavior resulting in an activation energy of the air
electrode of E,ciap = 144.54 kJ mol™ from the value of the slope.in addition, the cell
specific constant yields to Bxg = 1.5185 - 1071° Qcm?. In€emparison; the LSCF electrode
characterized by Leonide (21) holds values of E,.ar = 489.86'kd.mol™ and

Bag = 4.032- 10~° Qcm?. The deviation between théactivation energies is less than 3 %

and with regard to a state-of-the-art electrode comparably small. Further, the cell specific
constant in this case is smaller, which presumably‘can'be explained by the application of
synthetic air with 0.21 atm Oz and 0.79 atm'N.. Thereby, contaminants (43) as they are
present in air from the environment can be neglected.

In addition, the activation resistances of the:fuel electrode (using the ASR values of a
single electrode) are displayed as well and differ by an order of magnitude to the air
electrode. Therefore, the activation,process of the latter presumably can be neglected when
simulating the dc mode as shown above.

N

Exponent m. — The extraction of the exponent m describing the oxygen partial pressure
dependency of the aif.electrode’s exchange current density follows the approach by Leonide
et al. (21) as well. In figure A-4 (a) the DRT of a symmetrical cell with LSCF air electrodes
is shown at a temperature.of T = 800 °C. The data is based on a variation of the oxygen
partial pressure with 0.21 atm, 0.12 atm, 0.05 atm, 0.02 atm, 0.01 atm (balanced with Ny).
Subsequently,dnfigure:A=4 (b) the resulting activation resistance using the ASR values of a
single air electrode is plotted in a double logarithmic scale as a function of the oxygen partial
pressure and.fitted with a power law approach. The exponent m is then extracted by the
negative value of the slope of the fit resulting to a value of m = 0.42. In comparison to
Leonide et.al., the exponent m in this case is about a factor of two larger.

Prefactor y,g. — The exponential prefactor y,g can be determined with the help of
equation [A-3] (21). The above-mentioned evaluation of the variation of temperature was
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performed with po, = 0.21 atm with an overall pressure of p = 1 atm. Thus, these
conditions were set in order to determine the prefactor y,g. With the above-mentioned
exponent m and the cell specific constant B, a value of

vap(T) = 5.47- 10° (Am~2 K1) - T results in contrast with &
yap(T) = 1.52- 108(Am™2K™1) - T from Leonide (21). S Q
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Nomenclature

latin letters

Dref
bi
Peorr
PLF,FE
PMF,FE

q1, q21~q3! qs

R
Rgigr

Rpol

RaCt
AR g

ARy
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exponent describing hydrogen partial pressure dependency of the
fuel electrode’s exchange current density (-)

exponent describing steam partial pressure dependency of the fuel
electrode’s exchange current density (-)

cell specific constant for ohmic resistance (K Q* m?)

cell specific constant for electrodes (Qm?)

gas diffusion coefficient of the component i (m?s™)

ternary gas diffusion coefficient

with the components i, j and k (m?s?) ~
Knudsen-Diffusion coefficient (m? st)

activation energy (J mol™?)

Faraday constant (As mol™)

effective gas diffusion parameter(m:1)

current density (A m?2)

exchange current density (A m3)

polynomial coefficients N

exponent describing oxygen partial pressure dependency of the fuel
electrode’s exchange'eurrent density (-)

overall pressure (atm)

reference pressure = 1 atm

partial pressureof the'component i

conversion factor 101330 (Pa atm™)

low frequency process at fuel electrode (-)

middle frequency process at fuel electrode (-)

polynomial coefficients

universalgas.constant 8.314 (J mol! K1)

gas diffusion resistance (Qm?)

polarization resistance (Qm?)

activation resistance (Qm?)
difference of the gas diffusion resistance (Qm?)

difference of the polarization resistance (Qm?)

ohmic resistance (Qm?)
temperature (K)

open circuit voltage (V)

cell voltage (V)

variable

variable

number of exchanged electrons (-)
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greek letters

