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           Introduction 
 As commercial implementation of solid-oxide fuel cells 

(SOFCs) approaches, a better understanding of the surface 

chemistry and the processes leading to long-term performance 

degradation is required. The surface composition governs 

the kinetics of oxygen exchange between the gas phase 

and the mixed ionic-electronic conducting electrodes (see the 

Introductory article in this issue). This reaction, involving the 

adsorption of an oxygen molecule, its subsequent dissocia-

tion, ionization, and fi nally incorporation of oxygen ions into 

the ceramic is often the rate-limiting step for performance. 

Moreover, mass transport across the electrode-electrolyte 

interface also contributes a non-negligible resistance to the 

overall cell behavior, which points to the importance of the 

surface composition of the electrolyte for the operation of 

the SOFC. 

 However, the electrochemically active surface and interfaces 

in SOFCs are generally very different from the bulk chemical 

compositions for virtually all materials commonly used for 

SOFCs, and ultimately will determine the performance and 

long-term durability of the devices. 

 Several processes might contribute to the changes in the 

surface chemistry at low and intermediate operating tempera-

tures (500–800°C), such as cation segregation and external 

surface poisoning, affecting all the components of the SOFCs 

(electrolytes, cathodes, and anodes). In this article, we discuss 

these processes and how they might affect the electrocatalyti-

cally active surfaces and interfaces, with strong implications 

for SOFC performance and durability.   

 Electrolytes 
 By far, the most widely employed electrolytes in SOFC tech-

nologies are those with a fl uorite structure, such as Zr 1– x  Y  x  O 2– x /2  

(YSZ) and substituted cerium dioxide (i.e., Ce 1– x  RE  x  O 2– x /2 ), 

where RE is a rare-earth element. Perovskite structured electro-

lytes, such as those based on substituted lanthanum gallate 

(e.g., (La,Sr)(Ga,Mg)O 3– δ  , (LSGM)), are also of interest. 

However, these perovskite-based electrolytes show similar 

trends (e.g., segregation of Sr 2+  upon annealing  1  ) to those 

that will be discussed for the electrode materials (also typically 

perovskite-based) later. 

 Similar to the well-studied phenomenon of impurity segre-

gation to grain boundaries in polycrystalline ceramic samples,  2   

the surfaces of fl uorite-structured electrolytes after high-

temperature treatment are coated with impurities, typically 

Ca, but also Na, Si, Al, as well as some transition metals.  3 – 6   

Studies using low energy ion scattering spectroscopy, which 

selectively analyzes only the very outer layer of atoms of 

a surface, showed that after calcination at 1000°C for fi ve hours 

(i.e., comparable to the heat treatment that may be used to 
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sinter an electrode onto the electrolyte), neither Y or Zr was 

evident in the outer atomic surface layer of YSZ ceramics 

(produced from commercially pure powders), which was instead 

completely covered by a monolayer thick fi lm of impurities, 

predominantly calcium.  4   X-ray photoelectron spectroscopy 

(XPS) analysis of the chemical states in surface fi lms of 

segregated impurities suggested that these fi lms consist of a 

silicate-type phase, with some dissolved Y and Na (and other 

cations).  3   Samples annealed at lower temperatures of 500–700°C 

showed similar segregation, although the surfaces were not 

fully covered after one hour of annealing, which suggests some 

kinetic limitation.  4   

 The link between segregation of impurities to grain bound-

aries and surface segregation in fl uorites was illustrated by 

a study using time-of-fl ight secondary ion mass spectrom-

etry (ToF-SIMS) to analyze YSZ polycrystalline ceramics.  6   

The surface of a sample after annealing was covered by 

the impurities mentioned previously. As the surface layers 

were progressively removed by sputtering, the impurity 

coverage was seen to recede toward the grain boundaries. 

