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spectra. With the help of the extracted parameters, a zero-dimensional direct
current cell model was parametrized to simulate the current-voltage behavior
of the cell. This approach, previously implemented for H,/H,O fuel mixtures,
is extended toward CO/CO, fuels. It will be shown that the same model — with
adapted parameters for the FE - can be applied. A comparison of measured and
simulated current-voltage curves showed an excellent agreement for both fuels
and operating modes (solid oxide fuel cell/solid oxide electrolyzer cell). Simula-
tions reveal that there is nearly no performance difference between H,O and CO,
electrolysis for the electrolyte-supported cell with Ni/CGO FE in comparison to
an anode-supported cell with Ni/yttria-stabilized zirconia FE.

KEYWORDS
zero-dimensional direct current performance model, CO, electrolysis, distribution of relax-
ation times, electrochemical impedance spectroscopy, Ni/CGO fuel electrode, solid oxide fuel

cell

1 | INTRODUCTION

Among the various types of fuel cells and electrolyzers [1],
only solid oxide cells (SOCs) show a high fuel flexibility
and can, next to hydrogen (H,), operate on carbon monox-
ide (CO) and reformate/syngas [2-6]. Physicochemical cell
models that are able to simulate the cell behavior within a
wide range of technically relevant operating conditions are
a useful tool to optimize the cell design, evaluate optimum
operating strategies, and simulate the cell behavior on
stack and system levels [7-11]. On the cell level, the devel-
opment of an impedance-based zero-dimensional direct
current (dc) performance model was demonstrated for
electrolyte-supported cells (ESCs) [12, 13], metal-supported
cells [14], and anode-supported cells [7, 8, 15]. In the
work by Leonide et al., this was developed separately for
H,/steam (H,/H,0) and CO/carbon dioxide (CO/CO,)
fuel gas mixtures [7, 15]. There, the operation with CO/CO,
fuel gas mixtures leads to a significant impact on the
electrochemical behavior of the anode-supported cell with
Ni/8YSZ fuel electrode (FE) resulting in a higher activa-
tion energy of the FE with B, pg co/co, = 118.64 kI mol ™!
in comparison t0 By pr 1, /m,0 = 105.04 kJ mol~! [7, 15].
Further, the gas diffusion losses in the 1 mm thick anode
substrate are increasing due to the substrate thickness and
the low effective gas diffusion coefficients [15]. However,
gradients with respect to temperature and gas conversion
along the gas channels are not considered and require a
multiphysics modeling environment. This is provided in
the work by Russner et al. [16] for a two-dimensional gas-
channel model based on a finite element method for an
anode-supported cell (ASC) and electrolyte-supported cell
(ESC) design, which shows the impact of individual loss

contributions toward a distribution of temperature in a
stack layer operated with reformate gas mixtures. Also, a
single-channel model for the electrolysis of CO, in a SOC
is proposed [17]. In the field, so far the solid oxide electrol-
ysis of CO, has been applied in eCOs developed by Haldor
Topsoe [18-20] and in the Mars Oxygen In Situ Resource
Utilization Experiment [21].

In the frame of this work, we focus on comparing the
electrochemistry of an ESC with a nickel/gadolinium-
doped ceria (Ni/CGO) FE in H,/H,0 and CO/CO, fuel
gas mixtures. The zero-dimensional dc performance model
developed and validated for the operation with H,/H,0
[22] is extended to CO/CO, fuel gas mixtures in fuel cell
and electrolyzer mode enabling the comparison between
both fuel gas mixtures. This study shall furthermore pro-
vide a basis for the investigation of Ni/CGO electrodes in
reformate, respectively, syngas mixtures [3, 23-26].

