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Abstract: Solid Oxide Fuel Cell (SOFC) cathode materials have been shown to be susceptible to a
‘chromium poisoning’ phenomenon that can significantly deteriorate cell output during operation.
Chromium-containing species, released from stack and system materials, migrate to the SOFC
cathode where they are able to form new phases through reaction with the cathode material. Such
phases have been shown to diminish the catalytic and conductive performance of the electrodes and
even block the pathways through which oxygen must diffuse. To date, there has been a significant
body of research afforded to this subject area. Efforts have been made towards understanding the
chromium poisoning effect, whilst also considering how it may be mitigated. In this review, we
discuss the effects of chromium-containing phases on both conventional and non-conventional
cathode materials. This is in order to understand the most successful approaches towards
developing chromium-tolerant cathode materials. The influences of environmental parameters such
as temperature and humidity are also discussed. This is to explore how degradation rates may be
affected by the operating conditions themselves and the extent to which the phenomenon can be
mitigated by suitable control of such factors. In the most part, these environmental effects are
studied in relation to the most common cathode materials, La1SrxCo1.,Fe,03 and La14SrkMnOs3,

where there has been the largest body of work conducted.
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1 Introduction

Rising concerns relating to climate change are driving a global interest in low-carbon technologies
that offer clean and reliable power to a growing population. One technology that may yet play a key
role in future energy systems is the Solid Oxide Fuel Cell (SOFC), which has the ability to utilise a
wide variety of fuels to generate electrical power and heat at high efficiencies. Ferritic stainless steel
(FSS) “interconnects” are used in SOFC stacks to connect the single cells and separate the fuel gas
from the oxidant. FSS are equipped to resist the harsh operating conditions in an SOFC by alloying
17 to 22% of chromium into the steel. Such alloys have been acknowledged as having the potential
to offer a number of cost benefits in comparison with ceramic materials [1-4]. Alternatives to FSS
include chromium-based alloys (commonly denoted CFY) which contain up to 95% chromium [5]. As
a side effect of utilising chromium-alloyed metallic interconnects, however, conventional cathode
materials have been shown to suffer from a chromium-related poisoning phenomenon that
deteriorates the performance of the SOFC. Studies of this subject have remained an area of intense
research which, in itself, has resulted in several review articles [6—8]. In general, these studies have
concentrated heavily on the common SOFC cathode materials LSM and LSCF with only a relatively
minor consideration of the various other materials which have been researched. In this review, we
aim to provide a comprehensive and up-to-date consideration on the various approaches and

materials which have been studied in relation to chromium poisoning.

Highlighting the importance of studies in this area, Arregui et al. [9] analysed a number of
operational and manufacturing parameters for a small sub-section of SOFC cathode materials and
concluded that the most influential factor, with respect to performance degradation, was the
introduction of a chromium source. The US Department of Energy have also commented on the
need to mitigate the effects of chromium poisoning [10], labelling the phenomenon a “major
contributor to performance degradation and reduced system reliability”. In Japan, the New Energy
and Industrial Technology Development Organization (NEDO) have highlighted this issue as one of
the main factors in the degradation of SOFC stacks [11]. Importantly, however, there is an indication
that a careful selection of appropriate parameters and materials allows extended lifetime of SOFC

stacks up to ten years [12].

One approach to eradicating the problem of chromium poisoning could be to remove the chromium
from the alloy altogether. However, in reality this is not a viable option. The use of chromium in
ferritic stainless steels enables the formation of a protective chromia (Cr,0s) surface-layer; this layer
provides the alloy’s resistance to the degradative effects of corrosion. Since other metals are capable

of forming a similar protective layer (e.g. the formation of Al,O3 on alumina-forming steel alloys),



there may remain a question as to why chromium-containing alloys specifically are the preferred
material. The answer to this is related to the all-important electrical conductivity of the oxide species
[13,14], the adherence of the oxide scale to the bulk material, and the slow growth of the oxide
scale. It is with these considerations that chromium-containing metallic alloys have been identified
as the most suitable for application under SOFC conditions. The issue of chromium poisoning,

therefore, persists.

1.1  Chromium Volatilisation

The chromium poisoning literature is broadly divided into two topics; (a) Cr-species evaporation
from interconnects and (b) the formation of Cr-phases within the cathode. This review will
concentrate heavily upon the latter of these two areas but it remains useful to recap the former for
background understanding. Under SOFC operating conditions there is a tendency for the chromia
species to react with oxygen and moisture and migrate towards the cathode in gaseous form. The
vaporisation of this chromia layer has been studied thermodynamically [15—-17] and experimentally

[13,18].

It is generally agreed [13,15,16,19] that CrO; and CrO,(OH); are the most common and abundant

species that are formed. This occurs via the following reactions [16]:

Crg0gfs) + 1.50,5(g) — 2Cr05(g) (1)
Cry038s) + 1.50,8g) -+ 2 Hy06g) — 2Cr0,{0H)a(g) (2)

It has been shown that the relative quantities of such species vary as a strong function of oxygen
partial pressure and humidity [15,17,20]. Lower valency Cr-gases may become dominant at lower
oxygen partial pressures [20]. In addition, a thermodynamic study conducted by Yin et al. [17] has
shown that chromium evaporation rates increase at higher temperatures. In particular, the
formation of the CrOs species increases significantly as the temperature is increased from 600 to

1000°C.

Much research has sought to reduce the rate at which chromium is evaporated from steel
interconnect materials. Indeed, there are a range of interconnect alloys that have been considered
within the SOFC literature and there are several reviews [21-23] which summarise the
developments in this area. The use of alloys that are capable of forming Cr-Mn spinel layers have
been shown to reduce degradative effects [24-26]. These spinel phases form on top of the Cr,0;
layer and reduce the rate at which chromium is vaporised from the interconnect. Researchers have
successfully engineered spinel phases (e.g, Cu-Mn spinel, Co-Mn spinels etc) as coating materials in

attempts to deliberately reduce volatilisation rates [27-29]; perovskite coatings [13,28,30] have also



been shown to offer great promise in achieving this. The use of suitable interconnect materials can
help to alleviate the issue of chromium poisoning but the studies of such materials have also shown
that although reduced, the chromium release rate still remains too high to safeguard sufficient SOFC
lifetime for stationary applications, in the order of magnitude of 40,000 to 100,000 hours. It is worth
noting that the selection of suitable interconnect alloys represents a key step with respect to
mitigating the effects of chromium poisoning. Nevertheless, the additional application of protective

coatings will be necessary.

1.2 Chromium Deposition

After the gaseous chromium species is formed, it is able to diffuse into the porous cathode structure
where it is subsequently deposited. Whilst the process of chromium deposition may appear, at first
glance, a simple concept, there is a significant body of work highlighting that this is not the case.
Indeed, the exact mechanisms by which this process occurs has, historically, been a subject of some
debate. Further to this, the manner in which the cathodes are poisoned is greatly dependent upon

the cathode materials in question, as demonstrated in work by Simner et al. [25].

Where the interconnect material directly touches the cathode material —i.e. along the contacting
ribs - chromium can also directly migrate by solid state diffusion. In this case the necessity of
volatilisation is sidestepped, but the final effect is the same: the formation of chromia or other

chromium composites within the cathode structure.

1.3 Scope

This review aims to summarise the work already conducted on the chromium resistance of various
cathode materials. Firstly, we consider the current understanding of chromium poisoning in relation
to the most popular cathode materials: the group of predominately electronic conductors, LSM (Las.
xSrkMnQs.s), and that of the mixed ionic-electronic conductors (MIEC) LSC (La1«xSrxCoOs.s), LSF (La1-
«SrkFe0s.s), and LSCF (LaSr1xCoyFe1.,03.5). These materials, like many other cathode materials, adopt
the ABOs-type perovskite structure. We will compile from literature sources how chromium
resilience can be improved by an appropriate choice of materials, considering various SOFC cathode
compositions and the effect that chromium has on each of them. Then, a consideration of the
research around alternative cathode structures (e.g. double perovskites and Ruddlesden-Popper
phases) will be provided, with the goal of understanding if these alternative materials would suggest

any specific benefits in resisting chromium poisoning.

For reference, a consideration on the properties of common cathode materials has been provided in
table 1. It is important to note that there are discrepancies in the literature with respect to the

recorded values of a number of these properties. As an example, conductivity measurements have



been shown to vary from study-to-study and may be dependent on environmental, synthesis and
testing conditions. In some cases, the values found in the literature may vary by orders of
magnitude, for a given material. Nevertheless, a review of the literature is able to offer context for

the discussion in this review.



Table 1 - Properties of some SOFC cathode materials.

S denotes value that has been estimated based on graphical data *Measurement conducted in air/P,;=0.21bar ~Readings extrapolated from similar compositions

NOTE: ECR=Electrical Conductivity Relaxation, IEDP=Isotope Exchange Depth Profile, IIE=Isothermal Isotope Exchange

Total Conductivity, o (Scm1)

[Temperature of measurements as below unless otherwise specified]

Composition lonic Conductivity, o Oxygen Diffusion Coefficient, Surface Exchange Coefficient, k*/Kchem Thermal Expansion
T=500°C T=700°C T=900°C (Sem-1) D*/Dchem (cm2s1) [# - measured via (cm s1) [# - measured via IEDP/SIMS, £ - Coefficient (x 106 °C1)
IEDP/SIMS, £ - measured via ECR] measured via Electrical Conductivity [Temperature range denoted
Relaxation, » - measured via IIE] in parenthesise. “r.t” denotes
room temperature]]
LaMnOs; 44 (Poy=1 bar ) [31] $ 71 (Pox=1bar) [31] $ 84 (Poy=1bar) [31] $ 8.7 x 1016 (T=706°C) [33] # 7.58 x 10 (700°C) [34] ~ 9.5-10.75 (r.t - 1000°C) [35]
115 (T=984°C) [32] $* 7.7 x1015 (T=796°C) [33] # 8.91x 10 (850°C) [34] ~ 12.4 (1000-50°C) [36]
1.2 x 1013 (T=896°C) [33] #
LaCoO3 800 [37] *$ 900 [37] *$ 1000 [37] *$ 3 x 104 (T=850°C) [39] *$ 9.2 x 1013 (T=700°C) [40] # 4.57 x 10 (700°C) [40] # 23.5 (100-700°C) [38)
1024 (Poy=not specified) 1.6 x 103 (T=900°C) [39] *$ 2.41x 1011(800°C) [40] # 3.47 x 107 (800°C) [40] # 21 (300-950°C) [41]
[38]
5.31 x 1010 (900°C) [40] # 24 - 28 (25-1000°C) [37]
LaFeOs 0.15 [37] *$ 0.2 [37] *$ 0.25 [37] *$ 9.84 x 1013 (T=900°C) [42] # 3.89 x 108 (900°C) [42] # 10.1 (25-1000°C) [37]
5.28 x 10'14(T=1000°C) [42] # 1.67 x 107 (1000°C) [42] #
8.89 x 10 (700°C) [34] ~
4.11x 109 (850°C) [34] »
LaNiO3 125 [43] *$ 105 [43] *$ 100 [43] *$ - - 9-14 (25-1000°C) [37]
900 [37] *$ 750 [37] *$
LaCrOs - 0.34 (Poz=not specified) 1(1000°C; ; Po2=not - -

[44]

specified) [44]

9.6 (100-850°C) [45]




Lao.gSro2Mn0s.5

150 [46] *$

210 (T=1000°C ;
Po,=106-1bar) [48] $

4.2 x 1010 (T=750°C ; Poz=1bar) [50]

2x 1016 (T=700°C), 5 x 1015 (T=800°C),
2x 1013 (T=900°C) [34]#

8.4x10° (775°C) [34]

11.8 (30-1000°C) [46]

(LSM-82) 135 (T=470°C) [47] 4 x10%(T=900 °C ; Pop=not 4.19x 109 (850°C) [34] A 13.1 (200-800°C) [56]
*$ 220 (T=1000°C ; specified) [51] 5x 107 (T=800°C) [53] £
Pop=latm) [49] $ 109(700°C), 107 (1000°C) [55] # 10.8-11.25 (r.t - 1000°C) [35]
- 5.93 x 107 (T=900 °C ; P=100 torr.) 1.8 x 1012 (T=1000°C) [54] £ $
290 (T=1000°C) [47] *$ 52] 11.5 {rt- 1000°C) [57]
10-16 (T=700 °C), 1012 (T=1000 °C) [55]
#
1.27 x 1012(T=900°C) [52] #
La065r0.4Mn03.5 80 (Por=10%atm) [58] | 125 (Pop=10%atm) [58]$ | 140 (Por=105atm) [58] $ - - 11.75-12.25 (r.t - 1000°C) [35]
$
(LSM-64) 12 (r.t - 1000°C) [57]
Lao.sSro.sMn0s.s - 360 (Poz=not specified) 300 (Poz=not specified) 5x 107 (T=900°C ; Po2=not 108 -1010(T=695-840 °C) [61] £ 1x 108 (700°C) [59] # 12-12.6 (r.t - 1000°C) [35]
[59] [59] specified ) [60]
(LSM-55) 2 x 1015 (T=700°C) [59] # 1x 107 (800°C) [59] # 12.2 (r.t- 1000°C) [57)
485 (T=1000°C) [47] * 1.35 x 109 (T=750°C ; Pop=1bar) [50]
8 x 104 (T=800°C) [59] # 9 x 10% (900°C) [59] #
3 x 1012 (T=900°C) [59] #
Lao.6Sr0.4C002Fe0.8035 330 [62] *$ 320 [62] *$ 210 [62] *$ 0.23 (T=900 °C) [66] 1x 109 (T=650°C) [34] # 2.46 x 108 (500°C) [34] * 15.3(100-600°C) [62]
(LSCF-6428) 400 [63] *$ 440 [63] *$ 270 [64] * 8X 1073 (T=800°C) [67] * 5x 10 (700°C) [34] # 2.68 x 108 (600°C) [34] 17.5 (r.t -1000°C) [64]
220 [65] * 0.023 (T=750°C ; Poz =1 bar) [50] 7.8 x 106(800°C) [53] £ 2.74 x 108 (700°C) [34] A 16.8 (100-900°C) [63]
2.5 x 10 (700°C) [68] # 2.76 x 108 (800°C) [34] A 23.6 (700-900°C) [63]
1x106—-2.5x 10 (650°C) [69] £ $ 1.1x 106 (700°C) [68] #
1x106 -5 x 106 (700°C) [69] £ $ 1x 105 -5 x 103 (650-800°C) [69] £ $
5x106— 1 x 105 (800°C) [69] £ $
Lao.65r0.4C00.8Fe0.203.5 225 (Poz=not 205 (Po2=not specified) - 0.058 (T=800°C) [67] * N - 21.4 (30-1000°C ) [67]
specified) [70] $ [70] $
(LSCF-6482) 0.005 (T=750°C ; Poz=1bar) [50]
Lao.sSr0.5C008Fe0.203.5 - - - 3.62 x 106 (500°C) [71] £ - 20.62 (25-650°C) [71]
(LSCF-5582)

