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Abstract: Chromium poisoning strongly influences the performance of solid oxide fuel cell (SOFC)
stacks. A three-dimensional, time-dependent, computational fluid dynamics model of a single channel
of a F10 SOFC stack in Forschungszentrum Jiilich GmbH is developed to investigate chromium
poisoning for different stack designs, temperatures and absolute air humidities. The model takes into
account both chemical and electrochemical mechanisms of chromium poisoning and is able to predict
the spatial distribution of SrCrO4 and Cr,Os3. The voltage degradation over 100 kh can be simulated
quantitatively. According to the simulation results, chromium poisoning is almost eliminated by the
application of the protective coating fabricated by the atmospheric plasma-spraying (APS) technology.
Besides, with the help of the APS protective coating, operating a SOFC stack with less dehumidified
air at 650 °C is possible according to the simulation.

Keywords: Time-dependent simulation; OpenFOAM; chromium poisoning; solid oxide fuel cell
stack

1. Introduction

Solid oxide fuel cells (SOFCs) are a promising future power supply technology due to their high
efficiency, fuel flexibility, low exhaust emissions and ability to be coupled with the heating sectors
[1,2]. Currently, the mainstream material of the interconnects is steel. The metal interconnect (MIC)
provides strong support and satisfying conductivity at the intermediate temperature, but it is found
that the volatile chromium species CrO>(OH), and CrO3 can be released by the oxide scale, (e.g.,
Cry0O3) formed on the surface of MIC, via the following reactions

2Cry03 (s) + 305 (g) + 4H,0 (g) == 4CrO,(OH); (g) 1)

2CrpO3 (S) + 30, (g) — 4CrO;3 (g) 2)

The gaseous chromium species lead to a drastic degradation in the air electrode through chromium
poisoning [3-5] that has to be mitigated [6]. Numerical modelling can be a helpful assistance in
studying chromium poisoning, as it can quantitatively predict the voltage degradation under different
operation conditions and stack designs. However, only limited models of chromium poisoning can
be found in the current literature. A representative work comes from reference [7], which performed
a one-dimensional time-dependent simulation and studied the triple-phase-boundary (TPB) and
voltage evolution due to chromium poisoning in the composite air electrode (La, St)MnO3 / ZrO, - Y,03
(LSM/YSZ). A Butler-Volmer expression was used to predict the decrease of TPB as a result of
chromium deposition. In other words, the model only considers chromium poisoning based on
electrochemical reactions. The model was later extended to three dimensions [8]. The TPB was found
more likely to be degraded at the interface between the air electrode and the electrolyte (AEL/EELC).

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.


https://orcid.org/0000-0001-5149-4889
https://orcid.org/0000-0003-4224-2983
https://orcid.org/0000-0002-8645-6003
https://orcid.org/0000-0002-7587-1762
https://orcid.org/0000-0002-7958-4402
https://orcid.org/0000-0002-0013-6325
https://doi.org/10.20944/preprints202310.1582.v1
http://creativecommons.org/licenses/by/4.0/

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 25 October 2023 doi:10.20944/preprints202310.1582.v1

2 0f 23

A similar model was applied to study the local degradation in a 18-cells SOFC stack [9]. It was shown
that chromium poisoning was the dominant degradation in the last period of operation.

Although the above models could be used to study chromium poisoning and hence simulate
the voltage degradation, they were designed for LSM/YSZ air electrodes and only considered
electrochemical chromium poisoning. The state-of-art air electrode consists of a mixed ionic
and electronic conductor, LagsgSrg4Cog2Fep8O3-5 (LSCF), which exhibits a different scenario of
degradation owing to chromium poisoning. For example, the formation of strontium chromate on
the surface of air electrodes made by LSCF was widely observed after fuel cell operation [4,10,11].
More importantly, strontium chromate was probably generated via chemical reactions due to several
findings: 1) SrO segregation on the surface of LSCF was observed at the high temperature [12,13], 2) It
was found that SrO could react with gaseous chromium species to produce strontium chromate based
on thermodynamic calculations [14], and 3) strontium chromate was found on the surface of LSCF
under the open-circuit-voltage condition [11]. The formation of strontium chromate should not be
ignored in the model as it not only lowers the conductivity, but also decreases the reactive area of the
air electrode.

Another drawback in the above models is that the effect of the protective coating on the inner
surface of air channels is missing. However, the protective coating exists in a real SOFC stack and an
inferior protective coating surely leads to more severe chromium poisoning. For example, it has been
shown that [15,16] a SOFC stack with a protective coating prepared by wet-powder-spraying (WPS)
was more strongly degraded by chromium poisoning than one with a protective coating prepared by
atmospheric plasma-spraying (APS), as the former had a higher porosity whereas the latter provided a
fairly dense coating.

To improve the understanding of chromium poisoning in a real SOFC stack, a physical
model coupling both electrochemical reactions and chemical reactions is useful. In this study, a
three-dimensional computational fluid dynamics (CFD) model of a single channel of a F10 SOFC
stack in Forschungszentrum Jiilich GmbH (FZ]) considering chromium poisoning on the air electrode
side has been developed to investigate the degradation of the F10 SOFC stack [17] performance. The
voltage degradation due to decreasing reactive area during 100 kh of operation is simulated. The
effects of temperature, the partial pressure of the steam in the air inlet and different protective coatings
on chromium poisoning are discussed.