2 | EXPERIMENTAL SECTION

2.1 | Modeling

The knowledge of the individual loss mechanisms occur-
ring in the cell is crucial in order to develop a zero-
dimensional dc performance model. In the open circuit
voltage (OCV) minus losses model the different losses such
as ohmic losses 7,ny, activation losses at the FE 7, pg
and the air electrode (AE) 9, op as well as gas diffusion
losses at the fuel 7girr pp and AE 7gier o are subtracted
from the OCV Ugcy and lead to the cell voltage U,y in
Equation (1). In order to describe the electrochemical loss
mechanisms in an OCV minus losses model, generally
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valid modeling parameters such as activation energies of
the electrodes or microstructural parameters are needed.
Considering a SOC with a Ni/CGO FE, this work aims
for the parametrization under CO/CO, fuel mixtures and
comparison to H,/H,O operation [22]. The impedance-
based parametrization and subsequent zero-dimensional
dc performance modeling are described in depth [15, 22].
With the help of knowledge about the individual volt-
age losses, limiting factors toward the cell performance
can be identified [27]. In the following, an overview
of the parameters needed for CO/CO, operation is
given.

Ucel = Uocv — Nohm — act,FE — Nact, AE — Ndiff,FE — Ndiff AE
@

Ohmic losses 7y, can be described by the ohmic
law according to Equation (2) with the current density
j and the ohmic resistance R,,. The temperature T
dependency of the latter is usually expressed by an Arrhe-
nius approach in Equation (3). There, B, depicts the
cell specific constant for the ohmic resistance, Eyctohm
the ohmic activation energy and R the universal gas
constant.

Nohm = J * Rohm 2

T Eacton
Robm (T) = 5 -exp( &T “‘) ©)
onm

The Butler-Volmer approach in Equation (4) is suitable
in order to determine the activation losses 7, g1, at the
electrodes (EL) caused by the charge transfer reaction with
the help of the exchange current density j, gy, the Faraday-
constant F, the number of exchanged electrons z and the
charge transfer coefficient ag; .

. . ZFnact,EL
J = JoEL |€XP aELT

F ac
—exp (— (1 - ag) Z’;—T‘“)] @)

For the exchange current density j, 7, knowledge about
the partial pressures at the fuel (FE) and air side (AE) in
Equations (5) and (6) is necessary with in particular the
carbon monoxide partial pressure pco g and CO, partial
pressure pco, rg s well as the oxygen (O,) partial pressure
Po, Ak at the air side and the reference pressure pef = 1
atm. In this contribution, all results were generated under
atmospheric pressure. Therefore, the impact of the total
pressure p can be neglected. In here, E,. p; depicts the
activation energy of the fuel and AE, respectively, and yzr.

an exponential pre-factor.

c d
Jorn =7 <pCO,FE ) (pCOZ,FE > exp <_Eact,FE ) )
OFE FE Pref Pref RT

m
. Poz,AE> < Eact,AE>
= exp| ——= (6)
JO,AE 7AE< Dot p BT

The exponential pre-factor y5; at fuel and air side can
be described with Equations (7) and (8), respectively. Here,
Brg,co/co, depicts the cell specific constant for the FE and
B,g for the AE.

-1

yop = RT . < Pco FE >C < Pco, FE )d o
FE ™ 2FBrg co /CO, Dref Dref

. m7 1

__RT <p02,AE> @®)

VB 2FBag Pref
Based on the Nernst-Equation and Fickts law of gas
diffusion, the gas diffusion losses 7g4i¢f 7, can be derived
[28] and described by Equations (9) and (10). A conversion
factor P, = 101,330 Pa atm™! is needed as well as the
thickness of the gas diffusion layer Lg;, the microstruc-
ture parameter Wr; at each electrode side and D; the gas
diffusion coefficient of the species i. The model Equa-
tions shown so far have been proven sufficient in order to
describe cells exhibiting a Ni/YSZ FE. Extensions of these

Equations have been discussed [22].

RTL
» 1+ = - J
RT 2F¥geDco, Pcoy, FEPcorr

7diff,FE = Eln ~ RTLpg 2
2F¥reDco pco,FEPcorr
RT 1
Nditf AE = 7710 (10)

4F - RTLAE<1—P02,AE/I’> .

AF¥AEDo, Po,,AEPcorr

The microstructure parameter Wrg and the gas diffu-
sion layer Lrg, at the FE are summarized as an effective gas
diffusion parameter G¢f g [22] in Equation (11).