7.94 x 10 (600°C) [71] £




1.47 x 10% (700°C) [71] £

Lao.8Sr0.2C003.5

(Lsc-82)

1450 [72] *$

1689 (T=600°C) [64]*

1300 [72] *$

1521 (T=800°C) [64] *

1125 [72] *$

1291 (T=1000°C) [64] *

4.9 x 10 ( T=750°C ; Poa=1bar) [50]

1x 1010 -1 x10% (700°C) [34] #

8x109-2x 107 (800°C) [34] #

1x108—1x 10 (900°C) [34] #

1x 108 (700°C) [59] #

2x 10 (800°C) [59] #

4x10% (900°C) [59] #

8x10%(1000°C) [54] # $

3.65 x 108 (600°C) [34] ~

3.87 x 10 (700°C) [34] *

3.67 x 108 (800°C) [34]

3x10¢(700°C) [59] #

5x 10 (800°C) [59] #

2x10%(900°C) [59] #

19.1 (30-1000°C) [46]

19.7 (100-900°C) [72]

Lao.65r0.4C003-5

(Lsc-64)

1084 (T=1000°C) [64] *

0.22 (T=800°C) [67] *

4.09 x 103 (T=700°C ; Po; =0.1bar)
[73]

1.09 x 106(700°C) [73] £

2.5x10% (825°C) [53] £

1.97 x 104(700°C) [73] £

2.5x 10 (825°C) [53] £

20.5 (30-1000°C) [67]

Lao.sSro.sCo03-5

(LSC-55)

1899 (T=600°C) [64]*

1356 (T=800°C) [64] *

930 (Poz=1atm) [60] $

893 (T=1000°C) [64] *

0.1 (T=900°C ; Poz=not specified )
[60]

6.01x 10 (500°C) [71] £

1.21 x 105 (600°C) [71] £

4.71x 105 (700°C) [71] £

21.37 (25-650°C) [71]

Lao.sSr0.5C00.sNi0.203.5

(LSCN-5582)

3.09 x 10 (500°C) [71] £

7.28 x 10 (600°C) [71] £

1.69 x 105 (700°C) [71] £

21.38 (25-650°C) [71]

Lao.sSro.sC00.8Cu0.203-5

(LSCCu-5582)

7.91x 10 (500°C) [71] £

1.25 x 10 (600°C) [71] £

3.44x 105 (700°C) [71] £

19.75 (25-650°C) [71]

Lao.sSro.2Fe0s-5

(LSF-82)

80 [74] *$

90 [72] *$

90 [74] *$

155 (T=750°C) [75] *

80 (74] *$

4.68 x 102 (T=800°C ; Po;=1atm.)
[76]

7.75 x 102 (T=900°C ; Poy=1atm)

105-104(800°C) [77] £$

12 (30-1000°C) [75]

12.2 (30-1000°C) [46]




[76]

12.6 (300-900°C) [72]

Lao.eSro.aFe0s.s 240 [74] *$~ 200 [74] *$~ 115 [74] *$~ 0.141 (T=800°C ; Poz=1atm) [76] @ 1.0-1.1x 105 (800°C) [53] £ 1x103(800°C) [53] £ -
(LSF-64) 0.232 (T=900°C ; Poy=1atm) [76] @ 3x 10,7 x 10, 1 x 10 (725, 800, 2.79 x 108 (700°C) [34] A
875°C) [34] £
0.003 (T=750°C ; Po2=1bar) [50] 3.17x 108 (800°C) [34] ~
LaNio sFe0 4035 625 [78] *$ 595 [78] *$ 297 (Por=not specified) 4.3 % 10° (800°C) [80] # 8.6 x 106 (800°C) [80] # 13.2 (30-1000°C) [75]
[79]
(LNF-64) 313 (Poz=not specified) 11.1 (30-800°C) [78]
[79]
12.1 (r.t-900°C) [79)
525 (T=750°C) [75] *
Lao.sBao.sCoo.9Fe0.103 5 560 [81] *$ 375 [81] *$ - - 23.75 (20-1000°C) [81]
(LBCF-5591)
La0.65r0.4C00.8Mn0.203.5 1400 [82] $* 1000 [82] $* 800 [82] $* - 18.1 (500-900°C) [82]
(LSCM-6482)
Lao.55r0.5C00.2Mno.803-5 - 86 (Po2=not specified) 98 (Po2=not specified) 2 x 1014 (700°C) [59] # 2 x 108 (700°C) [59] # -
[59] [59]
(LSCM-5528) 2 x 1013 (800°C) [59] # 1x107(800°C) [59] #
1 x 1011 (900°C) [59] # 2x 107 (900°C) [59] #
Pro,6Sro.4Coo.8Fe0.203-5 955 (Po2=not 795 (Poz=not specified) - - - 19.69 (30-850°C) [83]
specified) [83] $ [83]
(PSCF-6482)
Pro.sSro2Mn0Os - - - - - 9.5 (30-800°C) [56]
(PSM-82) 10.1 (30-1000°C) [56]
Pro,6Sr0.4Mn0O3 214 [84] * 242 (Por=10bar) [85] 5 | 237 (Poz=105bar) [85] § - - 12 (300-1000°C) 58]
(PSM-64)
ProsSrosMnOs 130 (Poz=not 115 (Poz=not specified) 107 (Poz=not specified) - - 12.2 (100-600°C) [84]
specified) [86] $ [86] S [86]$
(PSM-55) 13.6 (600-800°C) [84]




102 [87) $* 130 [87] $* 150 [87)] $* 11.43 (r.t.-300°C) [88]
226 [84] * 230 [84] $*
Pro7Sr03C00s-5 1685 (Poz=not 1510 (Poz=not specified) - - - 18.8 (30 - 800°C) [56]
specified) [89] $ [89]$
(PSC-73) 22 (100 -700°C) [90]
1995 [90] *$ 1585 [90] *$
Smo.sSrosCo03.5 1580 [91] $* 1110 [91] $* 650 [91] $* 0.13 (T=750°C; Po2=1 bar) [50] 1.56 x 106 (500°C) [94] £ 3.7x10°%(597°C) [3] # 20.5 (r.t-900 °C) [93]
(55€-55) 700 [92) $* 500 [92] $* 350 (T=850°C) [92] $* 3.63 x 105 (700°C) [94] £ 5.6 x 105 (887°C) [3] # 22.8 (30 - 900°C) [92]
1260 (Poz=not 630 (Pox=not specified) 3.9 10-1.8 x 106 (597-887°C) [3] # 24 (200- 1000°C) [91]
specified) [93] $ [93] $
SmosSrosMn0Os.s 160 [91] $* - 183 [91] $* - . 11.4 (r.t - 1000°C) [57]
(SSM-55) 11.8 (200 - 1000°C) [91]
Smo.sSr0.5C00.2Fe0.03 125 [65] $* 185 [65]* 122 (Po;=0.21 bar) [65] - - 15.75 (r.t - 900°C) [93]
(SSCF-5528) 400 (Po2=not 250 (Poz=not specified) 180 (Poz=not specified)
specified) [93] $ [93]$ [93]$
Smo.5Sro.sCoo.8Fe0.203 1000 (Poz2=not 595 (Poz=not specified) 355 (Poz2=not specified) - - 20.6 (r.t - 900°C) [93]
specified) [93] $ [93]$ [93]$
(SSCF-5582)
Smo.65r0.4C00.8Mno.203 470 [82] *$ 555 [82] *$ 590 [82] *$ - - 21.6 (500 - 900°) [82]
(SSCM-6482)
Bao.sSro.sCoo.sFen203 28 [95] *$ 32[95] *$ 65 (Poy=1bar) [69] $ 0.07, 0.25, 0.96 (T=600,700,800°C ; 5x107-7.75 x 105 (600°C) [69] £ $ 2.7 x10%4-4.1 x 103 (600-800°C) [96] £ 19.95 (50 - 1000°C) [95]
P02=0.21-0.1atm) [96] @
(BSCF-5582) 52 (Poy=0.2bar) [69] 49 (Poy=0.2bar) [69] $ 2.5 % 107- 5 x 105 (700°C) [69] £ $ 5x 105 -5 x104 (600°C) [69] £ $ 12.7 (200 - 400°C) [69]

$

80 (Poz=1bar) [69] $

68 (Po2=1bar) [69] $

0.71 (T=750°C ; Pop=1bar) [50]

7.75 x 10%- 5 x 105 (800°C) [69] £ $

5x105—1x102 (700°C) [69] £ $

27.3 (425 - 980°C) [69]




Bao.55r0.5Co0.2Fe0.s03 32[65] *$ 40 [65] *$ 16 [65] * - - 23 (25-850°C) [98]
(BSCF-5528) 19 [97] *$ 11[97] *$ 2(97] *$
21 (in oxygen) [97] $ 9.5 (in oxygen) [97] $
Ba0.65r0.4C00.9Nb0.103.5 42.5 (Po>=1 atm) [99] 46 (Po2=1 atm) [99] $ 48 (Poz=1 atm) [99] $ 0.45 (700°C) [100] $* 1.3x104(600°C) [99] £ 3.3x10°%(600°C) [99] £ 14.4 (200 - 500°C) [99]
$
(BSCN-6491) 38[99] *$ 43 (Po2=0.21 atm) [99] $ 0.9 (800°C) [100] $* 21.9 (500 - 900°C) [99]
32.5[99] *$
39.7 [100] * 1.38 (900°C) [100] $*
BaosSro.sFeosNbo103.6 12.25 [101] *$ 7.5 (Po2=0.21 atm) [101] 6.5 [101] *$ - - 19.2 (20 - 1000°C) [101]
$
(BSFN-5591)
BaCoo.7Fe0.2Nbo.103-5 11 (Poz=1 atm) [102] 15 (Por=1 atm) [102] 18.5 (Poz=1 atm) [102] $ - - 18.2 (30 - 900°C) [102]
$
(BCFN-721) 11[102] *$ 15 [102] *$ 14.4 (30 - 500°C) [102]
7.75 [102] *$
NdosSro2MnOs.5 - - -
(NSM-8210)
Ndo.65r0.4C00.8Mno.203 600 [82] *$ 615 [82] *$ 460 [82] *$ - - 19.6 (500 - 900°) [82]
(NSCM-6482)
Gdo6Sr04C008Mn0.203 810 [82] *$ 870 [82] *$ 650 [82] *$ - - 21.3 (500 - 900°) [82]
(GSCM-6482)
La:NiOass 102 [103] *$ 85 [103] *$ 68 [103] *$ 5.6 x 103 (T=600"C) [106] $* 10 - 107 (500-850°C) [106] $# 107 — 106 (500-850°C) [106] # $ 13.8 (75 - 900°C) [104]
(LNO-214) 83 [104] *$ 68 [104] *$ 8[43] *$ 1.7 x 102 (T=700°C) [106] $* 2.71x 108 - 1.39 x 107 (640-842°C) 1.81 x 107 3.18 x 106 (640-842°C) [107] 13.0 (27°C - 900°C) [109]
[107] # #
10 [43] *$ 9[43] *$ 4.0 x 102 (T=800°C) [106] $* 13.0 (100 - 900°C) [63]
108 - 107 (600-850°C) [108] # 108 — 106 (640-850°C) [108] #
6.1 [105] *$ 5.25 [105] *$
Nd2NiOars 42[109] *$ 37 [109] *$ 32 [109] *$ 4.44 X 10 (T=700°C ; Po; =0.1bar) 573 x 107 (700°C) [73] £ 1.31x 104(700°C) [73] £ 12.7 (27°C- 900°C) [109]

(NNO-214)

[73]







2 LSM-based cathodes

The perovskite material La1xSrkMnQOs (LSM) has traditionally been a popular choice as an SOFC
cathode material and its performance and associated degradation phenomena have received
significant research attention. LSM cathodes have, however, been shown to be susceptible to a
substantial performance deterioration in the presence of a chromium source [18,110-112]. Work by
De Haart et al. [113], in which a series of LSM-based stacks were galvanostatically tested over a
3,000 hour interval within the Real-SOFC project [114], determined that this deterioration in
performance comprised of three characteristic regions (see Figure 1). First, a considerable drop in
performance, followed by a continuous degradation process with the final stage being one of
progressive degradation towards the stack end-of-life. Assuming that this degradation behaviour
was due to a single dominating process, e.g. cathode degradation due to chromium deposition,
Roehrens et al. [115] proposed that this was likely to result from the manner in which the deposited
species block an increasing portion of the active sites. The authors suggested that the initial (~100
hours) drop in performance proceeds via a “chemical pathway” with small amounts of secondary
phases deposited within the electrode. Elsewhere [116], it was suggested to be driven by the
adsorption of chromium gas species upon the cathode surface. The initial stage of degradation is
then followed by a more gradual and linear reduction in voltage, determined by a further formation
of solid chromium species within the cathode. An acceleration in the degradation rate can then be
expected, as further formation of such species cause “disproportionately large performance loss”
[115]. In a different context, Kulikovski [117] described a mathematical model of such progressive
degradation based on performance loss by an increasing electrode poisoning effect. Although
chromium poisoning is a major contributor to the loss of performance seen in Fig. 1, it is not the sole

cause of degradation as has been shown in further research (e.g. [118]).
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Figure 1 — Voltage loss of galvanostatically-operated fuel cell stacks [113]. The stacks contain an LSM-based cathode

material and a steel alloy interconnect. Re-printed with kind permission.

The degradation in performance which has been related to chromium in the literature has been
observed to result from the formation of solid chromium species, notably (Cr,Mn);04and Cr,0s. Such
species are typically observed at the electrode-electrolyte interface across a number of LSM
compositions [18,111,119,120]. Historically, there has been some disagreement in the literature as
to the exact mechanism by which these phases are deposited within the cell [26]. Two popular
theories commonly discussed in the literature involve (a) the electrochemical deposition of
chromium gas species at the triple phase boundaries [20] or, alternatively, (b) the chemical reaction
between the chromium-containing gas and the reduced Mn?% species [120]. In addition to these
theories, the role of oxygen pressure gradients (as the oxygen is electrochemically reduced across

the cathode) have been suggested to play some role in the deposition process [18,121].