2. Geometry of the model

The model considers one channel of the F10 SOFC stack in FZ]. The geometry is shown in Figure 1,
whose details can be found in reference [18]. On the fuel side, a Ni mesh is chosen as the gas distributor.
A thick fuel electrode support layer provides the necessary mechanical strength for the cell. A thin
fuel electrode is applied where the electrochemical reaction takes place. Both the fuel electrode and
the support layer are made of Ni/8 mol % ZrO, - Y>03 (8YSZ). On the air side, LSCF is chosen as the
material for the air electrode. There is a contact layer (CL) between the MIC and the air electrode
(AEL). It can be made of LSCF or Lagg7Mng4Co003Cup303-_5 (LCC12). Unlike LSCF, LCC12 serves
additionally as the chromium getter since it can absorb chromium gaseous species by forming a stable
Mn-Cr spinel phase [16]. Besides, there is no strontium segregation inside LCC12.
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Ni mesh 1000 pm
Ni/8YSz Fuel support layer 500 pm
Ni/8YSZ 7 um
8Ysz 10 pum
LSCF Air electrode 45 um
LSCF (or LCC12) Contact layer 100 pm
| 960 um | 1000 pm
Metal \ |
2 MIC
1500 um
y

700 pm 1600 um 700 um

Figure 1. A schematic of the geometry of the model. The left figure is the geometry in three dimensions
and the right figure is the geometry in the cross-section of yz plane.

Additionally, there should be a protective coating on the inner surface of the air channel in a real
SOFC stack to prevent chromium poisoning. It is simplified as a thin surface (no volume) in the model
due to the computational cost, and its influence on chromium poisoning is considered in the boundary
condition for the mass transport of chromium gaseous species. Details can be found in Section 3.2.

3. Numerical model

The numerical model in this work is the extension of the previous work, where a steady-state
model is developed [18,19]. By adding a degradation model of chromium poisoning, the model
becomes time-dependent. Only the governing equations and parameters related to chromium
poisoning are present in this work. Information about the steady-state model and parameters of
the material properties, such as the conductivity and porosity of the electrodes, can be found in the
reference [18].

3.1. Assumptions

There are three important assumptions for the model regarding the chromium poisoning. First,
chromium poisoning is only considered on the air side. In principle, it can happen on the fuel
side as well. However, it was demonstrated that chromium poisoning insignificantly affected the
degradation of the fuel electrode in the fuel cell mode owing to a rather low partial pressure of
chromium gaseous species [20]. Secondly, only CrO,(OH); is considered for chromium poisoning.
Thermodynamic calculations pointed out that even in the case of low water partial pressure (e.g., ~
0.1% atm), CrO»(OH); is dominant over CrOj at the typical operation temperature of the SOFC stacks
considered here (600 ~ 800 °C) [3]. Thirdly, the degradation only arises from the decreasing reactive
area of LSCF due to chromium deposition processes. Other factors that can also lead to degradation,
such as fractures of material and lowered conductivity due to the formation of secondary phases, are
currently not considered in the model.
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3.2. Mass transport of CrO2(OH);
The mass transport of CrO>(OH); is governed by
d(cY ., _,
% + V- (cUYcron) + V - Neron = Sourcemele, croH 3)

where ¢ is the molar density of the air, Yc,op is the molar fraction of CrO>(OH); in the air, U is the
velocity of the air that is solved from the momentum transport equation [18], NCIOH is the molar
diffusion flux of CrO2(OH); and Sourcepmle, cron is the source term of moles of CrO2(OH),, which
is related with the adsorption of CrO,(OH); on the LSCF surface and its definition can be found in
Appendix A. Fick’s law [21,22] is used to solve the molar flux, given by the following equation

Neron = —Deron, air V(¢Ycron) 4)

where Dc,oH, air is the diffusion coefficient of CrO(OH); in the air.

In order to solve Equation (3), the boundary condition of Y, needs to be determined. It is
assumed that CrO,(OH), only originates from the inner surface of the air channel according to the
reaction (1). Followed by the reference [23,24], the reaction (1) reaches the thermal equilibrium on the
inner surface of the air channel and therefore the molar fraction of CrO,(OH); at the surface of an air
channel without any coatings, Y0 uncoated, Can be calculated as

4 3 10.25
YcroH,uncoated = (KCrOH ) YHZO ) YOZ) ®)

where Kcop is the thermal equilibrium constant of reaction (1), Yj,0 is the molar fraction of HO in
the air and Y, is the molar fraction of the O in the air. According to the database summarized by
Ebbinghaus [25], Kcyop is

Kerorp = 10712262/ TIK] =52 ®)
where T is the temperature. It should be noted that Equation (5) is valid for surfaces without any
coatings. However, in a real FZ] SOFC stack, there is usually a protective coating on the inner surface of
the air channel preventing chromium poisoning. To consider the protecting effect, the surface-averaged
molar fraction, Yc,op, is used. For each mesh grid, the surface-average molar fraction at the channel
surface is calculated by including the porosity of the protective coating, €coating,i, to Equation (5) as

follows:

Y, _ AuncoatedYCrOH,uncoated
CrOH — A

@)

4 3 10.25
= €coating,i * (KCrOH : YHZO : YOZ)

where A is the surface area of the whole mesh surface, A ncoated iS the uncoated surface area and i
refers to the technique for fabricating the coating.

3.3. The kinetic model of chromium poisoning

When chromium gaseous species are adsorbed on LSCF surface, the reactive surface decreases and
consequently it is more difficult for oxygen being adsorbed and having the electrochemical reaction on
LSCF surface. To model the process, a kinetic model that can predict the free adsorption area on LSCF
is needed. This section will introduce the Langmuir model to describe the adsorption and desorption
first. Then electrochemical and chemical reactions are considered for the adsorbate to calculate surface
coverage of free adsorption sites.