Wrg

Geff,rE = Trs (1)

2.2 | Materials and methods

In this contribution, planar ESCs with a Ni/CGO FE, a
3 mol.% yttria-stabilized zirconia (3YSZ) electrolyte sub-
strate, and a Lay, Sry Coy Fe, Opg (LSCF) AE were
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investigated. To avoid interdiffusion, CGO layers are
placed between electrodes and electrolytes [29-31]. By
scanning electron microscopy the thickness of the different
layers was identified for the FE of approximately 24 um,
for the electrolyte of approx. 85 um and for the AE of
approx. 30 um. Further details on the cell and the electrode
microstructure can be found [22].

The experimental cells tested in this work are schemat-
ically shown [22]. With an active cell area of 1 cm? for full
and symmetrical cells, lateral gradients of temperature and
gas conversion can be neglected. Experiments were carried
out in test benches and with testing, approaches described
[32] with a total flow rate of 250 sccm at each electrode
side. Individual fuel and oxidant gas mixtures are set via a
gas mixing unit with mass flow controllers. In an upstream
combustion chamber inside the test bench, H,O can be
generated by mixing H, and O, enabling up to 100% H,O
at the fuel gas side.

The electrochemical characterization of the cell was
realized by current-voltage (IV)-characteristics and
impedance spectroscopy. The impedance spectra were
acquired by using a pseudo-potentiostatic mode (ampli-
tude < 12 mV regarding the polarization resistance [32])
with a Solartron 1260 frequency response analyzer. The
frequency was varied between 30 mHz and 1 MHz with
12 points per decade. Also, the spectra were commonly
measured under open circuit conditions (OCV), only
for the determination of the charge transfer coefficient
measurements under load are required [7]. The validity of
the measured spectra was verified by a “Kramers Kronig
Test” [33].

Impedance spectra and IV characteristics were mea-
sured in a temperature range from 650 to 900°C. At each
temperature variations of oxidant and fuel composition
were performed. A summary of the operating conditions
in order to parametrize the FE under CO/CO, conditions
is given in Table Al in the appendix. The ESC has been
analyzed to deconvolute and quantify loss mechanisms
by electrochemical impedance spectroscopy and the sub-
sequent analysis of the distribution of relaxation times
(DRT) [7, 12, 34]. At first, processes at fuel and AE were
separated by using symmetrical cells [35, 36]. Afterwards,
an overlap of gas diffusion and activation polarization as
reported in [35, 37-41] at the Ni/CGO FE in the spectra was
deconvoluted by using ternary fuel mixtures with high con-
tents of inert gases such as nitrogen (N,) and helium (He),
respectively. However, [22] this can be done at a compa-
rably high temperature of 850°C with a fuel gas mixture
of py, re = 0.1 atm and py, o g = 0.05 atm balanced with
the inert component N, or He, respectively, and likewise
with pcopg = 0.1 atm and pco, re = 0.05 atm balanced
with the inert component N, or He respectively. The fur-
ther parametrization of the SOC becomes possible in order

to develop a zero-dimensional dc model predicting the
cell performance [7, 12-14, 42]. In this work, we apply an
adapted approach for CO/CO, fuels [15, 43, 44] since the
thermodynamic stability of CO/CO, fuel mixtures needs
to be considered with respect to carbon formation.

In comparison to H,/H,0, CO/CO, fuels might form
solid carbon that will be deposited in the FE and affect its
performance and integrity. The thermodynamic stability of
the applied CO/CO, fuel gas mixtures was verified by the
open-source program Cantera [45] and the voltage cap in
electrolysis mode was set to 1.2 V in order to prevent car-
bon formation. Regarding the fuel cell mode, the voltage
cap was set to 0.6 V to avoid re-oxidation of Nickel in the
FE [32].

In published literature [46-50] the contamination of
CO, with, for example, sulfur impurities was found as a
possible source of degradation. In the frame of this work,
a stability test with different contents of CO and CO, has
been performed without a significant degradation effect.
Reference measurements at the beginning and end of the
test in H,/H,0 were conducted in order to exclude aging
effects.

3 | RESULTS AND DISCUSSION

In the first step, the electrode loss mechanisms occurring at
fuel and AE can be separated using symmetrical cells. The
parameters in order to describe the electrochemical behav-
ior of the LSCF AE were evaluated in a previous study
[22]. Since cells from the same type are analyzed in this
contribution, parameters found in a previous study [22]
are assumed to remain valid for the AE of the investigated
cells.