L QS m o= ]

subscripts

act
AE
cell
corr
diff
eff
EL
FE
H2
H.O
He
Kn
LF
load
MF
N2
ocv
ohm
pol
por

abbreviations

Al,Oz
ASC
ASR

AE
BV
CGO
CNLS
Ccv

Journal of The Electrochemical Society

charge transfer coefficient (-)

exponential prefactor (A m?)
concentration of oxygen lattice vacancy (-)
porosity (-)

overpotential (V)

standard deviation

microstructure parameter (-)

activation

air electrode

cell

correction

gas diffusion
effective

electrode N
fuel electrode
hydrogen

steam

helium

Knudsen

low frequency
electrical load
middle frequency
nitrogen
open-circuitvoltage
ohmic

polarization

pore

aluminum oxide
anode-supported cell

area specific resistance

air electrode

Butler-Volmer
Gadolinium-Doped Ceria
complex non-linear least square
current-voltage
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dc direct current
DRT distribution of relaxation times
EIS electrochemical impedance spectroscopy
EL electrode
ESC electrolyte-supported cell
FE fuel electrode
FIB focused ion beam
He helium
H hydrogen
H20 steam
lin linear
LSCF Lag 6Sr9.4Coq 2 Feg03-5
MSC metal-supported cell ~
N2 nitrogen
02 oxygen
ocv open-circuit-voltage
RQ parallel connection of ohmic resistance and.constant-phase element
SOC solid oxide cell
SOEC solid oxide electrolyzer cell
SOFC solid oxide fuel cell N
sym-anl symmetrical cell with Ni/CGO fuel electrodes 1
sym-an2 symmetrical cell with:Ni/CGO fuel electrodes 2
3D three-dimensional
3YSz 3 mol-% yttria-stabilized zirconia
8YSZ 8 mol-% yttria-stabilized zirconia
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Tables

TABLE I. Dimensions and microstructural parameters of gas channel, Ni contact mesh (34) and
porous fuel electrode as well as Knudsen criteria Kn. (9SEM, @estimated)

thickness width, porosity Kn
pore diameter €por
pum um - -
gas channel 1000 1000 1 4.4-107*
Ni contact mesh (34) ~ 240 ~ 250 ~ 0.64 18-107*
porous fuel electrode ~ 24 < 0.6 ~ 0.35@ 0.73

TABLE Il. Difference of the polarization resistances AR, g Of the symmetrical cells with Ni/CGO
fuel electrodes for sym-anl and sym-an2 for a gas mixture of 0.1 atm H,, 0.05 atm H,O, balanced with
N2 and He respectively. The calcUlationofithe resulting effective gas diffusion geometry parameter G.¢
is conducted with halved resistances to account for one electrode.

sym-anl sym-an2 mean standard
value deviation
T ARy rE Gefr T ARy e Gest Gest o
°C mQem? m? °C mQcm? m? m? m?
753 43 627.66 755 42 642.93 635.30 7.63
803 38 719.32 804 41 666.85 693.09 26.24
852 37 747.75 853 40 691.84 719.80 27.96
902 38 736.87 902 38 736.87 736.87 0
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TABLE Ill. Temperature dependency of the
exponent a between 600 °C and 900 °C.

temperature a

e ;
598 0.019
658 0.035
754 0.051
804 0.166
853 0.139
902 0.178

Table 1V. Coefficients of the second-degree polynomial describing Rj,.q .assa function of the current

density ;. S
Operating-mode 0 q- qs
SOEC 0.0294 0.0344 0.1212
SOFC -0.1057 0.0015 0.1138

Table V. Polynomial coefficients for an active area of 1 cm? in'order to describe the ohmic resistance
in the Arrhenius plot in figure 13.

experimental full cell ky k, & ks
3.8374 1.9162 —5.5970
N
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TABLE VI. Model parameters of the zero-dimensional cell model (21) adapted to a solid oxide cell with

Ni/CGO fuel electrode, 3YSZ electrolyte and LSCF air electrode.