Based on the Langmuir model [26,27], when gas molecules are adsorbed on the surface of LSCF,
the change of the surface coverage can be described by

de;
dr

ka,iOfree — kq,i0; (8)
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where ©; is the surface coverage of the adsorbate i, k, ; is the adsorption rate of i, O is the free
surface coverage that can be adsorbed and k4 ; is the desorption rate of i. k, ; can be obtained through
Langmuir-Hertz equation [28] as follows

5iP;
FLSCF vV 27TMZ'RT

where S; is the sticking coefficient of the gas i, P; is the partial pressure of the gas i, ['1gcF is the density
of the adsorption sites on LSCF particles, M; is the molar mass of the species 7, R is the universal gas

kai = )

constant. kg ; generally can be calculated via [28]

AG,gs
kd,i = ka,,-exp (1;’1c—‘ls”z> (10)

where AG,qs ; is the Gibbs free energy change in case species i being adsorbed on the LSCF surface.

In addition to adsorption and desorption between the gas and the surface of LSCF, there exists
two reactions related to chromium poisoning. Figure 2 illustrates how chromium poisoning takes
place inside the AEL made of LSCF. At the surface of the AEL, due to strontium segregation (see the
left figure in Figure 2), the chemical reaction generating SrCrOy is dominating, which happens on the
LSCEF surface via [29]

Kchemcr

CrO,(OH),(LSCF) + SrO(LSCF) SrCrO4(LSCF) + HyO(LSCF) AGs;cro, (11)

where kchemcr and AGs,cro, are the rate of the surface coverage change due to the reaction and the
Gibbs free energy change of the reaction (11), respectively. The method of determining AGg,c0, is
given in Appendix B.

As CrO,(OH); diffuses deeper towards AEL/ELEC, the overpotential gradually decreases (to
be more negative) which is likely to result in the electrochemical reaction being nonnegligible [3], as
shown in the right figure in Figure 2. The electrochemical reaction is

CrO»(OH)(LSCF) + 3¢~ XechenCs, ( 51,04 (LSCF) + 1.50% (LSCF) + H,O(LSCF)  (12)

where kqechemcr is the rate of the surface coverage change due to the reaction (12). Similar to the
reference [7,8], a Bulter-Volmer type expression is employed to describe kejechemcr:

0.5 05 . 3F
keleChemCr = keleChemCr,O (P CrOz(OH)2> / (P HZO) 2sinh (ZRTWair) (13)

where 77,;; is the overpotential in the AEL. kejeChemcr,o is chosen as -5x 1078 s71 in the model.
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Electrochemical reaction

s SrO CrO,(OH), (g)
s CrO,(OH),
s Cr,0,4

s SrCrO,

Cr,04 (S)

After chromium
poisoning

>

X
|Ly CrO,(OH),(g) MSrCrO4 (s)

CrO,(OH), (g) CrO,(OH), (g)

The upper surface: the interface between the air electrode and the electrolyte (AEL/ELEC)
The lower surface: the surface of the air electrode

Figure 2. The schematic of chromium poisoning inside the AEL. The left figure shows the distribution
of SrO and the right figure shows the distribution of Cr,O3 and SrCrOy in the AEL. A darker color
indicates a higher amount of chemical species.

Considering all these processes and assuming the chemical reaction (11) obeys the thermal
equilibrium, the kinetic model for chromium poisoning is summarized as follows:

dOw,o0
d tz :ka,H20®free - kd,H20®H20 (1 4)
+ kchemCr®CrOH®SrO + keleChemCr®CrOH
dOg0
d tr = _kchemCr®CrOH®SrO (15)
dOs:cro,
% = kchemcr®cron@sro (16)
dOco
d—;H =ka,croH®Ofree — kq,cron©Ocron 17)
- kchemCr®CrOH®SrO - keleChemCr®CrOH
dOcr,0
% = O'5ke1eChemCr®CrOH (18)
On,0 + 0510 + Osrcro, + OcroH + Ocr,05 + Ofree = 1 19)
Oscr0,OH,0
K _ 4 2 20
SO T @5,00c0H (20)

where the subscript "H>O", "SrO", "SrCrO4", "CrOH" and "Cr,O3" denote the chemical species of
H50, SrO, SrCrOy4, CrO»(OH), and Cry03, respectively. Kg,cro, is the thermal equilibrium constant of

AGgcr . .
reaction (11), defined as Kg;c;0, = exp (— %) kchemcr can be obtained from the Equation (20)

by getting the time derivatives at the both side of the equation as follows:

d (0s:c0,0mH,0) K d (Ocron®s:0)
— ASrCrOy
dt dt
o KSrCrO4 [ka,CrOHGfree®SrO - (kd,CrOH + keleChemCr) ®SrO®CrOH] (21)
— kchemCr - den

Osrcro, [KeleChemcr@cron — kd,i,0©H,0 + Ka H,0Ofree |
den
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where den is

den =0Oc;0HOs:00H,0 + Osrcr0, Ocron®s:0 + Ksrcro, (@5:0)” Ocrom @)

2
+ Ksrcro, Osro0 (Ocron)

Oxygen can only be adsorbed and have eletrochemical reactions on ®ge. It is supposed that the
reaction current density in the AEL, iy 4ir, is proportional to Ofee [7,28], iy 2ir can be rewritten as follows:

. Nair
Ivair = Ofree Faor —025 (23)
Rairexp (%5 )aoz'

Equation (23) is based on the definition of i, 4, in reference [18], where more details can be found.
Parameters used in the model can be found in Table C1.

4. Numerical setting

The simulation is carried out with the help of openFuelCell2 [19], which has been coupled into an
open-source library, OpenFOAM. Discretization of the time derivative is achieved by the Backward
Euler method. The IDA package in SUNDIALS [30,31] was used to solve Equations (14) ~ (19).

Figure 3 illustrates the procedures of numerical calculation in this work:

1. Set initial values of ®y,0, Os;0, Oscr0,, @cron and Ocr,,- Details can be found in Appendix
D and Appendix E.

2. Conduct the steady-state simulation based on the reference [18].

3. Obtain the results of steady-state simulation [18] and set them as the initial values for the
time-dependent chromium poisoning simulation.