2.1 Cr-Deposition Theories for LSM

2.1.1 Electrochemical Deposition Theory
In thermodynamic studies by both Das et al. [20] and Hilpert et al. [15], it was proposed that

Chromium vapours (e.g. CrOs or CrO,(OH),) could be electrochemically reduced at the cathode via

one of the following reactions:

20105 (8} + 6= — CroOyls) + 303~ (3)

2Cr0,(0H), (g) + 66~ = Cry0afs) + 2H,0(g) + 307 (4)



Subsequent work [110,112,122], investigating chromium poisoning of LSM cathodes, has shared the
view that this so-called electrochemical deposition mechanism is a likely cause of chromium-related
degradation. It has been anticipated that such reactions would be most likely seen at the triple
phase boundaries, where oxygen reduction readily occurs [15,123]. Deposition in these areas, as
suggested by Paulson and Birss [123], could not only reduce the rate of oxygen reduction but could
also provide deposits which block the all-important reaction sites. Chromia deposition, however, has
typically been observed along the whole boundary between the cathode and electrolyte, and not
exclusively at the TPBs [111,122,123], as seen in Figure 2. Further to this, Paulson and Birss observed
the growth of a chromia layer [123] away from an LSM cathode (and hence away from the TPBs) and
along a YSZ electrolyte material. The authors proposed that the newly formed chromia (initially
deposited upon the TPB), must provide an extended reaction site upon which further reduction of

the chromium gas phase can occur.

Figure 2 — (a, left) YSZ/LSM interface prior to exposure to chromium, (b, right) chromia scale formed along the
electrolyte/cathode boundary as seen in work by Hu et al. [111). The authors utilised SEM and EDS to perform

morphological and elemental analysis. Reprinted with kind permission.

2.1.2 Chemical deposition theory

In a series of papers by Jiang et al. [120,124-127], a significant opposition to the theory described in
section 2.1.1 has been presented. In the first of these studies [120], the authors observed the
formation of chromia at anodic, cathodic and open circuit conditions and concluded that this makes
deposition by electrochemical means unlikely. It is suggested that, instead, the formation of

chromia occurs via the precipitation of Cr-Mn-O nuclei:
Mn®* (LSM surface) — Mn** (¥FSZ swrface) (5)

Mna® (VS surface) + Crlzig) = Cr—Mn — O (nuclel, ¥SZ) (6)



Cr=— Mn=—0 (nuclel, Y5Z surface) + Cridzlg) = Cru05(F5Z) (7)
O VSZ) + Crizig) + Mn®* (VSZ surface) — (Cr.Mn);0,({¥5Z) (8)

The reduced manganese species (Mn?*), mentioned above, are suggested to originate from two
sources; (1) the reduction of Mn**or Mn* during cathodic polarisation (as observed during in-situ
XPS experiments by Lee et al. [128]) and (2) transfer from the cathode to the electrolyte during
manufacture. As such, Jiang et al. [120] offer an alternative explanation as to the apparent
accelerating effect that polarisation appears to have upon chromium deposition (i.e. an increased
number of nucleation sites becoming available due to the increase in the amount of Mn?*). The
transfer of Mn to the electrolyte would also explain the observation of chromium phases upon the

electrolyte as observed in Figure 2.

In order to further explore their proposed theory, Jiang et al.[125] studied the effect of chromium
deposition on the oxygen reaction kinetics of LSM cathodes. Their findings indicated that the
formation of Cr-species has the effect of hindering oxygen diffusion processes. Li et al. [119],
meanwhile, have pointed to the formation of Cr,03 and (Cr,Mn)30,4 at areas away from the TPBs as
further evidence that the theory outlined in section 2.1.1 may be flawed. Additionally, it has been
suggested that the effects of chromium upon platinum electrodes (discussed in section 4.1) offers

further proof of the theories outlined here.

2.1.3  Oxygen Activity Theory

Taniguchi et al. [18] proposed that the formation of chromia at the LSM cathode/electrolyte
interface arises from the drop in oxygen activity which is experienced as the oxygen is
electrochemically reduced. The authors hypothesised that the lower oxygen pressure at the

interface drives one of the following:

20r05(g) = Cro056s) + 1.50,8g) (9)
2Cr0, (OH ). tg) = CmOgls) + 1.502(g) + 2 H;0{g) (10)

As such, the relationship between oxygen activity and chromium deposition is considered to be the
key driver of the poisoning effect. As the oxygen activity decreases, greater quantities of chromia are
found at the electrolyte-cathode interface. This theory is also supported in a thermodynamic
analysis conducted by Yokokawa et al.[121]. In that work, the authors suggest that the accelerated
rate at which chromium deposits under polarisation is due to the resulting oxygen potential gradient

that exists in the cathode layer as the ORR is allowed to proceed.



2.1.4 Discussion
Whilst many authors have sought to prove or disprove a single theory, it is perfectly possible that
several reaction mechanisms may, in fact, be taking place. These mechanisms may be competing

with each other, possibly depending on the set of materials present or the operating conditions.

The deposition of chromium in LSM cathodes has been reported at open circuit conditions
[115,120,129-131]. However, it is generally agreed that the formation of chromium species under
such conditions is not as significant as that which may be seen under polarisation. In work by Jiang et
al. [120] the authors reported that, when their LSM cathode was placed under an open circuit
condition, the formation of Cr-containing phases only occurred at temperatures in excess of 1000°C.
It may be pertinent to point out, however, that this work considered a comparatively short 50h
testing period. Longer term testing may have revealed some deposition of chromium. Further, there
appears to be a general consensus within the aforementioned studies, that chromium poisoning may
indeed occur in the absence of polarisation. Whilst it is certainly an accelerating factor, the current
flow condition (i.e. polarisation) does not appear to be a requirement for chromium poisoning to

occur.

It has been observed by Konysheva et al. [129] that, under open circuit conditions, the deposition of
chromium becomes much more random across the width of the cathode. This is also consistent with
works by Jin and Lu [130,131] who observed the migration of chromium from a stainless steel alloy
into LSM cathode layers deposited on a YSZ electrolyte. In comparison, the deposition of chromium
under polarisation is seen to occur at the interface between the cathode and electrolyte. These
apparently differing characteristics could hint at the possibility of multiple processes driving the
formation of the chromium species. Indeed, that is a suggestion which is proposed in the previously
mentioned work by Roehrens et al. [115]. After a series of 3000h tests at different current
conditions, the authors concluded that both a chemical or electrochemical degradation mechanism
may be possible. In that work, the chemical deposition mechanism is hypothesised to dominate at
low current densities (or at OCV conditions) with the electrochemical deposition becoming more
significant at higher current densities. The formation of Cr-Mn spinels (via a thermodynamic driving
force), will subsequently result in the depletion of manganese in the LSM matrix and a subsequent
breakdown of the perovskite structure. We will further discuss the drivers of chromium poisoning in

the coming sections of this review and with a summary provided at the end of the paper.

2.2 Further work on LSM Cr-degradation

Regardless of the drivers of chromium poisoning, it is clear that the effects on LSM cathodes offer a

challenge for long lifetimes of SOFC systems using this material. Further work has been undertaken



in this area in order to establish the mitigating factors that may help to reduce or overcome the

poisoning effect.

2.2.1 Effect of Operating Conditions

As previously discussed, current flow has been demonstrated [119,120,129,132] to have a profound
effect on the rates of LSM cathode degradation, when in the presence of a chromium source. The
reduction of current is not a particularly attractive solution to preventing chromium poisoning given
that the maximisation of electrical output is desirable. Other operational parameters, however, offer

a more attractive route to reducing chromium deposition (or its effects).

A study of the literature indicates that degradation resulting from chromium poisoning is intensified
at higher humidity [24,132-134]. Most authors [132-134] have attributed this to the increased
partial pressure of chromium-containing gas which results at this condition (as seen in work by
Hilpert et al. [15]). As the humidity increases, the rate of volatised chromium will also increase and
the resulting quantities of chromium that are deposited within the cathode will subsequently grow.
However, there is evidence to suggest that, even in the absence of a chromium source, the
performance and degradation of LSM cathodes may worsen under the influence of water in both the
short and long-term [135]. As such, it would be advantageous to reduce humidity whether

chromium-containing alloys are used or not.

There appears to be some confusion within the literature with respect to the effects of operating
temperature. In some cases at least, an increase in temperature has been seen to intensify the
formation of solid chromium species within the LSM cathodes [18,124]. This may be unsurprising
given the increased volatilisation rates that are seen at higher temperatures [15]. Taniguchi et al.
[18] noted that, despite higher levels of chromium found within the cathode at elevated
temperatures, the voltage loss as a function of time was larger at lower temperatures. Research led
by the Argonne National Laboratory in the United States [122,136], reports a somewhat different
phenomenon. In these studies, not only is the degradation rate greater at lower temperatures but
the amount of chromium deposited is also seen to be greater. Importantly, one further conclusion
that can be drawn from this work is that the chromium has a greater impact on the voltage loss per
wt% of chromium. This, perhaps, could be accounted for by the lower activity of the cathode at
lower temperature. Thus, the effect of a given amount of chromium could be expected to have a
greater impact upon the performance of the cathode with lower activity (i.e, the cathode at lower

temperature).

It has been observed [18] that, at higher temperatures, the deposition of chromium becomes more

varied across the width of the cathode, as may be noted for an LSM/YSZ composite cathode shown



in Figure 3. Whilst this study was carried out on a composite cathode, whereby the use of the YSZ
ionic phase in mixture with LSM effectively extends the TPB into the body of the cathode, there is
further evidence to indicate that this would also be observed for single phase LSM cathodes. Two
separate studies [120,137] indicate that, under open circuit conditions, chromium deposition can be
expected at temperatures in excess of 1000°C. As a side note, Jiang et al. [120] suggest that the
formation of solid chromium species at higher temperatures provides additional support for their
chemical deposition theory. The authors indicated that the increased mobility of the nucleation
agent (Mn?*) at higher temperatures provides a source of the deposition which cannot be explained

by the electrochemical reduction theory.
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Figure 3 — Effect of temperature upon the distribution of chromium in LSM/YSZ cathodes. The left most edge of the scan
corresponds to the electrolyte/cathode interface. It is seen that chromium is deposited at areas other than the
electrolyte/cathode interface when operational temperatures begin to exceed 900°C [18]. This analysis was performed with

the use of EPMA and SEM analysis. Re-printed with kind permission.

This section of the review has heavily concentrated on commonly discussed operating parameters
such as current, humidity and temperature but this is not to suggest that these are the only factors
to be considered. As an example of this, Schuler et al. [138] have considered the effects that higher
than expected SO, contents may have on the extent of chromium poisoning. In addition to this, Jiang
et al. [126] have explored the effects that airflow can have upon the poisoning effects. Such factors

could prove just as relevant as the previously discussed parameters.

2.2.2  Optimisation of LSM cathodes

It has been suggested by Aphale et al. [139] that there are four possible approaches to reducing the
extent of Cr poisoning; (a) altering the chemistry of the interconnect alloys, (b) the use of surface
coatings, (c) the use of Cr-getters and (d) the use of Cr-resistant cathode materials. Indeed, the

performance of the LSM cathodes in the presence of chromium containing interconnects would



suggest that at least one of these solutions is necessary to ensure the required SOFC cell lifetime can

be achieved.

It has been shown that the chemical composition of the LSM phase can have an effect on chromium
poisoning. LSM cathodes with A-site deficiencies are commonly utilised within the literature and
many of the aforementioned studies have employed such materials. Work by Jiang et al. [140] has
shown that A-site sub-stoichiometry can improve the stability, adherence and shelf-life of the LSM
phase. Considering the relationship between A-site stoichiometry and chromium poisoning,
meanwhile, Fu et al. [141] argued that a 5% A-site deficient LSM material (Lao.7s5r0.2MnQs.s) could
also offer an improvement on a comparable A-site stoichiometric sample of LagsSro2MnOs., in terms
of resistance to chromium poisoning. Somewhat contrary to this, Jin and Lu [142] determined that A-
site deficiency actually led to greater amounts of chromium deposition. The authors reported that
this was due to the relative excess of Mn in the material, which promoted the formation of
chromium species. Interestingly Lu et al. [143] found that, whilst A-site deficient LSM cathodes were
indeed more susceptible to the deposition of chromium, this behaviour did not actually lead to
poorer overall performance. The authors argue that this is a result of the manner in which Sr
segregates out of LSM during the formation of chromium species, reducing the conductivity of the
perovskite and hence the performance of the cathode. In addition to this, Mitterdorfer and Gauckler
[144] have previously reported that Mn excess (and, hence, A-site deficiency) can suppress the
formation of a La,Zr,0; phase, which is a common cause of degradation that leads to an increase in
the Ohmic resistance. As a result, whilst more chromium deposition may result, those materials with

A-site deficiency appear to offer better overall performance.

The use of composite LSM/YSZ cathodes was briefly mentioned earlier. Cathodes of such materials
demonstrate an improvement in general performance due to an apparent extension of the TPB sites
[145,146] and have also been shown to enhance resistance to the effects of chromium poisoning
[129,147]. Zhen and Jiang [148] compared the performance of pure LSM cathodes with composite
cathodes of LSM/YSZ (varying YSZ wt%) and GDC-impregnated-LSM. Within the study, it is noted that
such composites have the potential to greatly improve resilience to chromium poisoning, with the
GDC-impregnated cathodes showing particularly exciting resistance to degradation. The authors also
suggest that the use of the ionic phases promotes the ORR in addition to offering a favourable

extension of the TPBs.

Studies upon the geometry of cathodes have been conducted by Konysheva et al. [129] who

investigated the variation of thickness in the so-called “Functional Layer” (FL). In this case, the



cathode is comprised of two sections; the FL of the LSM/YSZ composite and a second layer of LSM
(as a current collection layer). It has been observed that increasing the thickness of the FL can
reduce degradation due to chromium poisoning. The use of such functional layers will also result in a
change in the manner in which chromium is deposited across the cathode structure (Figure 4).
Similar observations have been noted by Schuler et al. [149] but, whilst Konysheva et al.[129]
suggest that the LSM/YSZ layer could be acting as a trap for the chromium, Schuler et al. argue that

it is more likely due to the additional cathode thickness operating as a diffusion barrier.

BYSZ

(d)  FLOICr-0.1

Figure 4 - A series of SEM and elemental mapping images exploring the effects of a chromium source on LSM/YSZ cathodes
with (a) a 50-micron functional layer (FL) thickness, (b) a 13-micron thickness, (c) a 7-micron thickness and (d) a 1-micron
thickness. The chromium mapping images indicate that, as the width of the functional layer increases, the deposition of
chromium moves away from the electrolyte/electrode interface and into the LSM layer [129]. Re-printed with kind

permission.