Parameter Unit Value Sensitivity.

+20 %, <20%
Enctohm J mol 1000K - R (2kyx + k, +2) with x -

1000K 10*
T amz &P <— (k1x2 + kyx + ks
Bonm K (Qm?)* 4+ 4.4 9,— 8 %
Eactohm
" 1000K-R

ky - 3.8374 -
k, - 1.9162 -
ks - —5.5970 -
Encere kJ mol: 90.54 -93%,+1.6%
Bpg Om? 2.95-10710 -1%,0%
a(T = 600 — 750 °C) - 0.035 -
a(T = 800 — 900 °C) - 0.161 —0.6%,— 0.6%
b(T) - 0'01212 T —0.9892 —0.5%,—0.7%
Vee(T) Am? 1.46 - 105(A m~2K-1)4[0.84@Y. g 20 ' . -
QFE,SOEC - 0.59 -
FE SOFC - 0.76 —0.4%,—0.7%
Gt mL 736.87 —0.5%,—0.6%
Encear kJ mol. 14454 —1.7%,—05%
Bag Qm? 1.5185 - 10714 —0.6%,— 0.6%
m - 0.42 —0.6%,— 0.6%
Yae(T) Am? 5.4710°(Am=2K™1) - T -
Ang - 0.65 (21) —0.6%,— 0.6%
WYp - 740,048 —0.6%,— 0.6%
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Figures

B LSCFAE(lcmx 1 cm; = 30 um)

oNOYTULT D WN =

B LSCF potential probes (= 30 um)
b o G =
16 3YSZ electrolyte (5 cm x 5 cm; &~ 85 pum)

18 # NiI/CGO FE (4cm x4 cm; = 24 um)

2 Figure 1. Schematic sketch of experimental full cell with a Ni/CGO . fuel electrode, 3YSZ
23 electrolyte, LSCF air electrode as well as LSCF potential probes for OCV monitoring.

S um

Figure 2. SEM image of a FIB-polished fuel electrode cross-section with a 3YSZ electrolyte
57 in cell layer 1, a CGO interlayer 2 and a Ni/CGO fuel electrode 3 with Ni particles (darker
58 grey), CGO particles (lighter grey) and black pores in between; mirror detector, electron

59 energy.. 5 keV, electron beam current: 0.4 nA.
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058 06 062 064 066 0.68 @
(b) \
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(© .
0.02 . fuel ele@’ﬁrode ‘{

Im(Z), Z" / Qcm?

0.58 0.6 062 0.64 0.66 0.68
Re(Z), Z' | Qcm?

Figure 3. (a) spectra of full cell and sum
mixture of 0.65 atm H2 (balanced with H.0
LSCF air electrode (T = 800 °C, sy ic ai
(T = 806 °C, fuel gas mixture of 0.

| and ctrode (T = 800 °C, fuel gas
thetic air at the air electrode), (b) the
nt) and (c) a Ni/CGO fuel electrode
nced with H20)).

https://mc04.manuscriptcentral.com/jes-ecs



Page 29 of 41

oNOYTULT D WN =

Journal of The Electrochemical Society

pH, = 0.80 atm
PiEFE p,0 = 0.20 atm

1.5 1 601°C

3 T §|——660°C
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= 1IN —757°C

LL:; PMF,FE '—'80600

- ——855°C
=
()

~

10° 100 102 100 10* 10°
frequency, f / s}

Figure 4. DRTs of spectra measured during a temperaturewariation‘/between 600 °C and
900 °C with a gas mixture of py,pg = 0.8 atmand py,org =0.2 atm of a symmetrical
cell with Ni/CGO fuel electrodes.