4. Set tmax. tmax is equal to the time period of the steady operation of the SOFC stack.

5. Conduct the chromium poisoning simulation. The chromium poisoning model is solved with
other transient-state governing equations [18] of charge, momentum and mass transfer.

6. Repeat step 5 until the time reaches tmax.
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[ Set initial values O,]

Solving the steady-state model,
including Equation (3), (23)

Utilizing results of the steady-
state model (P, n, ¢, Yo, €tC.) @s
the initial values in the chromium
poisoning model

Yes

max

No

Solving the chromium
poisoning model, together
with transient-state governing
equations of charge,
@omentum and mass transferj

l

( )

Update O,

l

]

End

Figure 3. Procedures in the numerical calculation.

Table 1 presents the governing equations of the chromium poisoning model and computational
domains where corresponding governing equations are applied. It should be noted that governing
equations of the chromium deposition are solely valid for the components made of LSCE.
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Table 1. Governing equations and computational domains of the chromium poisoning model

Physical process Governing equation Computational domain

Mass transport of Equation (3) Air channel, CL and AEL
CrO2(OH)2

Chromium Equation (14) ~ (19), (23) Domain made of LSCF
deposition

All simulations are carried out on a single core of a computer (CentOS 9) with CPU i7-9700K and
32 GB RAM.

5. Results

5.1. Validation

When validating the model, it should be noticed that the model in this work considers the
decreasing reactive area of LSCF owing to chromium poisoning as the only degradation mechanism.
Table 2 presents three stacks used for validation, where stack designs (e.g., materials of CLs and
fabrication techniques for protective coatings) and operation conditions are given. Three corresponding
simulations are carried out, Ut-curves of which are shown in Figure 4.

Table 2. Stack designs and operation conditions of SOFC stacks

F1002-97 ! F1004-67 2 F1004-106 3
Stack desi CL LCC12 LSCF LSCF
sn Protective coating WPS APS APS
Temperature * 720 °C 730 °C 720 °C
Current density 0.5 Acm—2 0.5 Acm—2 0.5 Acm 2
Time 100 kh 25 kh 5509 h
. . Fuel mass flow 1.18x1077 kg/s 1.15x1077 kg/s  1.15x1077 kg/s

Operation conditions ;1 atio in fuel Hp/HoO  79/21 80/20 80/20
Air mass flow 19x10 % kg/s 118 x10~®kg/s 1.18 x10~°kg/s
Molar ratio in air O /N 21/79 21/79 21/79
Absolute humidity o o ~4009 h 0.1%
in inlet air 0.1% 0.1% ~1500 h 0.8%

Details of experimental information can be found in reference [5].
Details of experimental information can be found in reference [18].
Details of experimental information can be found in reference [32].
The temperature is measured by the thermocouple, which was inserted
~ 10 mm-deep into the intermediate interconnector (details can be
found in reference [5]).
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(@ 09 -
—— Experimental data Stack ID: F1002-97
—— Simulation of the voltage degradation WPS protective coating
0.8 only due to chromium poisoning Current density: 0.5 Alcm?
g \ Air absolute humidity: 0.1%
~1.6 mv/kh
0.7
> ~7.3 mvikh —
P
)
0.6
~1.6 mv/kh
0.5 \ L
0 20 40 60 80 100
t/kh
0.95
(b) Experimental data Stack ID: F1004-67
—— Simulation of the voltage degradation APS protective coating
0.90 only due to chromium poisoning Current density: 0.5 A/lcm?
Air absolute humidity: 0.1%
0.85 ~ 0.06 mv/kh
>
-~ 0.80
-
0.75 ~3 mV/kh
0.70
0 5 10 15 20 25
t/kh
0.83- . . . § . § - . . i - o . .
(C) Experimental data Stack ID: F1004-106
——— Simulation of the voltage degradation APS protective coating
only due to chromium poisoning A Current density: 0.5 A/lcm?
0.82- ; E E I: air absolute humidity 0.1%
~ 0.06 mV/kh ‘~0.5mV/kh' II: air absolute humidity 0.8 %
> 0.81- ; ;
= o ~ 3.3 mV/kh |~ 3.9 mV/kh!
0.80 ! ; %
H 1:~ 4009 h E I1:~ 1500 h E
0.79- | ' i
- -t -

0 1000 2000 3000 4000 5000 6000 7000
t/h
Figure 4. Comparing simulation results of Ut-curves with experimental data of (a) F1002-97, (b)
F1004-67 and (c) F1004-106. The air absolute humidities are the molar fractions of water in the air.
Inserted orange and blue numbers are absolute degradation rates (mV/kh) calculated from simulations
and experimental data respectively.

F1002-97, with LCC12 as the CL and the WPS coating as the protective coating, was operated
over ~ 100 kh. Since the WPS technique can not generate a dense coating, LCC12 that can adsorb
CrO,(OH); is used as the CL to reduce chromium poisoning in the AEL. However, the degradation
rate of F1002-97 was still notably higher than the other two stacks, using the APS protective coating.
As shown in Figure 4(a), the simulation points out that the degradation solely owing to chromium
poisoning causes a degradation rate of ~ 1.6 mV/kh. The increasing specific-area-resistance (ASR)
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after 100 kh operation can thus be calculated as ~ 320 mQ) cm?. Fang et al. [5] obtained the increasing
ASR due to polarization in the AEL as ~ 310 mQ) cm? by analyzing IV-curves and electrochemical
impedance spectroscopy (EIS), which was close to the present simulation results. It is reasonable to
compare the above two values. Chromium poisoning is believed to be the dominating degradation
mechanism that increases the polarization in the AEL, because chromate contributed to the majority of
the impurity in the AEL of F1002-97 [10].