The effects that different electrolyte materials can have upon the poisoning process has also been
considered [112]. LSM cathodes were screen-printed onto four different electrolyte materials (YSZ,
ScSZ, SDC and LSGM) and exposed to chromium vapours under galvanostatic conditions. The authors
noted a much-reduced degradation rate when the LSM cathodes were deposited onto SDC and
LSGM, compared to that seen when electrolytes of YSZ or ScSZ were used. However, based on the
analysis provided in that same paper it is not entirely clear as to whether or not the degradation rate
is indeed a result of chromium poisoning or whether it is driven by some other means (e.g. reactions

between electrolyte and electrode materials).



3 LSCF/LSC/LSF cathodes

3.1 LSCF

LSCF cathodes (La1-«SrxCo1.,Fe,03.5) have shown great promise within SOFC operating conditions
[150] and a significant research effort has gone into understanding their performance. Key research
players, Forschungszentrum Jllich, have demonstrated an LSCF-cathode containing fuel cell stack
with an operation time of 100,000h [12,151]. At 70,000h a degradation rate of 0.6% per 1000h for
this stack was noted [151] and a further improvement observed (0.3% per 1000h with over 30,000h
of operation) when an improved interconnect coating was utilised. Such results offer
encouragement especially when considering the degradation target, as set by SECA, the Solid State
Energy Conversion Alliance, at 0.2 % per 1000 hours [10]. Despite this promising performance,
cathodes of LSCF are known, like their LSM counterparts, to suffer from the poisoning effects
brought about by chromium-containing interconnects [152]. In this section, the resistance to
chromium poisoning of LSCF cathodes shall be explored further. Within the LSCF family of materials,
the Lag.eSro.4Coo2Fe0s0s.s composition represents the most studied material. The great majority of
the studies which will be discussed here consider this composition when studying exposure to

chromium.

3.1.1 Comparison with LSM

LSCF cathodes perform somewhat differently to their LSM counterparts. The mixed ionic and
electronic conduction (MIEC) properties of the material increases the effective triple phase
boundary, ensuring that the electrochemical activity of the cathode is not confined simply to the TPB

located around the cathode-electrolyte interface.

Comparative experimental studies indicate that cells that utilise LSCF as a cathode material have an
improved resilience to chromium poisoning, compared to those cells with LSM-based cathodes
[25,112,113,127,153]. This statement, however, may be something of an over-simplification since
LSM cathodes may be optimised to rival LSCF in certain scenarios. Work by Zhen and Jiang [148]
indicates that, whilst LSCF outperformed both LSM and composite LSM-YSZ cathodes, LSM cathodes
which were impregnated with GDC could offer competitive performance and resilience to the effects
of chromium. Despite such considerations, there appears to be a general agreement within the
literature that LSCF shows improved resistance to the degrading effects of chromium poisoning. In

addition to this, there have been efforts to further improve the performance of these cathodes.

De Haart et al. [113] noted that the degradation of cells with LSCF cathodes is manifested (Figure 5)

in a different manner to that which was observed for those cells with LSM cathodes (Figure 1).



During a 10,000h experiment, the authors noted the absence of the initial and sudden drop in
voltage that was present for the LSM test cases. In addition to this, the third stage of the
degradation profile seen in Figure 1 (characterised by an acceleration in the rate of voltage
reduction) can be avoided when utilising the LSCF cathodes, albeit at the lower operating
temperature of 700°C. These findings highlight the importance of test duration when considering cell
degradation. Many of the studies discussed in this review provide a direct comparison between
cathode materials by studying the effects of chromium on the increase in overpotential. The
performance of LSM cathodes is utilised as a typical “bench mark”. A number of studies also
consider such performance over a time period of less than 100 hours. Cathode materials are
commonly referred to as offering “promising” behaviour when out-performing LSM cathodes during
this period. However, what is often not considered is the potentially misleading increased
degradation rate of LSM cathodes during the initial stages of operation. In isolation, a consideration
of voltage drop during this initial time period may lead to misleading results and longer testing

periods should be considered for a full analysis of a cathode’s resilience to chromium poisoning,
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Figure 5 - LSCF-based stack testing over 10,000h at 700°C under galvanostatic conditions [113]. Re-printed with kind

permission.

3.1.2 Cr-Deposition Theories for LSCF

It has been reported by a number of authors that Sr has a tendency to segregate to the surface,
often in the form of SrO [17,154-158]. In isolation, the segregation and enrichment of Sr has been
shown to have a detrimental effect upon cell performance [154,155] but, additionally, the

segregated SrO also acts as a chromium-getter which can deteriorate performance further.



Moreover, SrO has been shown to be reactive with the often-utilised electrolyte material YSZ,
forming an insulating SrZrOs phase [17,159]. A protective interlayer has commonly been employed in
order to prevent this from occurring [150,160]. Work by Zhao and other authors [157,158,161] has
demonstrated that Co also has the tendency to segregate out of the bulk material in the form of
CoOy but the authors also concluded, via the use of FIB-EDS and Raman spectroscopy, that such
segregation does not affect Cr-deposition. Interestingly, however, the authors did observe the
potential for the reaction between the segregated Co and the Cr,0s (forming Co-Cr spinels) when in

the absence of the segregated Sr. The Cr, therefore, appears to prefer a reaction with the Sr species.

Yin et al. [17] have suggested that there are four possible reactions which may result from the

reaction between the segregated Sr and the gaseous CrOs species:

Fro(s) + Crogha) = SrCryls (11)

SrOLs) + Croylg) — Sreroy(s) + > 0u(g) (12)
2 1 1

Sr0(s) +5Cr05(g) = 5 SCm0s(s) + Z04(g) (13)

SrO(s) +3€r0a(a) = 25mCro(s) + 20x(a) (14)

In that study, it was indicated that the Sr-Cr-O phase that forms is dependent upon oxygen partial
pressure, chromium-gas partial pressure, the activity of SrO, and the temperature. The formation of
SrCrO4 is most commonly reported in the experimental literature and is generally noted to nucleate
upon the surface of the LSCF cathodes [24,127,152,162]. Chen et al. [163] utilised 3-D imaging
techniques to demonstrate (a) the preference of the chromium deposited on the surface of the LSCF
cathodes and (b) the resulting decrease in porosity at the surface of the cathode (Figure 6). The
authors suggested that the resulting effects on the diffusion of oxygen through the cathode drives

the voltage drop.
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Figure 6 — The deposition of chromium at the surface of the LSCF electrode is shown by Chen et al. [163] via Transmission X-

ray Microscopy (TXM). Re-printed with kind permission.

In addition to the formation of solid Cr species at the cathode surface, there are several studies that
have also reported the formation of chromium towards the cathode-electrolyte interface region
[153,164] as well as through the bulk of the cathode [165,166]. In general terms, however, there is a
definite contrast when comparing the studies on LSCF to those on LSM (discussed in section 2),
where chromium species primarily nucleate at the electrode-electrolyte interface. It is also notable
that Sr-Cr-O-containing deposits are observed to form in the case of LSCF whereas the Cr-Mn spinel
phases are reported form LSM, despite the presence of Sr in both cathodes. The literature indicates

that this suggests a preferential deposition on the Mn (i.e. over the Sr).

There are several suggestions as to how the formation of solid Sr-Cr-O species may result in the
observed reduction in voltage over time. It is commonly suggested that such species have the ability
to block the active sites and, hence, reduce the electrochemical activity as well as the electrical

conductivity [165-167]. Work reported by Zhao et al. [158] concluded that the segregation of Sr and



subsequent deposition of Cr reduces the oxygen surface exchange coefficient and the authors
argued that it is this phenomenon that causes the poisoning effect. Elsewhere, it has been
hypothesised that a loss of porosity at the surface of the cathodes could drive a corresponding
decrease in oxygen diffusion [152,163,165,166]. Such an effect would have obvious implications for
the rate at which the ORR proceeds. The impact of the Sr segregation on the bulk perovskite
material has also been cited as a source of degradation. Oh et al. [167] observed a depletion of Srin
the bulk LSCF material, resulting from the segregation of Sr and the precipitation of SrCrO,. This
effect, the authors concluded, results in a decrease in the number of available oxygen vacancies (or

the electron hole concentration) and a reduction in the oxygen reaction kinetics.

Jiang et al. [152] suggest that the formation of the SrCrO, results from the reaction between the
segregated Sr and the chromium gaseous species, a theory that is also supported elsewhere [162].
Wang et al. [162] used Raman spectroscopy to show that the formation of SrCrO4 can readily occur
at temperatures between 700 and 900°C. In this study, it was shown that, whilst the formation of
solid-chromium species did not require current flow, it was aggravated at higher temperatures. Wei
et al. [168] also observed the deposition of SrCrO, in the absence of current during their OCV study

on LSCF cathodes in the presence of a chromium source.

It is interesting to further consider the aforementioned spatial distribution of chromium-containing
phases in LSCF cathode materials. Several authors have observed the deposition of chromium in
areas other than the surface of the cathode. On the one hand, Jiang et al. [127] concluded that Cr-
phases observed at the cathode-electrolyte interface in their study were due to the presence of
impurities (which acted as nucleation agents). On the other, it has been suggested that this is
evidence of an electrochemical deposition route [29] and it could even be suggested that the
notable formation of Cr-phases at the surface of LSCF could be accommodated by the MIEC
properties of the cathode material. Whilst Konysheva et al.[166] suggest that increased polarisation
results in increased deposition at the electrolyte interface (and reduced deposition on the electrode
surface), chromium deposits in this region have also been reported under OCV conditions [127,165].
This latter observation would appear to question the validity of conclusions on electrochemical
deposition routes. Again, these observations may suggest multiple deposition routes are possible
(i.e. electrochemical and chemical routes possible). Alternatively, the role of partial pressures on the
chemical reaction may offer an explanation. Beez et al. [19] further considered the role of oxygen
pressure on the reaction between the LSCF cathode material and the Cr-containing vapours. It was
indicated that a reduction in oxygen pressure (towards the cathode-electrolyte interface) influences
the equilibrium of the reaction and deposits can be formed in these areas. The authors also indicate

that chromium phases are possibly formed throughout the cathode but are likely to be below the



detection limits of SEM/EDX (which is typically employed for analysis of chromium in cathodes).
Nevertheless, it is difficult to categorically rule out the possibility of an electrochemical degradation

process playing some role in the poisoning process.

3.1.3 Further work

3.1.3.1 Effect of Operating Conditions

Within the literature, there are a limited number of attempts to further understand the effects of
current upon the poisoning process of LSCF cathodes. In terms of Area Specific Polarisation
resistance (ASRp), Bentzen et al. [169] have published results that would indicate that increased
polarisation rates can actually reduce the observed degradative effects (although the inverse
relationship is seen when considering the electrode overpotential). Whilst the authors of that study
suggest this surprising result could be brought about by corresponding increases in temperature,
similar observations have been reported elsewhere. Konysheva [166] reported that open circuit
conditions offered the greatest degradation rate when the cathodes were exposed to chromium.
There are also some observations on the amount of chromium that is observed under different
current conditions. Work by Jiang et al. [127] indicates that chromium deposition may become more
pronounced in the absence of polarisation rather than in its presence. In their study, however, only
one polarisation condition (200mAcm) was compared against the open circuit condition. Both Park
et al. [170] and Konysheva [166] noted a non-linear relationship between chromium deposition and
polarisation current density with deposition seemingly peaking around the 200mAcm condition in
both instances. A significant deposition of chromium was seen to be possible even under open

circuit conditions as observed by Lau et al. [171].

The effect of temperature on the chromium poisoning of LSCF is generally agreed upon within the
literature. Comparing performance at atmospheric temperatures of 700, 800 and 900°C, Wang et al.
[162] found increased deposition of solid chromium species with increasing temperature. This is an
observation corroborated in articles by other authors [65,152,154]. The work by Wang et al. [162]
reports both an increase in the number and size of particles. The authors have attributed this to, not
only, the increased volatilisation rates but, additionally, the quantity of segregated Sr at the higher
temperatures. The increase in segregation with temperature is also noted in work by Oh et al. [156].
Humidity has been seen to have a similar impact on chromium poisoning of LSCF cathodes. Zhao and
authors [158,161] have commented on the acceleration of Sr segragation at higher humidities and,
as a result, the increased formation of SrCrO4under such conditions. Increases in degradation rate at

higher humidities are also documented elsewhere [172,173].



3.1.3.2 Optimisation of LSCF cathodes

In recent times there have been a number of efforts at optimising the chromium resistance of LSCF
cathodes. Some research points to the suppression of Sr segregation as the key for achieving this
[174,175]. Ding et al. [174] propose that segregation is driven by strain relaxation and surface charge
minimisation and suggest the need to reduce both of these factors. It is indicated that this can be
achieved via the use of different dopants or the use of an interface lattice mismatch (i.e. different
electrolytes) in order to reduce the segregation effect. Work by Yu et al. [175] supports this

conclusion, also observing the effects of altering the fraction of Sr doping.

In an attempt to improve the performance of LSCF cathode materials, a number of parameters
relating to their chemistry and synthesis have been considered. As examples of this, factors such as
sintering temperature [165] and A-site stochiometry [176] have been demonstrated to have an
effect on the extent of chromium poisoning. Xiong et al. [165] showed that increased sintering
temperatures resulted in reduced degradation rates for LSCF-GDC composite cathodes. This, the
authors concluded, is driven by differences in microstructure ; greater sintering temperatures are
seen to result in larger cathode particle sizes and, as a result, less surface area (per unit volume) for
reaction. Li et al. [176] observed differing chromium poisoning effects for (Lao.Sro.4)x(Coo2Feo.s)0s.5
when the A-site stoichiometry was altered. In that study, it was proposed that, in the case of the A-
site deficient material (i.e, x=0.95), Cr took up some of the A-sites (i.e. less preferential deposition

upon segregated Sr) and this actually helped to reduce the rate of degradation.