In this study fuel gas mixtures of CO/CO, and the related
processes at the Ni/CGO FE were in focus. Fuel electrodes
exhibiting a Ni/CGO FE reportedly show an overlap of
electrochemical processes and gas diffusion in the spectra
[35,37-41]. In a previous study, the operation with CO/CO,
fuel gas mixtures resulted in a shift of the gas diffusion
toward lower frequencies in the spectra [51]. Figure 1 shows
a DRT with a temperature variation between T = 750°C
and T = 900°C of a symmetrical cell with Ni/CGO FEs
with pco pg = 0.5 atm (balance CO,). All peaks in the DRT
indicate a thermally activated behavior. Thus, none of the
peaks can be solely related to gas diffusion, which shows a
comparably low dependence on temperature (T%). In the
spectra, the expected contribution of the CO/CO, gas dif-
fusion process is not clearly visible, which suggests that the
thermally activated electrochemical process at the FE over-
laps with the gas diffusion process. This overlap of several
processes needs to be deconvoluted so that the activation
and gas diffusion polarization processes can be quantified.
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variation of temperature of a symmetrical cell with Ni/CGO fuel 1000 K T_l
electrodes with pco rp = 0.5 atm (balance CO,) between T = 750°C
and T = 900°C. FIGURE 2 Arrhenius-plot of a temperature variation between

The application of ternary fuel gas mixtures with N,
and He, respectively proved to be a suitable approach
for visualizing the gas diffusion as shown for Ni/YSZ
[12] and Ni/CGO FEs [39, 52, 53]. Further, a method
was developed in a previous study [22] to quantify the
gas diffusion process with the help of ternary fuel gas
mixtures with the inert gases N, and He, respectively.
This method shall briefly be summarized as it is described
in-depth [22]. A high-accuracy test has to be performed
at a rather high temperature (e.g., T = 850°C) as the
gas diffusion resistance is proportional to T%>. Also, low
partial pressures of the electrochemical active species (CO
and CO,) need to be chosen to enlarge the gas diffusion
resistance. Electrochemical processes are assumed not
to be influenced by changing the inert component in
a ternary fuel mixture. Therefore, the difference in the
resulting polarization resistance is purely based on gas
diffusion. The latter can be used in order to determine
an effective gas diffusion parameter Ggs. It is defined
to be independent of temperature and gas compositions
and therefore enables the simulation of the gas diffusion
resistance [28] for individual operating conditions.

In the impedance spectra, quantifying polarization con-
tributions with rather complex transmission line models
[39, 54, 55] shall be avoided and thus, they are simply
quantified by parallel connection of Ohmic resistance and
constant-phase elements [22, 34]. The values of the com-
plex non-linear least square (CNLS)-fit is divided by two
accounting for one electrode. Thus, by subtracting the sim-

650 and 900°C in steps of 50°C for a gas composition with

Pco e = 0.4 atm (balance CO,, triangle symbol) and between 600
and 900°C for py, pp = 0.8 atm (balance H,0, square symbol) [22],
using the area-specific resistance (ASR) values of a single electrode.

ulated gas diffusion resistance [28] from the measured
overall polarization resistance, the activation polarization
can be quantified [22]. The subsequent investigation of
parameter dependencies is shown in the following.

3.1 | Activation energy fuel electrode

The area-specific resistance (ASR) values of the activa-
tion R, pg are plotted as a function of temperature in
Figure 2. A temperature range between 650 and 900°C in
steps of 50°C for a gas composition with pco pg = 0.4 atm
(balance CO,, triangle symbol) is shown. An Arrhenius
behavior of the FEts activation resistance can be observed.
Therefore, the activation energy can be determined by the
slope of the linear fit. Activation energy of E,.( rg,co/co, =
111.51 kJ mol~! (1.16 eV) was found with a cell specific
constant Bgg co/co, = 3.0295 - 107 Qem?. In comparison
the values from the operation in H,/H,0O mode between
600 and 900°C in steps of 50°C are presented in Figure 2
as well with py, pg = 0.8 atm (balance H,O0, square sym-
bol). For the operation in H,/H,O an activation energy
of EyetpE,1, /1,0 = 90.54 kJ mol™" (0.94 eV) and a cell-
specific constant of Brg 1, /1,0 = 2.9517 X 107° Q cm? was
extracted [22].
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Distributions of relaxation times (DRTSs) of a symmetrical cell with Ni/CGO fuel electrodes for a variation of (A) carbon