F1004-67, with LSCF as the CL and APS coating as the protective coating, was operated for
roughly 25 kh. The APS technique produces a suffiently dense coating that LCC12 as the CL is not
needed. Thanks to the APS protective coating, the degradation rate decreased drastically. According
to the simulation given in Figure 4(b), chromium poisoning is obviously suppressed as the simulated
degradation rate is just ~ 0.06 mV /kh. Experimental findings also support this conclusion. From a
post-characterization, Menzler et al. [16] found a tiny amount of chromate in a similar SOFC stack
with protective coating prepared by APS and operated for 36 kh. It was concluded that the application
of the APS protective coating could almost solve the issue of chromium poisoning [15,16]. In addition,
EIS was carried out on the stack F1004-67 with 20% humidified hydrogen at 700 °C. Figure 5 shows
Nyquist plots and distribution of relaxation times (DRT) for F1004-67. From the Nyquist plots, it can
be seen that degradation mainly arose from the increasing polarization. Besides, the DRT suggests that
the polarization was dominated by the degradation in the fuel electrode, which according to previous
research is characterized by the third peak (around 1 kHz) in the DRT plot [5,33,34]. In contrast, it is
clearly found that the polarization in the AEL, represented by the second peak (around 100 Hz) in the
DRT plot [5,33,34], contributed slightly to the total polarization as the peak barely changed. Therefore,
a conclusion could be reached that chromium poisoning was inconspicuous in the stack F1004-67.

F1004-106 had the same stack design as F1004-67, but it was operated under ambient air for ~
2190 h. The validation here only considers 1500 h of operation with ambient air because a progressive
degradation with unknown cause happened after the replacement of gas valves (in the last operation
period of 690 h) [32]. The absolute humidity of the ambient air was calculated by using the database
from [35] and the calculator from [36]. The simulation from Figure 4(c) shows a small change in the
absolute values (~ 0.44 mV /kh) of degradation rates before and after ambient air is used. A similar
observation is found from the experimentally measured Ut-curves (the blue curve) in Figure 4(c).
Moreover, Fang et al. [32] proposed the same conclusion by analyzing EIS data of F1004-106 (the F1
stack in reference [32]).

In brief, the model agrees well with experimental findings for different stack designs and absolute
humidities in the inlet air.


https://doi.org/10.20944/preprints202310.1582.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 25 October 2023 doi:10.20944/preprints202310.1582.v1

12 0f 23

0.30
0.25¢
€ 0.20}
O
C 0.15¢
f\.‘ 0.10¢
0.05¢
0.00 r—f— i ] I ‘ . I ‘ ‘ ]
02 03 04 05 06 07 08 09 10 11 12 13 14
Z' | Qcm?
0.004 Temperature: 700 °C
0.003+ air: 10 sim
@] Hy: 4.5 sim
& 0.002} H0:20 %
0O 0.001¢: m measured at the start of the test 2
measured after ~ 24,816 h operation
0.000 ‘ ‘ . L L AC/DC: 2 A5 A
107 10° 10° 102 10° 104 10°

frequency / Hz

a: This measurement was taken from another stack with exactly the same stack design as F1004-67

Figure 5. EIS analysis of F1004-67. EIS was measured by a Zahner IM6 workstation. The upper figure
is the Nyquist plot while the lower figure is the DRT plot produced by the Matlab toolbox DRTTOOLS
[37].

5.2. Simulation results of F1002-97

Simulation results of F1002-97 are present here to illustrate chromium poisoning. Figure 6 gives
the spatial distribution of physical variables inside the AEL. Figure 7 presents the evolution of average
kchemcrs KeleChemcr and ©; inside the AEL over 100 kh.

According to Figure 6(a), ©c;,0, barely exists inside the AEL before 25 kh. The same result
can be more clearly found in Figure 7(a), where average Ocy,0, is close to zero. This is because at
the start of the operation, #,i, is not high as there is still sufficient free surface, O, for oxygen
reduction reaction. As time goes by, 77,ir becomes more negative due to chromium deposition and
hence kejechemcr increases exponentially as presented in Figure 7(b), which can be explained by using a
Butler-Volmer type expression for kejechemcr- At the end of the simulation, the highest ©c;,0, is found
at the AEL/EELC where the lowest #,i; locates as shown in Figure 6(d). From Figure 7(a), the average
Ocr,0, after 100 kh in the AEL is around 0.03, which is small. However, the segregation of Cr,O3 on
AEL/ELEC, which leads to ~ 0.17 ©¢y,0, locally, may still cause a nonnegligible ohmic resistance
since a low electrical conducting layer is likely to form.

The distribution of Og,c,0, is shown in Figure 6(b). Unlike O¢y,0,, Osccro, tends to segregate on
the surface of the AEL, which is consistent with the experimental observation from reference [4,10,11].
Plus, in opposition to the evolution trend of Ocy,0,, Osycro, increases quickly within the first 25 kh
while it hardly changes after 60 kh. The trend is more distinctly illustrated by the evolution of the
average Og,cy0, shown in Figure 7(a). This can be explained by the assumption that reaction (11)
obeys the thermal equilibrium. When the operation starts, a high kgyemcr should be observed as a tiny
amount of Og,cr0, and Op,o exists on the LSCF surface. With increasing Og,cr0, and @, 0, due to
kchemcr being constrained by the thermal equilibrium, a fast attenuation of kcpemcy happens, as shown
in Figure 7(b).