One popular method of improving chromium resistance is via the impregnation of cathode materials
with secondary phases to form composite cathodes. GDC-impregnated [177] LSCF cathodes have
been shown to demonstrate improved performance in resisting chromium-related degradation.
Shen and Lu [178] found that, whilst SDC-impregnated cathodes had reduced resistance to the
formation of SrCrQ,, the overall stability could be improved by the addition of SDC. This serves to
remind the reader that, whilst chromium poisoning represents a significant degradation effect, it is
not the only cause of cell deterioration and it is important to engineer new materials that offer an
improvement in all areas. In work by Chen et al. [179], LSCF cathodes were infiltrated with BaO and
an increase in chromium resistance was reported. It was found that, instead of SrCrO,, the formation
of BaCrO,4 was favoured. This phase is said to have better electrical conductivity than the SrCrQO4
phase and thus reduces the rise in ohmic resistance as the chromium containing phase is formed. In
addition, this also enables the integrity of the LSCF perovskite to be maintained. The authors indicate
that this could only offer a complimentary improvement (e.g. to an interconnect coating) since,

eventually, the BaO would be exhausted and the Cr will begin to react upon the segregated Sr.



In a recent paper, Zhao et al. [252] decorated LSCF cathodes with nickel and iron phases in an
attempt to improve the chromium poisoning resistance of the material. The authors observed a
notable improvement in the manner in which ohmic and polarisation resistance developed over
operating time. This was ascribed to the way in which these phases helped to reduce the Sr and Co
segregation, with Sr(Co,Ni)Os forming on the surface of the cathode and offering some level of

protection against the incorporation of chromium.

3.2 LSC

The removal of iron from the LSCF composition offers another material which has been studied for
use as an SOFC cathode. LSC (La1xSr«Co0s.5) cathodes have excellent electrical and ionic conductivity
but suffer from a high thermal expansion coefficient [67]. The addition of iron into LSC, to form the
familiar LSCF, helps to reduce the thermal expansion coefficient [72]. LSC is reactive towards the
typical YSZ electrolyte and a protective barrier layer is required [160] to prevent the formation of an
insulating La;Zr,07 phase. Despite these issues, there remains a body of work observing the
performance of LSC in a chromium-containing atmosphere. The LagSro.4C003.s composition has had

the most research attention due to offering the most favourable performance [67].

LSC cathodes suffer from similar issues to those previously reported for LSCF-based cathodes. The
segregation of Sr [180,181] as well as the already-mentioned reaction between cathode and
electrolyte, have been described above. As was also seen in the case of LSCF, the formation of
chromium containing phases are seen upon the surface of LSC electrodes after exposure to a
chromium-containing atmosphere [182]. This behaviour has also been noted by other authors
[172,183], with Schrodl et al. [183] observing the formation of SrCrO,, LaxCr,0z, CoCr,.«Cox04 and
Co30,.

Work by Bucher et al. [172] focused on comparing the relative performance of an LSCF and an LSC
cathode in a chromium-containing atmosphere via the measurement of the oxygen exchange
coefficient (kehem). The analysis indicated that LSC may offer better resilience to chromium poisoning
in comparison to that of LSCF, though the poisoning effect is still observed, particularly in humid
atmospheres. In another study, Yang et al. [184] approached the effects of chromium deposition in a
slightly different manner to that described previously. The authors purposefully coated LSC samples
with very thin (*nm) layers of chromium to understand the effects that such deposition would have
upon the surface exchange coefficient. Even with a chromium coating as thin as 10nm there was a
profound effect upon kchem. The performance fell further with an increasing chromium-layer

thickness.



Schrodl et al.[185] considered the effect of humidity upon the poisoning of LSC. It was seen that
both the surface exchange coefficient and the diffusion coefficient of LSC within dry atmospheres
were stable. This reiterates the importance of controlling operational parameters in reducing the
degradation effect brought about by chromium. In a recent study by Kageyama et al.[186], the
authors utilised a “model electrode” in order to confirm the accelerating effects of polarisation on
chromium poisoning. In this case, a dense electrode was prepared and defined areas were removed
via ion beam milling in order to control the quantities of triple phase boundaries. Significant
chromium deposition was observed on the surface of the electrode which was close to the triple

phase boundary with comparatively less seen in areas further away.

Ou and Cheng [253] studied the fundamental effects of the addition of MnO; into a Lag7Sro.3Co03
material. The authors observed that the MnO; reduced the rate at which SrCrO4 was formed after
heating at 800°C for 1000 h in the presence of a chromium-containing alloy. There was a marked
preference for the formation of the Cr-Mn spinel phase. When considering the effects on
conductivity, it was apparent that this led to a much reduced degradation which the authors
concluded was a result of the improved stability of Sr in the material. The use of such an approach
(i.e. where “sacrificial” materials are used in order to form less destructive phases) has recently been

more commonly reported in the literature.

3.3 LSF

LSF (La1xSr«Fe0s.s), like LSC, is related to the LSCF composition (this time via the removal of Co from
the material) and is a predecessor to LSCF. This material has been shown to offer reasonable
electrochemical reactivity and favourable thermal expansion properties [75] for use as an SOFC
cathode material. There is evidence, however, to indicate that such cathodes (LagsSro2FeOs; being
popular) fail to offer an appropriate resistance to chromium poisoning. Simner et al.[25] noted
greater chromium deposition within an LSF cathode than that for cathodes of either LSM or LSCF.
The authors found that the significant performance deterioration of their LSF cathodes was coupled

with the formation of a SrFe;,019impurity phase.

Interestingly, the deposition of chromium has been reported to occur throughout the thickness of
the cathode rather than demonstrating preferential deposition at either the interface or cathode
surface as was seen for LSM and LSCF, respectively [25,26,187,188]. Combined with the extent of the
poisoning effect, a high level of reactivity between LSF and the hexavalent chromium species is

apparent.

Whilst literature indicates that LSF has high reactivity with chromium vapours under operation,

when compared with LSM [26,188], this does not necessarily mean that LSF is less tolerant to



chromium poisoning. Horita et al. [188] found that, although larger quantities of chromium deposits
are expected in LSF cathodes, the electrochemical performance does not deteriorate as much as
seen for LSM within which lower levels of chromium are detected. The polarisation resistance of the
LSM cathodes was seen to increase by up to 15 times its initial value in a 300h time period,
compared to up to 2.3 times for LSF. It is highly likely that this is a result of the increased number of
reaction sites brought about by the mixed conduction properties of LSF. This is a conclusion that is
supported in analysis by Yokokawa et al.[121]. The authors noted that, whilst LSF was less stable
than LSM in the presence of chromium containing vapours, the wider area for electrochemical
activity likely results in a lower sensitivity to chromium deposition. Generally speaking, LSCF appears
to be preferred to LSF and it has been shown that the former offers better resilience to chromium

poisoning [25].



4 Other materials

Whilst it has become commonplace to utilise coated steel interconnects as a method of reducing the
rate of chromium migration (and hence poisoning) [189], there is evidence to indicate that this may
not offer a complete solution to the issues discussed so far. Firstly, chromium containing vapours
have been observed to emanate from BoP components within the fuel cell system [190] and, as
such, coatings of the interconnects alone may not necessarily eradicate the presence of mobile
chromium. The application of coatings on interconnects also offers further complication and
additional expense in manufacturing SOFC stacks. Further, such coatings are subject to their own
degradation mechanisms and, thus, such a solution may become less effective with time. With these
factors considered, the pursuit and development of new chromium-tolerant cathode materials could
offer significant advantages. By further analysing research efforts, it is possible to consider the
various strategies that have been employed by the research community in order to offset the

poisoning effects.

It is clear that LSM and LSCF-based composites have received the greatest level of research attention
but the effects of chromium upon many other cathode materials have also been investigated. It is
often difficult to provide direct comparisons between these materials as the extent to which they
have been analysed in relation to one another is often limited and the experimental techniques used
frequently vary in terms of operational parameters as well as in terms of experimental set-up.
Typically, the performance of alternative cathode materials are contrasted with that of LSM or LSCF.
In a number of the cases described, promising performance has been reported and yet there
remains limited literature to support these claims and, often, the materials are not studied for

extended periods (commonly <100 hours).

4.1 Platinum

Platinum electrodes are more typically associated with the lower temperature PEMFC but the
material also offers an interesting case study for chromium poisoning under SOFC-type conditions. A

review of the work conducted is revealing.

Jiang et al. [127] compared LSM, LSCF and platinum electrodes in a chromium containing
atmosphere. By observing the overpotential under galvanostatic conditions, there was seen to be an
apparently large poisoning effect on the Pt-electrode. Remarkably, however, the authors did not
observe significant deposition of chromium, suggesting that the loss of performance was unrelated
to chromium poisoning. Whilst it is not clear why the degradation was more significant under a

chromium-containing atmosphere, the findings in the study appear to offer further proof that



deposition is not brought about by electrochemical reduction of the gaseous species and is,

moreover, related to material selection.

In two papers by Wang and Fergus [191,192] platinum electrodes were utilised to study poisoning
effects when combined with doped and undoped YSZ electrolytes. Though there was seen to be very
little evidence of chromium poisoning on the platinum electrodes themselves, it was seen that
doping of the YSZ with Mn, Fe and Co promoted the poisoning effect, with little chromium noted
upon the undoped YSZ. This is an interesting finding and, again, points towards a chemical (rather
than electrochemical) deposition mechanism. To complicate matters, however, the experimental
work was conducted under both polarisation and non-polarisation conditions. Significant deposition
of chromium was observed under polarisation conditions alone, indicating that the current flow has

some accelerating effect in this process.

4.2 Other La-based Perovskites

Besides the La-based perovskites discussed previously, there has also been a significant drive to
research other perovskite materials, most of which concentrated towards materials with La at the A-
site. Many of these materials have been explored, not only for use as cathodes, but also as

interconnect coating materials.

4.2.1 LNF

Jiang et al. [193] hypothesised that, based upon their theory of LSM deposition mechanisms (see
2.1.2), the next generation of chromium-resistant materials can be brought about via the production
of cathode materials which exclude nucleation agents like Mn and Sr. Experimental work by Komatsu
et al. [194] would appear to go some way in justifying this statement. The authors have
demonstrated the much-improved chromium-resistance of LNF (LaNixFe;«Os.s) in comparison with
LSM. This range of perovskites has received a notable amount of study, with the most common

composition studied being LaNipsFeo.40s3.s.

Cathodes based upon the perovskite LNF have been reported to offer competitive performance at
SOFC operating temperatures [78,195]. The performance of this subset of perovskites has been
shown to be particularly promising when combined with ionic conductors such as GDC to form
composite cathodes [196]. A number of studies suggested that such cathodes offer an advantage in
avoiding chromium poisoning when compared with LSM and LSCF [153,193,194,197,198]. Work by
Zhen et al. [198] compares the commonly utilised LSM and LSCF cathodes with the less widely
studied LNF and LBCF during 20 hours of chromium exposure (Figure 7). It is seen that LNF shows
highly promising resilience to the chromium poisoning effect. Elsewhere, Komatsu et al. [199]

reported a much improved degradation rate compared to LSM over a 1000 hour test. In the case of



LNF, a 200mV drop was observed after 1000 hours at a current load of 2.3Acm™ whereas the same

voltage drop was seen for LSM within 350 hours at a current density of just 0.345Acm™.
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Figure 7 — Overpotential vs time for four different cathode materials in the presence of a chromium interconnect

(galvanostatic condition of 200 mAcm™ and operational temperature of 900°C) [198]. Re-printed with kind permission.

Despite the aforementioned studies, suggesting an encouraging resilience to chromium poisoning, a
thermodynamic study conducted by Yokokawa et al. [121] indicated that there remains potential for
reaction between LNF cathodes and chromium vapours and reactions between these materials have
been experimentally observed. Komatsu et al. [153] heated a mixture of Cr,0sand LNF powders at
800°C for 1000 hours and utilised XRD analysis to detect the formation of NiCr,04. Though the
formation of this spinel phase was confirmed, the authors also commented that the consumption of
the chromium is significantly slower than that seen for both LSCF and LSM; indicating an improved
chemical stability, a conclusion also supported elsewhere [171]. During a similar reactivity study at
the lower SOFC temperature of 600°C, Stodolny et al. [200] initially reported that no extra phases or
reactions could be observed after a 1000 hour test. Subsequent work by the same authors, however,
has shown that chromium-related degradation is still observed at this lower temperature, when LNF
cathodes are employed [201]. The lower temperatures do, however, bring about a reduction in the

degradation rate.

At 800°C and under a current load of 400mAcm, Stodolny et al. [202] found that, despite an initial
stable performance for around 200 hours, their LNF cathodes exhibited a dramatic increase in ohmic
and polarisation resistance after a further 800h. Work by these authors [200-202] has sought to
determine the exact mode of degradation that drives the loss of performance. It was concluded that

chromium is incorporated into the LNF perovskite structure via chemical reaction, with a resulting



segregation and precipitation of nickel out of the bulk material. Thermodynamic work by Yokokawa
et al. subsequently agreed that this reaction is thermodynamically feasible [121]. In one particular
study [202], the deposition of chromium under galvanostatic operation is noted to be apparent
throughout the cathode. There is, however, an apparent preference for deposition upon the cathode
surface, at the cathode-barrier layer interface and, surprisingly, within the GDC barrier layer itself.
This latter effect is thought to offer a deterioration in the ionic conduction properties of the barrier
layer. Interestingly, the authors of that study concluded that the reduction in nucleation agents
(such as Mn and Sr) enables the chromium vapours to reach the interlayer and have this poisoning
effect. In other words, the removal of these nucleating agents has shifted a large quantity of the

deposited chromium to an alternate component within the cell.

As has been seen for other materials, chromium poisoning resistance is dependent on a number of
compositional and microstructural features. As an example of this, Stodolny et al. [203] observed
that electrodes with high porosities, small grain sizes and larger particle surface areas were more
susceptible to chromium poisoning with respect to both increases in resistance and deposition of
chromium. Impregnation of LNF with GDC has demonstrated improved electrochemical
performance, whilst also offering the opportunity to still further improve resistance to chromium
poisoning [204-206]. This is believed to result from the increase of the TPB area and, hence, the
increase in the number of reaction sites. By varying the content of ionic conductor CGO, Chen et al.
[207] found that the general performance was optimised at 30wt%CGO, whilst Huang et al. [196]

reported optimisation of their LNF-GDC cathodes at 21wt%GDC .

Overall the literature indicates that, whilst LNF still suffers from the issue of chromium poisoning,
the material may offer an improvement in this area relative to other systems, particularly when used

to form a composite with an ionic conducting phase such as GDC.