monoxide partial pressure pco pg at 0.1, 0.2, 0.3, 0.4, and 0.5 atm, with a constant carbon dioxide partial pressure pco, g 0f 0.2 atm and

balanced with N,, at T = 850°C and (B) a variation of the carbon dioxide partial pressure pco, rg at 0.2, 0.3, 0.4, 0.5, and 0.6 atm with a

constant pco rp of 0.4 atm and balanced with N,, at T = 850°C. (C) Determination of the exponent ¢ and (D) of the exponent d, at
temperatures between 750 and 900°C using the area-specific resistance (ASR)-values of a single electrode. (E) Temperature dependency of the

exponent ¢ and (F) d for operation with CO/CO, and H,/H,0.

3.2 | Exponentscandd

The partial pressure dependency of the FEts exchange cur-
rent density toward CO and CO, can be described with
the exponents ¢ and d. These are determined similarly
to Leonide et al. 7, 8, 15, 34] by varying one of the fuel
components individually by keeping the other species on
a constant level and balancing with the inert component
N,. Figure 3 shows the DRTs of a symmetrical cell with

a Ni/CGO FE for a variation of (A) the carbon monox-
ide partial pressure pcopg at 0.1 atm, 0.2 atm, 0.3 atm,
0.4 atm, and 0.5 atm, with a constant CO, partial pres-
sure pco, g 0f0.2 atm and balanced with N, at T = 850°C
and (B) a variation of the CO, partial pressure pco, re
at 0.2 atm, 0.3 atm, 0.4 atm, 0.5 atm and 0.6 atm with
a constant pcopg of 0.4 atm and balanced with N,, at
T = 850°C. Processes at relaxation frequencies exceeding
100 Hz are hardly affected by the fuel gas composition. The
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TABLE 1

Selective model parameters of the zero-dimensional cell model for the fuel electrode of the electrolyte-supported cell (ESC)

with nickel/gadolinium-doped ceria (Ni/CGO) fuel electrode and the anode-supported cell (ASC) with nickel/yttria-stabilized zirconia
(Ni/YSZ) fuel electrode in hydrogen/steam (H,/H,0) and carbon monoxide/carbon dioxide (CO/CO,).

Parameter Unit
EyetreH, /1,0 kJ mol™!
EyetrEco/co, kJ mol™!

a(T = 600 — 750°C) -
a(T = 800 — 900°C) .
b(T) -

c(T) -
d(T) -

corresponding ASR values from a single electrode resulting
from the CNLS-fit are plotted as a function of the (C) CO
partial pressure and (D) CO, partial pressure for tempera-
tures between 750°C and 900°C in Figure 3. The exponents
c and d respectively, can then be obtained by extracting
the negative value of the slope of the linear fit. In agree-
ment to H,/H,O atmospheres [22] a temperature depen-
dency of the exponents can be observed in Figure 3E,F
for CO/CO, mode as well. By a linear approximation,
Equations (12) and (13) describe the temperature depen-
dency of ¢(T) and d(T), respectively, with K as the unit
Kelvin.

0.0017
K

0.00063
K

¢(T) = T —1.6136 (12)

d(T) = T —0.5527 (13)

3.3 | Ohmic losses

The area-specific ohmic resistance R,,,(T) needs to be
analyzed for a full cell by the thermal behavior. Similarly,
the approach [22] examining the ohmic activation energy
and cell-specific constant was applied. The equations with
polynomial coefficients are displayed in Table A2 in the
Appendix. In comparison to the parameters [22], differ-
ent polynomial coefficients were found. The cells tested for
H,/H,0 and CO/CO, originate from the same type and
were tested in the same test bench. Nevertheless, small
deviations in the electrolyte thickness as well as operating
temperature might result in a rather small discrepancy in
the ohmic losses.