The spatial evolution of O, is given in Figure 6(c). Similar to Os;c;0,, Ofee decreases quickly
at the beginning of 25 kh, probably due to the fast adsorption of CrO>(OH) at the initial stage as
shown in Figure 7(a). Consequently, #,i; decreases as governed by Equation (23). In addition, the
simulation shows the highest Oy, is found above the rib and close to AEL/ELEC. Advanced surface
characterization is needed to further validate this distribution. At 100 kh, as a result of a rather low
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Ofrees air roughly decreases by a factor of four in comparison with the initial state, as shown in
Figure 6(d). At the air inlet and air outlet, #,; is not much influenced by the chromium poisoning.
The probable explanation is that electrochemical reactions mainly take place at the centre of the air
electrode in the situation where the counter-flow field for the fuel and air is applied.

irinle — — Ocro03 /1

; A\I ' ; —— _—2 12701
— e — . I 1.00e-1
— — —— — 8.006-2
— — — —— 6.00e-2
= = = ==
"Q/y / / / / 1.00e-05

t=0kh t=25kh t =60 kh t =100 kh

(@) Ocr,0, distribution

= Airinlet p— Oscroa /1

e —— 3.12e-01
— —_— ' 2.50e-1
- e 2.00e-1

1.50e-1

I 1.00e-1
4.95e-02

!

/
t=0kh t=25kh t =60 kh t =100 kh

(b) Oscro, distribution

ofree / 1

6.86e-01
I 6.00e-1

L

— 5.00e-1
4.00e-1
; 3.00e-1
/

2.00e-1
1.00e-1

3.82e-02

!

t=0kh t=25kh t=60kh t =100 kh

(¢) Ofpee distribution

. nair / \Y
A inlet ; —’/ _¢ 0.00e+00
— — — e sl I 50002
—— ; —_— ‘; -1.00e-1
— — '; P 15081
z / I -2.00e-1
X Q/Y / / / / -2.400-01
t=0kh t=25kh t=60kh t =100 kh

(d) #air distribution

Figure 6. Spatial distribution of physical variables in the AEL of F1002-97 (a) ©¢r,0,, (b) @scro,, (€)
Ofree and (d) 77,4, Slices are in the y-z plane and uniformly distributed across the whole AEL. The first

and the last slices are at the boundary faces of the geometry. The geometry is scaled according to (x,y,z)
=(0.1, 1, 10).
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Figure 7. Evolution of average (a) ©; and (b) kchemcr and kejechemcr in the AEL of the stack F1002-97.

5.3. Effects of temperatures and humidities on chromium poisoning

Figure 4(b) and 4(c) demonstrate that with the help of APS protective coatings, SOFC stacks suffer
little from chromium poisoning. It is thus significant to see whether the above stack designs can also
efficiently prevent chromium poisoning at lower temperatures and ambient air.

Figure 8(a) studies the influence of temperature on chromium poisoning. A lower temperature
leads to a smaller degradation rate owing to slower adsorption kinetics. However, it also leads to


https://doi.org/10.20944/preprints202310.1582.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 25 October 2023 doi:10.20944/preprints202310.1582.v1

15 of 23

a lower voltage because conductivity decreases. To maintain the required power output, the active
area needs to be larger and the number of layers in stacks should be increased. Unfortunately, both
strategies lead to a challenge of the mechanical strength of the stack. Economic analysis, system-level
simulation and solid mechanics modelling are needed to further demonstrate the feasibility of lowering
the operation temperature.

QLR Voltage degradation only due
to chromium poisoning
0.76
~0.08% Stack design: same as F1004-67
il ~0.65 mV/kh Constant current: 0.5 A/cm?
Absolute air humidity: 1%
0.72
= ] ——700°C
——650 °C
= 0.70 +
0.68
0.66
~0.06%
~ 0.42 mV/kh
0.64
i+t 1§+ %17
0 10 20 30 40 50 60 70 80 90 100 110
t/ kh
(a) Temperature effect on chromium poisoning
0.70
0.68 + ~ 0.006 %/kh Voltage degradation only due
\ ~0.04 mV/kh to chromium poisoning
0.66 + e, Contact layer: LSCF
] ~0.06 %/kh | Air electrode: LSCF
— ~0.42 mV/kh | Protective coating: APS coating
-
- ~ 0.1 %/kh Constant current: 0.5 A/cm?
- 0.62 ~ 0.67 mV/kh
Rl Temperature: 650 °C
Absolute air humidity (in molar fraction):
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(b) Humidity effect on chromium poisoning

Figure 8. Parametric study of (a) the temperature effect and (b) the humidity effect on chromium
poisoning. The inserted numbers are overall absolute degradation rates (mV/kh) and relative
degradation rates (%/kh).
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Figure 8(b) compares Ut-curves under different absolute humidities in the air at 650 °C. The aim
is to determine whether it is possible to save energy for the dehumidification of the air by maintaining
an acceptable degradation rate. First of all, 2 % humidity is undoubtedly not feasible because the
degradation rate due to chromium poisoning is already ~ 0.14 %/kh. The total degradation rate in an
actual SOFC stack is likely to be above the target, 0.3 %/kh [38], if other degradation processes are
involved. Secondly, 1.5 % humidity is also not recommended as there is a tendency for progressive
degradation after 80 kh. A humidity of around 1% could be more promising, as less energy is required
for dehumidification of the air, no progressive degradation is observed and the degradation rate is low
even though it is ten times higher compared to the case of 0.1 % humidity.