4.2.2 LBCF

Like LNF, the MIEC cathode material LBCF (La1.xBaxCo1.,Fe,0s.5) has also been reported to offer an
improvement in resilience to chromium poisoning when compared to LSCF and LSM [198,208,209].
In the papers referenced here, Lag.sBao.4Coo2Fens03 has proven a common composition but others
have also been studied including LagsBagsCoo.9Feo.103 which is referenced in Table 1. The
performance of LSCF, LSM, LNF and LBCF cathodes over a 20 hour period is compared in Figure 7
[198]. It can be noticed that, after an initial increase in overpotential, the performance of LBCF
becomes much more stable, albeit over the relatively small testing period which was studied.
Although the formation of BaCrO, was observed to occur upon the surface of the LBCF cathodes,

Chen et al. [208] reported much lower quantities of this phase than when considering the formation



of SrCrO4 upon LSCF. The lower degradation rate (relative to LSCF) indicates that Ba has a lower
affinity to the formation of chromium species when compared with Sr, which was discussed
previously to offer a site for the nucleation of such phases. Alternatively, this may be due to the fact

that the resulting BaCrQsis less destructive to the performance of the electrode.

Despite the studies which indicate promising performance with respect to resisting chromium
poisoning, it is also important to consider the other properties of interest. The thermal expansion
coefficient of the LBCF family (between 20-30 x 10 °C?[81,210]), suggests that it may be difficult to
utilise cathodes of such a material. Setevich et al. [210] found a significant increase in polarisation
resistance over a 200 hour period which the authors concluded to have arisen from a thermal
expansion mismatch with the electrolyte. In addition, Ba-containing cathodes have been observed to
suffer from poor stability in CO,, leading to the formation of Ba-carbonates [218,219]. We are
unaware of any reports that have searched for this phenomenon specifically in LBCF but the Ba-
content would indicate that this is a likely degradation mechanism. The drawbacks described above

are most likely the reason why there has been only limited interest in the LBCF family of perovskites.

4.2.3 Other

Some researchers have looked to synthesise new cathodes that effectively offer an “intermediate”
between two of the materials that have already been discussed. As an example of this, Las.
ySryCoxMn1403.5 is a perovskite material which, by varying the Co-Mn content, can explore the range
of systems between LSM (i.e. x=0) and LSC (i.e. x=1). Often it is seen that the chromium resistance
that is offered lies between that of the two materials at either end of this range. Materials that have
been investigated in a similar manner are LSBCF (e.g. LaosSro.4-xBaxCoo2Feos0s3.5 [208]), LSBCFN (e.g.
Lao.245r0.16Ba0.6C00.5F€0.44Nb0 06035 [211]) and LSCM (e.g. (Lao.sSro.2)0.9sMn1xCox03+5 [182]). Even LSCF
can be considered as an amalgamation of two other cathode materials, combining the excellent
conductivity of LSC with the improved stability of LSF. By conducting such research, authors have
been able to make direct comparisons between materials in terms of the extent of the poisoning

effect and the mechanism of deposition for each material.

One field of cathode research which is particularly interesting is the use of Cr-doped perovskite
materials within SOFC cells. This may seem a somewhat counter-intuitive concept given the
poisoning effects of chromium which have been discussed thus far. Nevertheless a number of
studies [212-214] have reported the potential of such materials. We are unaware of any studies
observing the effect of chromium-poisoning on these cathodes and this may be an area of interest

for those designing new cathodes with improved resilience.



4.3 Other ABOs-type perovskites (i.e, A= Ba, Pr, Nd, Sm)

As may be appreciated at this stage, all of the materials discussed so far have made use of La at the
A-site of the ABOs structure. In essence, those studies observed the effects of altering the A-site
dopant and/or B-site species on the electrode performance (specifically, with respect to chromium
poisoning). Elsewhere, attempts to synthesise new perovskites via the replacement of La with
alternative lanthanides (e.g. neodymium) or with alkaline earth metals (e.g. barium) have also been
demonstrated. These have the ability to offer new cathode materials with differing properties and
there is a significant body of work that reviews the effect that this has upon the general
performance of cathodes. It would appear that conclusions on the preferred A-site material differ
dependent upon composition and operating temperature (e.g. [82,159,215]). A thorough analysis of
the general benefits of each material is out of the scope of this article (although some references to
such work are provided for the purpose of context). Importantly, however, some authors have
looked to see if such an approach can have a beneficial effect in reducing chromium poisoning.
These studies thus offer an insight into the role of the host species at the A-site in the poisoning
process and this work may be relevant in helping the community to develop new chromium-tolerant

cathodes. Here, some of these studies shall be discussed.

4.3.1 Baatthe A-site

BSCF (BaxSri1«xCoyFe1,0s.5) is a commonly studied cathode material amongst researchers with Shao
and Haile [216] amongst the first to comment upon its promise. These authors studied a
Bao.sSro.sCoo.sFeo203.5 composition but alternatives within this BSCF family have also been
considered. The favourability of such materials has been called into question by some researchers.
Significantly, BSCF has been found to be unstable around common SOFC operating temperatures (i.e.
below 800°C) [217]. Niedrig et al. [217] found the transition of the BSCF structure from cubic to
hexagonal, at temperatures below 840°C leading to a corresponding drop in conductivity. In
addition, the material has been shown to have the tendency to react with CO, to form carbonates,
especially at lower operating temperatures, being especially prominent around 500°C [218,219]. In
work conducted by Shen and Lu [65], the electrical conductivity of the BagsSrosCoo.2Feos03
composition is reported to be notably smaller than comparable LSCF and SSCF compositions
(Lap.eSro.4Coo2Fe0803-5 and SmosSrosCoo2Fens0s.s). The relatively poor electrical conductivity may also
be noted in work by Wei et al. [95]. In studies by Patra et al. [220] and Wei et al. [95] it is indicated
that a reduction in the Ba-Sr ratio is capable of significantly improving the electrical conductivity of
the material, particularly when the volume ratio of Sr is increased above 0.6. However, this
introduces other issues. Firstly, it was seen that increased Sr-content increased the thermal

expansion coefficient and worsened the thermomechanical mismatch between electrolyte and



cathode. As will be discussed later, altering the composition in this manner also has a knock-on

effect with respect to the performance of the cathode in a chromium-containing atmosphere.

Parallels may be drawn between the effects of chromium on BSCF cathodes and those on the
previously discussed LBCF and LSCF. Chromium has been observed to deposit on the surface of BSCF
cathodes, believed to be in the form of BaCrO4as well as in the form of SrCrO4[221]. The formation
of chromium compounds on the surface of the BSCF cathodes has been observed to worsen at
higher currents/overpotentials [222] and at higher temperatures [221]. This is reflected in the
resulting deterioration in performance. In separate work observing chromium deposition, BSCF
cathodes have been compared with Mn-containing perovskite LSM, PrSM and NdSM [222] as well as
with similar colbalt-ferrite-containing perovskites LSCF and SSCF [65]. The BSCF cathodes are
generally shown to outperform the Mn-containing cathodes with respect to chromium poisoning
resilience [222] but it is, perhaps, the work conducted by Shen and Lu [65] which should be viewed
most keenly due to the obvious similarities between LSCF, SSCF and BSCF. Interestingly, the study
indicates that BSCF may offer an advantage over LSCF and SSCF when the cells in question are
operated at the lower temperature of 600°C (in terms of electrochemical performance) yet this does
not account for the previous considerations on the phase stability of BSCF. As the temperature is
increased, the polarisation resistance for all three materials increases markedly; LSCF and SSCF begin
to outperform BSCF under these conditions. Despite this apparent drop in performance, the authors
indicate that BSCF may offer a better chromium resistance in the long-term due to (a) the avoidance
of Sr segregation and (b) the improved conduction properties of BaCrO4relative to SrCrO,4 This was a
theory also discussed in earlier work by Chen et al. who studied the performance of BaO-infiltrated
LSCF cathodes [179]. Nevertheless, the alkaline earth element Ba, like Sr, favours the formation of a

chromium phase which offers a source of degradation.

Kim et al. [223] reported that the performance of BSCF cathodes in resisting poisoning effects is
strongly dependent upon the Sr-content. Reduced Sr-content was seen to improve the stability of
the material over a 20 hour period of time. This is an interesting observation and much of the work
reporting on the stability of BSCF has concentrated heavily on a Ba-Sr ratio of 1:1 [65,221,222,224],
with the BagsSrosCoxFe1x0s.s dominating. The reported resilience in those papers could thus be
enhanced by increasing the Ba-content. However, as discussed at the beginning of this section, BSCF
offers particularly poor electrical conductivity at low Sr ratios [220]. Further to this, Lumeij et al.
[225] suggest that an increase in the Ba-Sr ratio, drives a reduction in the structural stability of BSCF
with the Ba-rich materials preferring the undesirable hexagonal structure. As a result of these
considerations, any reduction in Sr content to achieve improved chromium resistance is done so at

the expense of other factors.



In a recent paper by Qiu et al. [226], the possibility of improving chromium poisoning resistance by
coating a Bao.sSro.sCoo.sFep203.5 cathode with a LaCoOs layer was explored. The authors observed
both improved resilience and an improvement in the overall performance of the cathode. Indeed,
the impregnation of cathode materials with secondary phases is a technique which has been seen
elsewhere [227,228] and appears to offer some potential in improving chromium poisoning

resistance.

Other perovskite cathodes that utilise Ba at the A-site include BSCN (Ba1.«SrxCo1.,Nb,O3.5), BSFN
(Ba1xSrxFe1yNbyOs.5) and BCFN (BaCoo.s«FexNbo103.5). These materials have not received the same
level of attention as that seen for BSCF but there remains some work of interest. The use of niobium-
doping at the B-site gives BCFN (often the composition BaCoo 7Feo2Nbo10s.5 has been studied) which
offers excellent chemical stability, but the material also suffers from poor electrical conductivity
(0<20 Sem?) [102,229,230]. In a study conducted by Zhao et al. [229], BaCoo.7Feo2Nbo 103.5 was
observed to have a promising stability when exposed to chromium during operation, though this
study only observed the performance during a 20-hour time frame. There have been some further
efforts to take advantage of the apparent high-level of stability of this material and these efforts
shall be discussed further in section 4.3.2. Contrary to this, however, a more recent study by Wang
et al.[231] has cast some doubt upon the resistance of BCFN to chromium poisoning. The authors
have indicated that there is some poisoning effect on BCFN cathodes above 700°C and it is thus not

immune to this degradation effect.

Like BCFN, it has been observed that compositions of BSFN (Bag.sSro.sFeogNbg 1035 ; 6<20 Scm™) [101]
and BSCN (Bao.Sro.4C009Nbg 103.5 ; <50 Scm™) [99] offer relatively disappointing electrical
conductivity. Although we are unaware of any chromium poisoning studies upon either BSFN or
BSCN, it seems likely that, due to their Sr-content, they will poison in a similar manner to that
considered for other Sr-containing perovskites such as LSCF or LSC (i.e, formation of SrCrO,4) and/or

via the formation of BaCrO4as seen for BSCF.

4.3.2 Alternative Lanthanide elements (Sm, Nd, Pr) at the A-site

Xiong et al. [232] compared the poisoning effect of an SSM cathode (SmgsSrosMn0Os.5) with that of an
LSM cathode (of unspecified composition). The authors noted that the use of this SSM material
resulted in a slower deterioration of the polarisation resistance when compared with LSM. This is
interesting given that the common nucleation agents (i.e, Sr and Mn) are present in both materials
although, in the absence of information on the LSM composition, this may be simply due to a
differing A-site dopant concentration. In this same work, the authors noted the formation of SrCrO4

on the SSM cathode surface, instead of the (Cr,Mn);04 phase that is commonly seen at the LSM-



electrolyte interface. This would suggest two differing poisoning effects despite the similarities
between the materials. The authors of that study, in fact, attributed the change in behaviour to the
ionic size difference between La®* and Sm3*. The smaller Sm ion is said to allow the Sr to segregate
out more easily as a result of elastic energy minimisation whilst also reducing the rate at which Mn
segregates (Figure 8). In a separate study, an SSCF composition (SmgsSrosCoo2Fe0s03-5) was observed
to degrade in the same manner as SSM (i.e, via the formation of SrCrQ,), though it was also noted
that the poisoning effect was more profound in this case than it was with LSCF [65]. This observation
would be consistent with the relationship between the smaller ion size and the ease with which Sr
may segregate out of the perovskite structure. However, it is also notable that the authors
compared their SSCF cathode against an LSCF material with lower Sr-content (Lag ¢Sro.4C0o2Feos0s).
In such a case, a greater quantity of SrCrO4 could be anticipated and a greater rate of degradation

would be expected.
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Figure 8 — A schematic of the effect of different A-site atomic sizes on Sr-segregation [232]. Re-printed with kind permission.

A family of novel SSBCFN (Smg.5(1-Sro.5(1-\BaxC01-0.3xF€0.2xNb0.1x03-5) cathode materials has been
investigated by Zhao et al. [229] with respect to their chromium-poisoning resilience. The materials
were synthesised in an attempt to exploit the high performance of SSC (SmgsSrosCo0s.5) and the
stability of BCFN (BaCog 7Feo2Nbo103.5). In that study, the authors reported a reasonable level of
success, with the material offering desirable stability and performance. It was suggested that the
small amount of Nb-doping is capable of improving the stability of the Ba and Sr at the A-site and
thus reduces the rate at which the species is capable of segregating to the surface of the material.
However, this material requires further consideration to assess its longer term stability given that

this study concentrated upon the degrading effects within a short time frame only (<100 hours).



In work by Matsuzaki and Yasuda [112] a comparison between compositions of LSM, LSCF
(Lao.eSro.4Cop.2Fe0.503-5) and PSM (Pro 6Sro.sMn0Qs.5) was reported. When the electrodes were exposed
to chromium containing vapour, the loss of voltage with time indicated a very similar behaviour
between LSM and PSM over a 40 hour period. The authors, however, did not analyse the quantity of
chromium deposited within the PSM cathode. Park et al. [222], on the other hand, did conduct such
an analysis using Wavelength Dispersive Spectroscopy (SEM-WDS). The deposition of chromium
within the PSM (Pro.sSro2MnOs.s) and NSM (Ndo.sSro2MnOs.5) cathodes was seen to be similar to that
of the LSM composition (LagsSro.2)0.9sMn0Os.s. Generally speaking, the presence of chromium
appeared to affect the LSM cathode more profoundly with greater quantities deposited within the
electrode and a resulting larger rate in the drop in voltage with time. This indicates that the
replacement of lanthanum with either neodymium or praseodymium does indeed have some effect
on the extent and impact of chromium-related degradation. Although it is questionable whether or
not PSM or NSM may offer a significant-enough improvement to the incumbent electrode materials,

the tactic of replacing La with Pr or Nd at the A-site may reap benefits in other perovskite materials.