3.4 | Model parameters

Table 1 represents selective model parameters related to
the FE of the ESC with Ni/CGO FE investigated here and

ESC with Ni/CGO ASC with Ni/YSZ
90.54 [22] 105.04 [7]

111.51 118.64 [15]

0.035 [22] —0.10[7]

0.161 [22] —0.10[7]

°‘°§“ T —0.9892 [22] 0.33[7]

=T - 16136 —0.058 [15]

200063 . 7 — 0.5527 0.25[15]

an ASC with Ni/YSZ FE in H,/H,0 and CO/CO, mode
respectively [15, 22, 56, 57].

Further, the full parameter set required for modeling the
IV behavior in a zero-dimensional dc performance model
for CO/CO, fuel gas mixtures is listed in the Appendix in
Table A2. No changes in the model were necessary in com-
parison to the methods applied for the parametrization in
H,/H,0 operation [22]. With respect to parameters not
shown here (e.g., charge transfer coefficients: apg sopc =
0.67 and apgsorc = 0.42), no significant changes were
found in comparison to [22]. Parameters for the ASC in
H,/H,0 and CO/CO, mode were determined [7, 8, 15, 56,
57].

3.5 | Model validation

In Figure 4, measured and simulated (continuous line)
IV-curves are shown in a temperature range between T =
700°C and T = 900°C with different gas compositions of
0.3 atm CO (A) and 0.5 atm CO (B) (balance CO,) with
synthetic air at the AE. A voltage range of 600 to 1200 mV
is covered. The model represents an excellent agreement
with the experimentally measured IV curves (deviation
of less than 4%). Considering that the actual model is
isothermal and does not consider self-heating effects and
the relevant parameters are obtained at OCV, the slightly
higher/lower predicted voltages in the solid oxide elec-
trolyzer cell- and solid oxide fuel cell-mode, respectively,
are to be expected [42].

3.6 | Simulation studies

This approach enables a differentiated investigation of the
individual loss mechanisms [8, 12, 15]. For the operation
with a fuel mixture of 0.5 atm CO (balance CO,) and
synthetic air at the AE at T = 850°C the simulated abso-
lute values of the ohmic losses 7ony,, activation 7,¢ g as
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1.2 L
T=700°C
. T =750°C
e - n
Z 1.0 I'=800°C
El T =850 °C
= 0.8 T =900°C |
simulation
0.6 T
-1.0 1.0
JjlA cm™
1.2 + 1 1 1
(B) T =700°C
S T'=750°C|
Z 10 °  T=800°C
E +  T=850°C
= 0.8 s T=900°C |
simulation
0.6 . ; S :
-1.0 -0.5 0.0 0.5 1.0
JjlA em?

FIGURE 4 Variation of temperature between T = 700°C and T = 900°C with experimental and simulated (continuous line) IV-curves
in solid oxide electrolyzer cell (SOEC) as well as solid oxide fuel cell (SOFC) mode with a fuel gas mixture of (A) 0.3 atm CO and (B) 0.5 atm

CO (balance CO,) with synthetic air at the air electrode.

well as gas diffusion losses 7g4i¢¢ pp are shown in Figure 5
as a function of the current density. The ohmic losses
remain dominant as expected for an ESC. The largest
relative difference between CO/CO, and H,/H,0 mode
can be observed for the gas diffusion losses since CO
and CO, molecules exhibit a comparably lower gas diffu-
sion coefficient. Anyhow, as the electrode thickness of the
investigated ESCs is rather low, the overall gas diffusion

0 1 1 1 1
10 ___—MNohm,oco,
107 r
> 10721 r
= A I ~ Mdiff,FE,COCO,
&\10-31 -~ R4 — =g e 1
~O b P - diff,FE H,H20
-4 N
3 B r
10 W
10-5 T l!l I i
-0.5 0 0.5 1
. -2
Jj/Acm
FIGURE 5 Simulated absolute values of the ohmic 7, gas

diffusion 74;¢; pp and activation overpotentials 7, rg in electrolyzer
and fuel cell mode for the operation with 0.5 atm CO (balance CO,)
as well as 0.5 atm H, (balance H,0) with synthetic air at the air
electrode at T = 850°C.

losses are below ohmic and activation losses, which might
be different for FE-supported cells. Visible differences in
the ohmic losses were already discussed above.