6. Discussion

6.1. One channel model representing the chromium poisoning in the whole SOFC stack

Due to computational cost, this work only considers the single channel of a SOFC stack to study
chromium poisoning. Previously, it has been proven that this simplification is already sufficient
to provide accurate predictions of IV-curves [18]. For the simulation of chromium poisoning, it is
worthwhile to discuss further whether the simplification is acceptable to provide reliable results. Three
variables are discussed here, temperature, pressure and the origin of CrO,(OH); since they directly
influence governing equations of chromium poisoning. The SOFC stacks considered in this work
were tested inside ovens. Thanks to the heat radiation, based on the temperature measured from
thermocouples in the stack, it was found that the spatial variation of temperature across the whole
stack during the steady operation was slight (10 ~ 15 °C). Hence, the temperature field in the single
channel is expected to be similar to that in the SOFC stack (reactive parts). Unlike temperature, the
spatial distribution of pressure is difficult to measure, and usually it is obtained through numerical
calculations. The simulation on the single cell stack (i.e., the geometry in reality) of F1004-67 found the
range of pressure on the air side is 100 kPa ~ 100.473 kPa [39], indicating the pressure is uniformly
distributed. As for the origin of CrO2(OH),, the model in this work assumes that CrO,(OH); solely
comes from the internal surface of the channel via reaction (1). In principle reaction (1) could also
occur on the metal frames’ surface. However, internal experiments indicate the impact of metal frames
is neglectable for at least 3 kh.

In brief, although there could be some deviations, the accuracy of the single channel model
on chromium poisoning is likely acceptable. Hence, its simulation results can be compared with
experimental findings on the stack level.

6.2. The stack design

In this work, two stack designs are compared regarding the performance degradation due to
chromium poisoning. The first employs the APS protective coating and LSCF as the CL (F1004-67). As
a result of a quite dense protective coating, chromium poisoning is almost neglectable. Degradation
in the stack F1004-67 arose from other processes according to post-test analysis, such as gas leakage,
nickel agglomeration, manganese diffusion, increasing ohmic resistance and contact loss due to the
formation of secondary phases. The second utilizes a protective coating prepared by WPS and LCC12
as the CL (F1002-97). Since the WPS protective coating has a relatively high porosity, LCC12 that can
adsorb CrO,(OH), was chosen as the CL. Although the adsorption rate of CrO,(OH), by LCC12 is two
orders of magnitude higher than that of LSCF (see definitions of Sourcek%%zcrOH and Sourcehf()clfl CroH
in Appendix A), this stack design is unable to prevent chromium poisoning efficiently, as shown in
Figure 4(a). However, WPS technology is cheaper than APS technology. If WPS protective coatings
need to be applied after considering the costs, fabrication should be optimized to lower its porosity.
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6.3. Operation under higher air absolute humidity and lower temperature

As shown in Figure 8, based on the current model and only from the perspective of the degradation
rate, there is a potential to lower the operation temperature to 650 °C and increase absolute air humidity
to 1 %, if the APS protective coating is applied. However, it remains uncertain whether it is worthwhile
to make such changes in future. The present model may underestimate the degradation due to
chromium poisoning as it ignores the influence of the insulation phase SrCrO4. Figure 9 shows the
distribution of @g,c;0, inside the AEL and the CL under the above-mentioned operation conditions
and stack designs. After 100 kh operation, a clear gathering of Og,cy0, on the surface of the CL can be
found. ~ 0.28 surface coverage of the insulation phase could lead to substantial ohmic resistance. A
more sophisticated model is therefore needed to understand the increase of ohmic resistance.

Air inlet

AEL
eSrCrO4/ 1
CL 2.80e-01
l 2.60e-1
2.40e-1
22061

Figure 9. Simulation of the spatial distribution of ®g,c;0, in the AEL and the CL after 100 kh operation.
The stack design is the same as F1004-67. The temperature is 650 °C and absolute air humidity is 1 %.
Slices are in the y-z plane and uniformly distributed across the whole AEL. The first and the last slices
are at the boundary faces of the geometry. The geometry is scaled according to (x,y,z) = (0.1, 1, 10).

7. Conclusion

A three-dimensional CFD model of a single channel in a Jiilich F10 SOFC stack is proposed, taking
into account one of the most important degradation process, chromium poisoning. The numerical
simulation is capable of predicting voltage degradation during 100 kh of operating time. The model
is able to predict the reduction of free adsorption sites on LSCF during chromium poisoning and the
polarization degradation due to that reduction. The model is supported by comparing simulation
results with experimentally measured voltage degradation and EIS data. The model can be used to
study chromium poisoning under different temperatures, absolute humidity and stack designs. Based
on the simulation results, three important conclusions are drawn:

e With APS protective coating, chromium poisoning in the SOFC stack is almost solved.

* Lower temperatures and less moisture in the inlet air mitigate chromium poisoning.

e It should be possible to operate a SOFC stack with 1 % humidified air at 650 °C, if APS protective
coating is applied.

As a result of the segregation of Og;cy0, and Ocy,0,, an increasing ohmic resistance due to
chromium poisoning is expected. However, the influence of the decrease in conductivity is not
considered in this model. Incorporating the decreasing conductivity into the model will produce
a more reliable prediction of the performance of SOFC stacks and will be considered in future. In
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addition, some kinetic parameters are assumed in the present model, such as sticking coefficients and
the prefactor of kejechemcr.- These parameters need to be experimentally measured or theoretically
calculated for the numerical model to provide a more precise prediction of the degradation of chromium
poisoning.
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Appendix A. Definition of Syle, cron

The source term, Sourcepgle, crop, used in Equation (3) is given as follows:

- LCC12 LSCF
Sourcemele, cron = Source i ‘cron + Source . cron (A1)
LCC12 LSCF
where Source, S oy and Source T - o are the source terms that are non-zero only when the

calculation domain is made of LCC12 and LSCF respectively. In other words, SourcetCC12. o is

defined as follows (when WPS protective coating is used) [40]:

—5.7 x 107 [mol m~3s71] if the calculation domain
Sourceneid ron = is made of LCC12. (A2)

0 Other situations

Similarly, when CrO»(OH); diffuses into the component made of LSCE, it can be adsorbed on the LSCF

surface as shown in Equation (8). Inside the domain made of LSCF, Source}fgg croy could be obtained
by
Sourcee cron = — (Ka,cror©free — ka,cron©@cron) - Tiscr - NLSCEALSCE/ Vinesh (A3)

where Nigcr is the number of LSCF particles in the local mesh, Agcr is the surface area of one LSCF
particle and V4 is the volume of the local mesh. Nigcr can be expanded as