4.4  Alternative Structures

4.4.1 Ruddlesden-Popper Phases

In recent times the Ruddlesden-Popper family of materials has generated interest with SOFC
researchers, due to the promising electrochemical and thermomechanical stability that it can offer
[233,234]. These materials have a general formula A,.1MnO3n:1 Whereby ABOs perovskite layers are
separated by AO rock salt layers. Such structures possess a wide range of oxygen stoichiometries
(both deficient and excess) and the oxide ion may be transported via both interstitial and vacancy
mechanisms [235]. Today, the A,BO, series (i.e. ‘n=1") of materials has been the most commonly

studied of the Ruddlesden-Popper phases.

A number of Ruddlesden-Popper materials have been proposed for use in SOFC applications but the
analysis herein shall concentrate on two of the more popular of these materials. An emphasis is
placed upon those materials that have been researched in terms of their chromium resistance. It is
interesting to consider whether or not these structures can offer some improvement to the
resistance to chromium poisoning or if this is determined by the constituents of the phase only (e.g.

the presence or absence of Sr or Mn).

4.4.1.1 LNO-214

In relation to the K;NiF,-family, the effects of chromium upon the mixed conductor La;NiO4.s (herein
denoted LNO-214) have perhaps received the highest amount of attention amongst researchers.
Hou et al.[236] concluded that LNO-214 could offer a promising chromium-resistant cathode for
SOFC finding little evidence of chromium poisoning over a short-term test (~20h). Generally, the
performance of LNO-214 in a dry, chromium-containing atmosphere has been shown to be relatively
stable but, like many of the other materials discussed thus far, the degradation becomes significantly
more prevalent in humid conditions [185,237,238]. Over the course of a 4000 hour test, Schrodl et
al. [238] studied the effects of both chromium and silicon vapours upon the surface exchange
coefficient of LNO-214, observing a notable deterioration in this property due to chromium. The
authors identified (a) the segregation of Lanthanum from the bulk to the surface of the material, (b)
the formation of La(Cr,Ni)Os as well as Lag33(Si04)O, upon the cathode surface and (c) below the
surface, the LNO-214 was seen to restructure to higher order Ruddlesden-Popper phases. It was
seen that the performance was reasonably stable in dry conditions but that the presence of
significant humidity offered a much more aggressive condition, resulting in significant degradation.
Across two of their studies [185,238], Schrodl et al. observed a deterioration in oxygen exchange
kinetics (represented by keem). Interestingly, this appeared to be greater at a temperature of 700°C

(a decrease in kehem by a factor of 230 in relation to initial performance) than it did at 800°C (a



decrease in kenem by a factor of 25). This is an interesting observation given the higher volatilisation
rates of Cr,03 at elevated temperatures but, as should be expected, the electrode-properties of the

material are also shown to be improved at higher temperatures.

In a recent work produced by Gong et al.[239], the formation of La(Nip7Cro3)O3 was observed to
occur within LNO-214 cathodes (consistent with the aforementioned work [238]). The authors noted
that there was no real tendency for chromium to deposit around the electrolyte/cathode interface
(unlike that seen in the case of the LSM/YSZ cathode). Importantly, the authors confirmed that this
material can offer a significant improvement in resisting the degradative effects of chromium when

compared with that seen for LSM/YSZ.

Lee et al. [240] sought to observe the impact that chromium deposition would have on the
performance of LNO-214 cathodes by depositing small amounts of chromium into the material. At
low levels of chromium incorporation (<0.5% of the total cations in the material) the polarisation
resistance was seen to remain relatively stable but, at greater concentrations, the resistance was
observed to increase significantly. Despite this, the authors note that the deterioration in
performance was less than that seen for LSCF cathodes, which is hypothesised to be a result of the

reasonable catalytic performance of the resulting LaCrOs and LaNiOs; phases.

Ling et al. [241] studied an iron-doped LNO-214 cathode with a composition of LazNigoFeo104+5. The
authors also considered an electrode of this composition, when infiltrated with GDC. The addition of
the oxide-conducting phase notably improved the polarisation resistance of the cathode but it also
reduced the degradation rate over the 300-hour test period. This is consistent with those studies

that have been mentioned previously, relating to dual phase cathodes.

It has been suggested that, in fact, higher order phases LasNi;0; (LNO-327) and LasNis01 (LNO-4310)
may offer improved performance as cathode electrode materials in comparison to the LNO-214. We
are unaware of any work which has considered the response of these materials to a chromium-rich
environment. Indeed, it may be of interest to examine if these higher-order phases can offer any
improvement in this regard and this may also reveal more about the role of the crystal structure in

the poisoning process.

4.4.1.2 NNO-214

The isostructured Nd-nickelate NNO-214 (Nd,NiO4.s) has shown reasonable conduction properties
[73] and, like LNO-214, its lack of the classic nucleation agents, Sr and Mn, would suggest that the
material should offer a high-level of resilience to a chromium-containing environment. This is the

conclusion that was reached by Lee et al. [242] who reported only a minimal poisoning effect when



NNO-214 was exposed to chromium vapours. This work studied the effects of chromium when the
cells were under both in open circuit and polarisation state. Interestingly, this appeared to have little
effect with respect to the deposition of chromium with only small amounts reported throughout the
cathode structure. Further work on NNO-214 by Yang et al. [184] suggested a reasonable level of
tolerance to chromium deposition, with the authors demonstrating only a minimal impact upon Kchem
when a 10nm layer of chromium was deposited on the cathode. In comparison, and as discussed in
section 3.2, the performance of LSC was noted to be affected even at this low level of chromium
deposition (though the initial performance was better). Contrary to these studies, Schuler et al. [243]
concluded that cathodes of NNO-214 remain susceptible to poisoning via chromium-sources
(forming NdCrQ,), as well as from sources of other contaminants such as silicon and sulphur.
Observing a precipitation of nickel out of the material (as familiar to the previously discussed LNF

material), the authors describe a “contamination induced decomposition of the nickelate structure”.

Choe et al. [244] built upon the earlier work on the Nd,NiO, material, by analysing the effect of
copper-doping (Nd,Nii1«CuxO44s). Finding that the lowest ASR and polarisation resistance could be
achieved with a Cu content of x=0.05, the authors then analysed the effects of chromium poisoning
in comparison with that of LSCF. At 800°C (and under the presence of gaseous chromium species), it
was observed that the ASR of LSCF increased by a factor of 4.5 whilst that of the Nd2Nig.osCuo 0504+ 5

only increased by a factor of 1.7.



4.4.2 Double perovskites

Double perovskites are another subset of materials which have received some interest for use as
SOFC cathodes. Such structures describe a perovskite variant, where the A or B site is occupied by
two types of cation (e.g, A.BB’Og or AA’B,0¢) [245]. To date, there are few studies considering these

materials with respect to their resistance to chromium poisoning.

There exist a handful of Cr-poisoning studies that relate to the LnBaCo0,0s.s (Ln=Lanthanide) subset
of double perovskites. Wei and co-authors first studied the reactivity of chromium with SBCO
(SmBaCo,0s.s5) [246] before later studying its reactivity with PBCO (PrBaCo,0s.s) [247]. In both
instances, the formation of BaCrO4 was observed to have a notable effect upon the electrochemical
performance of the cathode. In the absence of chromium, the authors observed the segregation of
Co and Ba species from the bulk PBCO material, assumed to be in the form of Co304 and BaO [247].
The chromium vapours were seen to react, preferentially, with the BaO, forming BaCrO4. Across the
two studies, the authors concluded that neither PBCO nor SBCO offered resilience to poisoning.
Indeed, this was consistent with earlier work by Gu et al. [248] who found that NBCO (NdBaC0,0s.s)

exhibited a strong loss in performance when exposed to chromium for just a few hours.

In another study conducted by Li et al. [228] the authors again noted a strong poisoning effect, this
time on PBSCF (PrBaosSrosCoi1sFeosOs4s). The authors found, however, that when the cathode was
infiltrated with LNO (LazNiOa.s), the performance could be greatly improved. This highlights the
promise that cathodes with non-nucleating agents can offer in resisting the phenomena of
chromium deposition. From the limited work in the area of chromium poisoning on double
perovskites, there does not appear to be any apparent advantage in such a structure with respect to
suppressing the formation of secondary phases although further work is necessary to confirm this. It
may be interesting to consider the effects of chromium on double perovskites that do not contain

the traditional nucleation agents (i.e. Mn, Sr, Ba).



5 Discussion

5.1 Conventional Materials and the Mechanism of Chromium Poisoning

The traditional cathode material LSM has been shown to suffer from a significant deterioration in
performance as a direct result of the deposition of chromium species at the cathode/electrolyte
interface. A number of solutions have been proposed to extend the life of LSM cathodes. The use of
oxide conducting phases (such as YSZ or GDC) to extend the amount of TPB sites throughout the

cathode has been shown to offer a reduced degradation rate.

LSCF cathodes, which have replaced LSM as the “state-of-the-art”, have also been shown to be
susceptible to chromium poisoning, yet their MIEC properties (and hence increased number of active
sites) appear to reduce the impact that the resulting chromium phases have on the cathode
performance. Nevertheless, the formation of the SrCrO4 phase offers a serious degradation
mechanism which, ideally, should be eliminated to further extend the life of SOFCs. As a side note on
LSCF, a move away from Co-containing materials (for cost and ethical reasons) also offers a reason

for the research and development of alternative materials.

Earlier in this review we considered the evidence for different theories on the mechanism of
chromium poisoning. The great majority of this work has been conducted on LSM and LSCF
cathodes, reflecting the historical and current importance of such materials. Early work in this area
commented on the likelihood of an electrochemical reduction of chromium species during the
polarisation of the cathodes [15, 20]. Work by Jiang and collaborators [6] preferred a theory relating

to the formation of chromium species on ‘nucleation agents’.

The argument laid out in the review by Jiang et al. [6] appears to be fairly comprehensive and there
has yet to be a compelling counter-argument to disprove the theory presented. Therefore, on the
weight of the current evidence, we concur with the conclusions in that paper. That is to say, the
phenomenon is predominantly driven by a reaction between the chromium species and the cation
species within the cathode material (e.g. Mn%, Sr?*). The acceleration of the poisoning process under
polarisation and at higher temperatures is said to be related to the valence stability of the cation
species and/or the segregation of certain species (e.g. SrO). This has important implications on the
development of new cathode materials. We will consider this further, shortly. Whilst it is difficult to
categorically rule out the possibility of an electrochemical deposition route playing some role in the

poisoning process (however minor), the evidence does not appear to be as compelling.



5.2 Considerations on Operating Conditions

In order to minimise chromium poisoning, a key operating parameter that could potentially be
controlled is humidity. All cathode materials discussed in this review have been observed to poison
in humid environments (with the exception of perhaps platinum). This is linked with the increased
quantity of Cr-VI gas produced from the steel interconnects under such conditions. Operation in dry
air appears to considerably reduce the effect of chromium poisoning due to a much reduced

volatility of chromium species.

The effects of temperature and, moreover, the definition of an optimal SOFC operating temperature
are less clear. Higher temperatures have the obvious advantage of improved SOFC performance (e.g.
faster reaction kinetics) and yet higher operating temperatures also result in greater amounts of
chromium release and subsequent deposition in the cathode structure. However, as discussed
previously, it would appear that this does not necessarily lead to a greater degradation in
performance terms. The literature suggests that, whether a material degrades more quickly at a
lower or higher operating temperature is influenced by the material in question (and probably the

chromium species which is formed).

Further to conflicting reports on the effects of operating temperature, it is worth commenting on
the fact that experimental work in the chromium-poisoning area is often focused on a single
temperature. It is, therefore, very difficult to identify from literature a single temperature that
would be the optimal to operate at in terms of reducing chromium poisoning (whilst simultaneously
maximising performance). Ultimately, the SOFC operating temperature is likely to be determined by
the properties of the individual stack and cell material in question and the application itself, rather
than solely based on considerations with respect to reducing chromium-poisoning related

degradation.

In considering the minimisation of chromium poisoning (and hence the maximisation of lifetime),
research should consider the valence stability of the studied cathode materials. Jiang et al. [6]
suggested that Cr-poisoning was reduced for materials with high valence stability. As an example of
how this may be of interest, we can consider the Ruddlesden-Popper nickelate cathode materials
(Lan+1NinOsn+1). Amow et al. [249] have discussed this series of materials in a review paper from 2006.
It was suggested that the La;NiO4 species is less stable below 900°C (i.e. at SOFC operating
temperatures) than the “n=2 and 3” species. This, the authors concluded, is a result of the fact that
the Ni* is less favourable at temperatures below 900°C, compared with the Ni** species. Applying
this knowledge to the observations on the relationship between valence stability and chromium

deposits, we can tentatively propose which one of the nickelate series is likely to have improved



chromium resilience. The doped LaNiOs subset of perovskites, which contain the Ni** species, may
thus offer improved stability and improved resistance to chromium poisoning over the Ruddlesden-
Popper phases (which contain the Ni?* species as well as the Ni** species in the case of LasNi,0; and
LasNiz01p). As such, the former would be more applicable for operation at temperatures under

900°C. It would be of interest to confirm the validity of such a relationship.

5.3 Improving Chromium Resilience

The further development of chromium resistant cathode materials is important in extending the life
of SOFC stacks. In essence, cathodes can be developed to either (a) reduce the rate at which
chromium species are formed or (b) reduce the impact such species have on SOFC cell performance.
Engineering cathode materials that ‘fail well’ in the presence of chromium (i.e. those that form
phases which are less destructive to the performance of the cathode) may be one option for future
cell development. Alternatively, this may be enabled by engineering materials that have very high
performance, providing greater ‘head room’ for the loss of performance that may result from many

10,000 hours of operation.

5.3.1 Resilience via appropriate elemental selection

To date, a variety of SOFC cathode materials have been developed and considered for application. In
this review we have discussed only a limited selection of these (i.e. those which have been studied in
terms of chromium poisoning resistance). From this it is possible to observe the effects of different
materials on the influences of chromium poisoning. An overview of some of the studies discussed is
presented in Table 2. Due to the nature of these reports, it is very difficult to directly compare
degradation rates from study-to-study and offer some definitive ranking of the materials, e.g. due to
different testing conditions, varying cathode compositions etc. Instead, and where possible, we have
sought to identify those materials which appear to offer reduced degradation rates in comparison
with typical SOFC materials, LSCF and LSM. This is with a view to identifying those materials which
may offer improved long-term resilience relative to today’s state-of-the-art. The reader should note
that the table does not reflect information on the initial performance of the cathodes (i.e. prior to
degradation). The purpose of the table is to summarise our discussion so far and to identify trends
within the studied cathode materials which could be used for further cathode development.

Optimisation of these ‘chromium-tolerant’ cathode materials is likely to be imperative.