The deviations between the two atmospheres become
more obvious by subtracting the losses for activation and
gas diffusion losses for H,/H,O from the corresponding
losses for CO/CO, operation in Figure 6.

0.0151— ' —
A
\\ mm——— Anact,FE ,l
N |- - 4
> 0.011 '\ "laittFE | 0
~ A ’
S \\ ,,
< S g
0.0051 \, 7 >
S N / -7
~ ~ \‘ -
0 | ~ \"/'/ - |
-0.5 0 0.5
JjlA cm’
FIGURE 6 Difference of the simulated absolute values of gas

diffusion Ang;¢; pp and activation overpotentials Az, pg in
electrolyzer and fuel cell mode for the operation with 0.5 atm CO
(balance CO,) as well as 0.5 atm H, (balance H,0) with synthetic
air at the air electrode at T = 850°C.
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1.6 ~ - :
> 1.4 N --—-H,-H,0
~ 121 RN CO-CO, |t

: \/‘ — N
3 11 / *\‘~~‘_\\ L
~ 0.8 _ASC with Ni/YSZ = ST e = I

0'6 ESC with Ni/CGO—>~,

-1.5 -1 -0.5 0 0.5 1
JjlA cm
FIGURE 7 Simulated current-voltage (IV)-curves of an

anode-supported cell (ASC) with nickel/yttria-stabilized zirconia
(Ni/YSZ) fuel electrode and electrolyte-supported cell (ESC) with
nickel/gadolinium-doped ceria (Ni/CGO) fuel electrode with

0.4 atm H, (balance H,O0, dashed line) and 0.4 atm CO (balance
CO,) and air at the air electrode at T = 800°C.

In Figure 7 simulated IV-curves of an ASC with Ni/YSZ
FE [15] and the ESC with Ni/CGO FE investigated in this
study are compared for 0.4 atm H, (balance H,O, dashed
line) and 0.4 atm CO (balance CO,) at T = 800°C. Whereas
there is only a minor difference between H,/H,0 and
CO/CO, fuel for the ESC with Ni/CGO FE, a larger impact
becomes visible for the ASC with Ni/YSZ FE. Especially
for higher current densities a significantly higher perfor-
mance loss is visible for the CO/CO, fuel. This is related
to higher gas diffusion losses as a result of the 1 mm thick
porous FE substrate of the FE-supported cell [15]. In the
case of CO,-electrolysis the gas diffusion results in a gra-
dient in CO-ratio towards the anode functional layer. At
—1.5 A cm~2 and 1.38 V the CO-ratio increases from 0.4
atm in the gas channel to 0.92 atm in the electrochemi-
cally active functional layer. The higher CO-ratio leads to
the formation of approx. 2.8 mol.% carbon based on a ther-
modynamic calculation in Cantera [45]. The ESC shows
a less pronounced influence when operating on CO/CO,
fuel mixtures.

3.7 | IV characteristics of H,/H,0 and
CO/CO,

The comparison of the performance between H,/H,0 and
CO/CO, mode shall further be illustrated in Figure 8 for an
ESC with Ni/CGO FE by measured IV-curves with 0.5 atm
H, (balance H,0) as well as 0.5 atm CO (balance CO,)
and air at the AE at T = 850°C subsequently. The elec-
trochemical conversion of CO/CO, seems to perform on a
similar level as for H,/H,O. Further, the abovementioned
discussed differences in activation and gas diffusion polar-
ization still do not have a major impact compared to the
ohmic losses regarding this cell design.

1.2
o 0.5atm H2
1.11 (balance H,0) | |
0.5 atm CO
11 (balance COZ) L
>
S~
§ 0.9 i
=)
0.81 i
0.71 i
0.6 :
-0.5 1
JjlA cm
FIGURE 8 Measured current-voltage characteristics in

electrolyzer and fuel cell mode for the operation with 0.5 atm H,
(balance H,0) as well as 0.5 atm CO (balance CO,) and air at the air
electrode at T = 850°C.