&

AL O5-1ib (IXEmm?, &6, = 0 %)
® ® </®j~ gas channel (1x1 mm?, &,,, = 100 %)
<‘< contact mesh(~ 240 um, &y, = 64 %)
\porous fuel electrode (= 24 um, &,or = 35 %)
electrolyte substrate (= 85 pm, £, = 0 %)

Figure 5. Sketch of the gas'transport.along the cell’s surface in the cell test setup. In the
1 cm? test benches a stack like.gas supply via gas channels is employed. Details can be found
in (27).
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Figure 6. (a) Impedance spectra an
electrodes with two ternary gas mixt
respectively (T = 852°C, gas composition:

<
<

metrical cell with Ni/CGO fuel
ert gases nitrogen and helium
atm Hz, 0.05 atm H20, 0.85 atm inert gas).

v
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Figure 7. Arrhenius-Plot of a temperature variation bet
of 50 °C with a gas mixture of py, gz = 0.8 atm and_py,or

0.95

1.05 1.15

1000K T-!

values of a single fuel electrode.

4 \Q
°C and 900 °C in steps
0.2 atm, using the ASR
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Figure 8. DRTSs of a symmetricalcell with Ni/CGO fuel electrodes for a variation of (a) the
hydrogen partial pressure py, pg’at 0.8 atm, 0.4 atm, 0.2 atm, 0.1 atm with a constant
steam partial pressure py,org Of 0.2 atm'and balanced with Na, at T = 754 °C and (b)
with a variation of the steam‘partial pressure py,ore at 0.3 atm, 0.2 atm, 0.12 atm,

0.08 atm and 0.04 atm with a.constant py, pz 0f 0.6 atm and balanced with N2, at T =
755 °C. (c) Determination of the exponent a, and (d) of the exponent b, at temperatures
between 600 °C and 900 °C in steps of approx. 50 °C using the ASR-values of a single

electrode.
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Figure 10. (a) DRT of the varie
mixture of py,pg = 0.38 at

the electrical load in SOEC mode with a fuel gas

20) with synthetic air at the air electrode at
T = 745 °C and (b) DRT of the electrical load in SOFC mode with a fuel gas

mixture of py,re ance H>O) with pure oxygen at the air electrode at

T = 750 °C.
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overpotential, 1. g /W

(b)
0.12
O Rluad

o — — — - parabola-fit
3} e
S O--g
= >~

2011 . -
3 =) BN,
: P
2 N

0.1 ; =
0 0.1 0.2 0.3
current densify, j / ka::m'2
(d)
0.5 -

’\‘JE '*' Tact FE i

S 0.4 BV - Fit

< | o0 %

—

=~ 0.3

—Go:; 0.2+ S

011,

=i

<

0 } ! !
0 0.01 0.02 0.03 0.04

overpotential, 1, rg / V

(d) Determination of the charge transfer coefficient in SOFC mode.
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(@) Resistance R),44(j) as.a function of the current density in SOEC mode with
a fuel gas mixture of py, rg ='0.38 atm (balance H20) with synthetic air at the air electrode
at T = 745 °C. (c) Determinationyof the charge transfer coefficient in SOEC mode. (b)
Resistance R),.q(j) as a function of the current density in SOFC mode with a fuel gas mixture
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Figure 12. Plot of the temperature divided by the area specific ohmic resistance R, Of a
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Figure 13... Arrhenius-plot of the area specific ohmic resistance Ry, for atemperature
variation of. 600 °C, 651 °C, 700 °C, 750 °C, 800 °C, 850 °C, and 897 °C with a second-
degree polynomial fit for a fuel gas mixture of 0.8 atm H (balance H>O) and synthetic air at

the airelectro
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Figure 14. Variation of temperature between 600 °C and 900 °C with measured as well as
simulated (continuous line) current-voltage characteristics for SOEC and SOFC mode with a
fuel gas mixture of 0.65 atm Ha (@)and of 0.35 atm H, (b) balanced with H,O and synthetic
air as the oxidant.
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