One proposed approach to producing cathodes with improved resistance to chromium poisoning is
to synthesise materials that omit the common ‘nucleation agents’ Sr and Mn. This tactic appears to
have resulted in some success in terms of reducing chromium-related degradation rates. As an

example, the literature indicates that LNF cathodes demonstrate reduced degradation rates relative



to LSM and LSCF [153,193,194,197,198]. However, it is critical to acknowledge that the removal of Sr
from the perovskite structure is likely to lead to poorer general performance (as can be appreciated
by a consideration of Table 1). The replacement of Sr with Ba has been attempted in some cases and
appears to offer some advantages (e.g. LBCF) [198,208,209]. In terms of its reaction with chromium,
the formation of BaCrO,4 has been observed in Ba-containing cathodes. This appears to be preferred
over the formation of SrCrO, in relation to the rate at which the performance of the cathode
degrades. Jiang et al. already suggested the activity of nucleation agents with chromium oxides is of
the following order; Mn > Sr > Ba ~ Co [6]. However, the use of Ba is likely to drive other issues such
as poor stability with carbon dioxide and so this approach is likely to offer only limited interest. It
appears that the use of alkaline earth elements in cathode systems should ideally be avoided for

improved long-term cathode stability.

Evidence from the literature indicates that the classic ABOs-type perovskites have all been shown to
poison in some way, although the effect is characteristic of the material and, as discussed, some
materials offer better resilience than others. Altering the A and B-site species as well as the dopant
species and concentrations, all appear to impact on the response to chromium poisoning and need
to be tailored accordingly. As previously mentioned, one approach to achieving this, which is
highlighted by Jiang et al. [6], is to stabilise the crystal structure, improve the valence stability of the
cations and reduce the segregation of nucleation agents such as SrO. This, the authors indicated,
could be achieved via an appropriate doping strategy. As briefly discussed earlier, a number of Nb-
doped perovskite materials have been investigated and, in part at least, this is with a view to achieve
this improved stability. Indeed, Chen and Jiang [211] reported that their

Lao.24Sr0.16Bao.sCoo.sFe0.4aNbo 06035 had “excellent stability and tolerance towards chromium
deposition and poisoning”. Zhao et al.[229], meanwhile, engineered a family of cathodes of type
Smo.5(1-x)Sr0.5(1-x)BaxCo1-0.3xF€0.2xNbo.1x03-5, reporting “high activity, stability and high tolerance towards
contamination by Cr” However, Nb-doping should not be considered to offer a ‘blanket solution’ to
improving chromium resistance. Wang et al.[231] more recently considered a Bag.9Coo.7Fe0.2Nbo 1035
composition and reported poor chromium resistance. Nevertheless, it seems that such an approach

may be worthy of further investigation.

Based on the evidence in this review it appears that engineering materials that will form less
‘destructive’ phases when reacted with chromium will help to reduce the impact of chromium
poisoning. An overview of the electrical conductivities of common Cr-containing phases is seen in
Table 3, offering an idea of how the formation of such phases may impact the conductivity
properties of different cathodes. In the case of the La-nickelate materials, (La,Cr,Ni,Fe)Os perovskite

phases are commonly said to form as a result of reaction with chromium species. (although Ni-Cr



spinel is also reported). This would be expected to drive a much slower degradation rate than that
which would be seen for SrCrO4 (observed in LSCF and LSC cathodes). However, the general
performance of the nickelates needs to be optimised to compete with the conventional cathode
materials. If these materials can be further enhanced without compromising the Cr-resilience of the
material, these may offer an ideal replacement for the incumbent materials. Indeed, this is an
approach taken by a number of authors [250, 251] who have looked at the effect of doping La;NiO,.
It is interesting that these referenced works have considered the use of Sr-doping. For the
aforementioned reasons, this would likely reduce the chromium poisoning resistance unless the
nickelate structure had the effect of reducing the SrO segregation. We are unaware of any
chromium-poisoning related studies on Sr-doped nickelate systems. With respect to engineering
new materials, the challenge is to select A and B-site materials which will offer chromium resistance
without compromising the premium performance that has been previously achieved with materials

such as LSCF.

5.3.2 Alternative crystal structures

Alternative perovskite-related structures, such as the A;BO, type and the double perovskites, have
been suggested as having potential as SOFC cathode materials. Research on these is mainly
concentrated on the general performance of the materials as electrodes, though a limited amount of
studies have focused on the effects that chromium has upon individual materials which adopt this
structure. In terms of their general performance, it is not currently clear if these materials are
preferable to the more conventional materials and more work is required in this area to understand
if they can replace the existing, preferred cathodes. Based on the literature, it is also not currently
clear if there is any significant relationship between the underlying crystal structure of the cathode
material (e.g. perovskite, double perovskite, Ruddlesden-Popper) and the chromium poisoning
resistance of the material. Do certain crystal structure features promote better chromium tolerance?
For example, do the rock salt-type layers that exist between the perovskite layers in the Ruddlesden-
Popper phases have any effect on chromium incorporation? This could be analysed by considering
the effect of chromium on a series of materials with differing crystal structures but with the same
elemental make-up (e.g. LaNiOs, La;NiOg, LasNi,O7, LasNizO10). Current understanding would suggest
that chromium poisoning is determined entirely by the constituents of the cathode material (e.g.
absence or presence of Sr). An understanding on the relationship between chromium poisoning and
cathode crystal structures would help to advance understanding around cathode development and

upon the mechanism of chromium poisoning itself.



5.3.3 Dual phase cathodes

As previously acknowledged, the research community has found it difficult to offer a material with
excellent chromium resilience that will also match the performance of LSCF. One possible approach
to overcoming this issue is to use dual-phase cathode structures which aim to exploit the benefits of
a Cr-tolerant material whilst also drawing on the excellent performance of a less-tolerant material,
like LSCF. One particularly novel concept is the idea of coating a high-performance cathode material
with another chromium-tolerant one. Indeed, similar approaches have been attempted in recent
times with some success reported [179, 226, 228, 252, 253]. Such dual phases may offer a more
realistic approach of obtaining high-performance, long-life cathodes as opposed to searching for a

‘holy grail’ material which can achieve all of this in isolation.

5.4 Concluding Remarks

It may seem an obvious statement but it is not enough to seek materials that offer excellent
resistance to chromium poisoning. Research needs to ensure that alternative cathode materials can
offer not only reduced degradation rates but they must also exhibit competitive electrochemical and
thermomechanical properties relative to the state-of-the-art cathode materials. Today, there
appears to be a reluctance to move research (and industry) effort away from the conventional LSM,
LSC and LSCF materials which have been well studied and have been proven to offer reasonable
performance over many 1000’s of hours. New cathode materials need to out-perform these
materials whilst offering improved resistance to chromium poisoning. In the future, this could be
achieved via the optimisation of materials such as the lanthanum nickelates but care must be taken
to avoid introducing features that will likely reduce their chromium tolerance (e.g. whether Sr-
doping leads to SrO segregation and formation of SrCrO,4in these materials). Alternatively, efforts
must be made to further the lifetime of the conventional materials. This may be achieved via the use
of interconnect coatings, Cr-getters, careful control of the operating conditions and/or the use of
novel cathode structures. The use of dual phase cathodes may represent a solution that minimises

concerns relating to changing to a totally new material, whilst also allowing improved Cr tolerance.



Table 2 — Overview of Cr-phase formation in SOFC cathode materials and consideration of degradation rates relative to common cathode materials ; *Denotes tests run for less than 100h
ADenotes test taken at 750°C; Y/N — Denotes ‘Yes’/’No’ (i.e. Yes=evidence of lower degradation rate) ; For comparisons with LSM, A-site stoichiometry is denoted (e.g. °°=(Lao.gSro.2)0.sMn0O3)

Degradative Chromium Phase Observed Reported in Literature

Evidence for Lower Deg. Rate than
(Lag.sSro.2)xMn0O; in presence of Chromium

Evidence for Lower Deg. Rate than
Lag,6Sr0.4C0p2Feg 505 in presence of

chromium
Material Composition
Group - C}: o S ,CE ;ITI.T 8} (8} (8] (S} o O
% § g S % s Other Cr Phases / Secondary Phases / e > > > Y 5
S35 |8 |¢w Comments S g g S g 8
O 59
LSM (LaggSro.0)Mn0s (x=0.9-1) - - - - N[254] N [148]*/09
(Lao.sSro.2)09Mn03 /8YSZ (90%-10%) Increasing YSZ content shows reduced - - Y [148]*/09 - - N [148]*/09
LSM/YSZ (Lap.sSro.2)o.sMn03 /8YSZ (70%-30%) v v v degradation rates [148]. Use of LSM/YSZ - _ Y [148]*/09 _ _ N [148]*/09
(Lag.sSr0.2)0.sMnO; /8YSZ (50%-50%) Functional Layers also seen to reduce the - _ Y [148]*/09 _ N N [148]*/09
LSM/GDC (LasSr0.2)0sMn0s /GDC degradation rate [129). - - Y [148]*/09 - - Y [148]*/0
Lsc Lo Srp2,C003 v Formation/Precipitation of Co;0,, Co-Cr spinel - - Y [182]*/0%5 _ _ _
La.65r0.4C00; 4 4 also reported [183] B B B B . _
LSCF Lao65r0.4C00.2Fe0503 v Formation of (La,Sr,Cr)(CoFe)O; [176] & Co-Cr - Y [254]10 Y [198]*/09 - - -
spinel [153] has also been reported
LSF LagsSro,Fe0s 4 4 4 Precipitation of SrFe;,0:¢ reported [25]. Unclear | Y [188]09 Y [25]4099 - - N [25]7 -
Lag eSro.4Fe0s v if different Cr-phases related to Sr-content - - - - _ _

Pt Pt No Cr-deposits observed. - - N [127]*/09 - - N [127]*
LNF LaNiosFeo.405 4 (Ni,Fe)(Fe,Cr),0, [200]. (Ni,Cr),0, , NiO [153] Y [194]10 - Y [198]*/09 Y [153] - Y [198]*
LBCF Lag ¢Bag 4Cop Fep 303 4 - - Y [198]*/09 - - Y [209]*

(La0.85r0.2)0.05MNp.5C00.,03 More Mn leads to more Cr-Mn spinel at - - N [182]*/095 - - -
(Lao.gSr0.2)0.9sMnN0.6C00.403 v v electrolyte surface, more Co leads to more - - N [182]*/095 _ _ B
LSCM (Lao.550.2)0.0sMNg.4C00.603 SrCrO, at surface. Degradation is largest when - - N [182]*/095 _ _ _
(Lag.55r0.2)0.05MNg 2C00.503 Co=0.4 and smallest when Co=0.8 or 1. [182]* _ _ Y [182]*/055 _ - -
Lag Sro.3Bag 1Cog2Feps03 Chromium deposition is reduced with increasing - - - - - N [208]*
LSBCF Lag.65r0.2Bap.2Cog. Fes0s3 v v Ba-content. In general, increasing Ba-content - - - - - Y [208]*
Lag6Sro.1Bag3C0oy ,Fen 503 reduces degradation [208] R R - - R Y [208]*
LSBCFN Lag,24Sr0.16Ba0,6C00 5F€0.4sNbg g6 O3 v BaCr,0, is a possible reaction product [211]* - - - - - Y [211])*
BagsSrosCog,Fep 03 v No SrCrO, formation reported [65] - - - N [65] N [65] N [211]*
BSCF Bag 3Sro7Cop sFer 03 Increasing Sr-content leads to increasing SrCrO, - - - - - -
BagsSrosCogsFeq,03 4 v formation and increased performance loss Y [222]098 - - - - -
Bay.7Sr.3C00.8F€0,03 [223]. (Co,Fe)CrO, reported for BSCF-5582 [224] - - - - - -
BCFN Ba,CoysFeq,Nby 103 (x=0.9, 1) v Conflicting conclusions on Cr-stability [229,231] - - - - - Y [211]*
SmSCF SMyg.5Sr0.5C00.2FE0803 v Very similar degradation behaviour to LSCF [65] - - - N [65] N [65] -
SmSM SMo.sSrosMnO; v - Y [232]A B B B _
SmSBCFN SMo.255r0.25Ba0.5C00.85F€0.1NDg 0503 Cr deposited in cathode (phase unknown) [229] - - - - - Y [229]*
PrSM ProsSro,Mn0O3 Cr-poisoning is apparent for PrSM and NdSM. N [222]0-98 - - N [112]* - -
NdSM Nd §Sro,MnO3 Cr-Mn spinel and Cr,03 probable [222] N [222]0-98 _ _ _ - _
LNO La;NiO, 4 NiO precipitation [240] - Y [239]0%5 - - R R
NNO Nd,NiO, NdCr0,, NiO [243] - - - - - -
NNCuO Nd,Nigs5Cu 504 - - - - - Y [244]*
PBCO PrBaCo,0s v C030,, Pr,Co;04, precipitated [247] - - R - R R
SBCO SmBaCo,0s v v SmCo0s, Co;0, precipitated [246] - - - B B B
NBCO NdBaCo,0s v CrNdOs, CoCr,0, reported [248] - - - - - -




Table 3 — Electrical Conductivity of Cr-containing phases

Conductivity (Scm-1)
Chromium-Containing Phase 600°C 700°C 800°C
Cry03 0.009 [255] 0.015 [255] 0.02 [255]
MnCr,04 0.0003 [256] 0.00136 [256] 0.004 [256]
Mn15Cr1.504 0.004 [256] 0.014 [256] 0.036 [256]
MnCrOg 0.13 [256] 0.38[256] 0.94 [256]
CoCr;04 N - 7.4 [257]
NiCra04 - - 0.73 [257]
SrCrOs4 1.00 x 10°6 [258] 2.00 x 10°5 [258] 0.000182 [258]
BaCrOs 5.15 x 105 [259] 5.13 x 10 [259] 0.0045 [259]
LaCrOs 0.50 [260] 0.63 [260] 0.68 [260]
LaCro.9Nio.103 3.55 [260] 4.07 [260] 4.47 [260]
LaCro.sNio203 6.92 [260] 8.13 [260] 8.91[260]
LaCro.6Nio4O3 15.49 [260] 16.98 [260] 18.20 [260]
LaCro.4Nio.603 54.95 [260] 57.54 [260] 60.26 [260]
LaCro.2Nios03 147.91 [260] 165.96 [260] 173.78 [260]
LaCro.1Nio.903 218.78 [260] 234.42 [260] 245.47 [260]
LaCro.sFeo.203 0.075 [261] 0.090 [261] 0.100 [261]
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