The comparison of the behavior of the fuel gas mix-
tures H,/H,0 to CO/CO, separately delivers a basis for
further investigations of reformate gas mixtures [23, 24]. In
there, the water-gas-shift reaction needs to be considered
as well as reforming reactions. In addition, further analy-
sis as shown for an ASC with Ni/YSZ FE by Kromp et al.
[23] was performed by Esau et al. [58] in order to judge if
CO/CO, behaves electrochemically active in the presence
of H,/H,O0.

4 | CONCLUSIONS

A zero-dimensional impedance-based performance model
for an electrolyte-supported cell with a Ni/CGO FE was
extended from H,/H,0 to CO/CO, fuel gas mixtures.
Simulated IV curves show an excellent agreement with
measurements over a wide temperature range and differ-
ent gas compositions in fuel cell and electrolyzer mode.
The individual loss contributions were quantified for
CO/CO, operation. In comparison to H,/H,O mode, gas
diffusion and activation losses become just slightly larger
for CO/CO, operation. Nevertheless, IV-curves for the
electrolyte-supported cell with Ni/CGO FE with H,/H,0
and equivalent mixtures of CO/CO, show a quite similar
performance as the ohmic losses remain dominant.
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APPENDIX

Operating conditions of impedance measurements for parametrization of the fuel electrode under carbon monoxide/carbon

Pco,re = 0.1 atm, 0.2 atm, 0.3 atm, 0.4 atm, and 0.5 atm, with a constant carbon dioxide partial pressure pco, g

Dco, re = 0.2 atm, 0.3 atm, 0.4 atm, 0.5 atm and 0.6 atm with a constant pcq pg 0f 0.4 atm and balanced with Ny;

synthetic air at the air side; | j| = 0.05 — 0.25 A cm~2 (steps of | j| = 0.05 A cm—2)

52. P. V. Aravind, J. P. Ouweltjes, J. Schoonman, J. Electrochem Soc
20009, 156, B1417.
TABLE Al
dioxide (CO/CO,) mode.
Parameter Operating conditions
Eactohm Full cell; T = 700 — 900°C
(50°C steps); pco re = 0.4 atm (balance CO,); synthetic air at the air side;
Bohm
ky
ky
ks
E.ctrE Symmetrical fuel electrode; T = 650 — 900°C
(50°C steps); with pco pg = 0.4 atm (balance CO,)
BFE
c(T) Symmetrical cell; T = 750 — 900°C (50°C steps);
of 0.2 atm and balanced with N,;
d(T) Symmetrical cell; T = 750 — 900°C (50°C steps);
OURE SOEC Full cell; T = 750°C; pco pr = 0.38 atm (balance CO,);
AFE,SOFC
Gesr [22] Symmetrical fuel electrode; T = 850°C;

P, re = 0.1 atm and py, o pg = 0.05 atm balanced with the inert component N, or He respectively;
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TABLE A2 Model parameters of the zero-dimensional cell model adapted to a solid oxide cell with nickel/gadolinium-doped ceria
(Ni/CGO) fuel electrode, 3 mol.% yttria-stabilized zirconia (3YSZ) electrolyte and La,, Sr, Co, Fe, O(_s) (LSCF) air electrode for operation in
carbon monoxide/carbon dioxide (CO/CO,).

Parameter Unit Value
Eactohm Jmol-! 1000K - R (2k; x + k, + ~) with x = @ [22]
X
I 1000K 10° a 2 _ FBuctom
Bohm KQ™ m * om? exp( (kl X+ k2 X+ k3 1000 K-R X)) [22]
k, - 13.2739
k, - —16.643
ks - 3.5519
E.cire kJ mol ™! 111.51
B Qm? 3.0295- 107"
o(T) - 07T -16136
d(T) - % T —0.5527
—1
yre(T) Am™ 142%10° (Am 2 K1) - [04D . 06°D] . T
QFE,SOEC - 0.67
AFE,SOFC - 0.42
Gett m™ 736.87 [22]
Eyctar kJ mol™ 144.54 [22]
Bag Qm? 1.5185 x 10 [22]
m - 0.42 [22]
7ae(T) Am™ 547x10° (Am > K1) - T [22]
@ - 0.65[7]
YaE - 0.048 [22]
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