Niscr = ViscEot/ Viscr (A4)

where Vi gcpor and Vigcr are the total volume of LSCF particles in the local mesh and the volume of
one LSCF particle. The relation between Vi scpiot and Vipegh is

VLSCF,tot = (1 - 8ael)vmesh (AS)
where ¢, is the porosity of the AEL. After combining Equation (A3) ~ (A5), Sourcehsocls crof €an be
obtained by

—(1 — eae1) (ka,crorOfree if the calculation domain

—kq,cron®@cron)Tiscrarsce  is made of LSCE. (A6)

LSCF _
Sourcemole, CrOH —
0 Other situations

where aj scr (Arscr/ Viscr) is the specific area of LSCF particles, whose value can be found in C.
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Table B1. Parameters used for calculating AGg,cro,

Value Reference Comment
/ k] mol !

The value is adjusted as the value in the
AG,gs,croH -370 [42] reference is actually for CrO3 adsorbed
on LSCE.
The data is for the case of LSM where
AGs0 segregation  ~41.5 [43] the surface coverage of Sr is increased
from 0.25 to 0.5.
AGges 1,0 127.4 [44]

Table C1. Parameters used in the model

Properties Values

Porosity of the AEL (gzel) 0.45 [45]

Specific area of the LSCF particles (arscr) 2.84x10° m~1 [45]
Porosity of WPS protective coating (ecoating, wps) ~ 0.45 [46]

Porosity of APS protective coating (ecoating, aps) ~ 0.03 [47]

Diffusion coefficient of CrO2(OH)2 (DcroH, air) 1x1074 m? s~ [48]
Density of adsorption sites (I't scF) 1.1x107° mol m~2 [49]

Sticking coefficient of CrO2(OH); (Scrom) 1 x 10~ %exp (%‘W) 1

Sticking coefficient of H2O (Sy,0) 02[50]

1 Sticking coefficient can be written as an Arrhenius expression [27].
2 Tt was demonstrated that there was little interaction between LSCF and
H>O when temperature is above 500 °C [50].

Appendix B. Calculation of AGg;cro,

The following reaction
CrO,(OH)z(g) + SrO(s) == SrCrO4(s) + H20(g) AGEcr0, (A7)

has a Gibbs free energy change AGngrO4 which is [41]:
AGS 0, = 0.04713[1/K] - T — 338.81232 [k] mol '] (A8)

where T is the temperature. However, it is AGg,cro, of the reaction (11) happening on the LSCF
surface that needs to be determined. This work uses a similar method provided by the reference [28]
to calculate AGg,cr0,- The reaction (A7) consists of the following processes:

1. Adsorption of CrO2(OH); on the LSCF surface (AG,4s cromn)
2. SrO segregation on LSCF surface (AGs;0 segregation)

3. Formation of SrCrOq4 (AGngrO4)

4. Desorption of HyO from the LSCF surface (AGges1,0)

As aresult, AGs,cro, can be written as
0
AGSrCrO4 = AGSrCrO4 - AGacls,CrOH - AGSrO segregation — AGdes,HZO (A9)

The data of Gibbs free energy can be found in Table B1.
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Table D1. Initial values of @g, in the model

Stack design Boundary value [13] Distribution
function !

.21 at AEL/EEL
LSCFasthe CL  @g,o = 0 a /EELC a(z—b)*+021
0.47 atsurface of CL

21 at AEL/EEL
LCCl12asthe CL @g,o = 0 a /EELC a(z—b)*+021
0.47 atsurface of AEL

1 2 is the z-coordinate in the model. a and b are constants that need to be calculated

according to the boundary values.

Table E1. Initial values of Oc;on, ®n,0, Ocr,0, and Os,cro, in the model

Initial value / 1 Comment

Ocron  5x1073 Assumed value

On,0 5x1072 Assumed value

Ocr,0, 1x107° Assumed value

Osrcro, w 1 Obtained according to the thermal equilibrium
2

1 @s,0 is calculated according to D.

Appendix C. Parameters used in the model

Parameters used in the model is given in Table C1. 5c,oy is the parameter that no reference can
be found in the literature. The value is fitted according to experimental results.

Appendix D. Initial values of Og;o in the model

The initial value of @g,o for two stack designs, LSCF as the CL or LCC12 as the CL, is shown in
Table D1. It is assumed that if the CL is made of LCC12, SrO segregation only happens in the AEL.
In contrast, if the CL is made of LSCF, SrO segregation happens across both CL and AEL and the
maximum segregation is at the surface of the CL.

The distribution function ®g,0 = f(z) can not be found in the literature. It is therefore assumed
f(z) is a quartic function as given in Table D1. The constants 4 and b can be determined by boundary
values.

Appendix E. Initial values of O@c;on, OH,0, Ocr,0, and Os;cro, in the model

The initial values of @c;on, On,0, Ocr,0, and Os,cro, are shown in Table E1. The model in this
work focuses on the period of the steady operation of SOFC stacks. Before the start of the steady
operation, stacks go through being heated up, sealant-joining process, initial characterization of
IV-curves and EIS, etc, where operation conditions keeps varying. Consequently, assumed values are
used as knowing the exact initial values is very hard. The Initial value of Oc;,0, is a pure assumed
value. The initial values of @c;on and Oy, are determined based on the same model’s simulation
results of two processes: 1) the heating up process at the speed of 1 K/min from 20 °C to 350 °C and
2 K/min from 350 °C to 850 °C (all with 1 % humidified air) and 2) the sealant-joining process, 15 h
under 850 °C with 1 % humidified air and 85 h under 850 °C with 0.1 % humidified air.
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