This suggests a mechanism as illustrated in   Figure 1  a, where 

the impurities fi rst segregate to the grain boundaries, along 

which they are transported to the surface and emerge out of 

the grain boundaries to spread across the surface, creating 

a uniform fi lm of monolayer thickness. While bulk oxygen 

diffusion is fast in the materials of interest, cation diffusion in 

the bulk is typically much slower, with the dominant mecha-

nism being via a grain boundary pathway.  7 , 8       

 Note that much of the analyses referred to previously 

were conducted on “bulk” polycrystalline ceramic specimens, 

essentially concentrating on the effects of temperature, and 

neglecting any possible changes during device operation under 

current fl ow. More recent studies on patterned microelectrodes 

on polycrystalline YSZ have shown similar behavior,  9 , 10   and even 

suggest qualitatively more silicon segregation in electrode areas 

surrounding a (La 0.75 Sr 0.25 ) 0.95 MnO 3  (LSM) microelectrode sub-

jected to electrochemical testing compared to those surrounding 

untested LSM microelectrodes with the same thermal history.  10   

 As might be expected, the glassy fi lms of segregated impurity 

oxides block the incorporation of oxygen, as demonstrated by de 

Ridder et al.,  4   who used  18 O isotope exchange experiments on 

YSZ to reveal that the rate of the reaction was inversely pro-

portional to the impurity coverage of the samples. This implies 

that the “intrinsic” surface exchange coeffi cient of YSZ may be 

higher than often measured, and is in fact limited by the blocking 

effect of this ubiquitous layer of segregated impurities. 

 One method to ameliorate this blocking effect may be to use 

surface additives that scavenge surface impurities, in a similar 

way to those used for grain boundary impurities.  11 , 12   For example, 

treatment of the surface of Ce 0.9 Gd 0.1 O 1.95  with La 2 O 3  increased 

the surface exchange coeffi cient by a factor of 50, which was 

attributed to this type of “cleaning” mechanism.  13   

 The segregation of aliovalent substituents (e.g., Y in YSZ,  3 , 14   

or RE in (Ce,RE)O 2,  RE = Sc, La, Gd)  5 , 15 , 16   has also been both 

observed experimentally and predicted computationally.  17 , 18   

However, computational predictions neglect the presence 

of impurities at low (e.g., ppm) concentrations in “real” 

materials, and so indicate the rare-earth cation present in the 

very outer layer. In contrast, experimental observations show 

rare-earth enrichment in the layers beneath the impurity fi lm 

discussed previously. The resulting structure may resemble 

that shown in  Figure 1b , where the surface enrichment of 

the rare-earth element leaves a rare-earth defi cient subsurface 

region.  14   In the case of YSZ, this rare-earth depleted region 

may revert to monoclinic zirconia, accompanied by a signifi -

cant decrease in oxygen diffusivity. 

 Even in materials in which there is no structural change, 

such as those based on CeO 2 , which is already cubic in its 

pure form, the segregation of aliovalent substituents could 

also affect transport properties in the near surface by causing 

local redistribution of oxygen vacancies.  15 , 18     

 Cathodes  
 Surface segregation 
 The surface chemistry of cathode materials for SOFCs has been 

a pivotal research topic aiming to elucidate the mechanisms of 

oxygen reduction and subsequent incorporation 

into the electrode, which ultimately determines 

the performance of the cathode.  19   

 The preferential segregation of aliovalent 

cations in perovskite materials was fi rst reported 

by Teraoka et al. in 1988,  20   who studied Sr 

enrichment in La 1– x  Sr  x  CoO 3– δ   (LSC) when treated 

at temperatures above 500°C. This work showed 

that the surface chemistry is drastically modifi ed, 

depending on the processing conditions used 

(e.g., oxygen partial pressures, temperature), 

and accompanied by a decrease in the catalytic 

activity of the material with Sr-segregation. Since 

then, many other authors have shown similar 

fi ndings in Sr-doped cathodes at elevated tem-

peratures and/or under electrochemical polar-

ization (e.g., La 1– x  Sr  x  Co 1– y  Fe  y  O 3– δ   [LSCF],  21 – 25   

  

 Figure 1.      Schematics of (a) segregation mechanism of oxide impurities (gray) (adapted 

from Reference 6). Impurities fi rst segregate to the grain boundaries, along which they can 

move rapidly toward the surface, where they emerge and wet the surface. (b) Near-surface 

structure (adapted from Reference 14) of YSZ fl uorite electrolytes. ML, monolayer.    
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Sm 1– x  Sr  x  CoO 3– δ  , 
 26   La 1– x  Sr  x  MnO 3– δ   

 27 – 29  ). Furthermore, the seg-

regation of other divalent cations has been reported in other 

perovskite and perovskite-based materials, such as Pb 2+  in (La,Pb)

MnO 3– δ   
 30   or Ba 2+  in (Ln,Ba)Co 2 O 5+ δ   double perovskites.  31 , 32   

 Many of the described studies were performed at relatively 

high temperatures (T > 600°C) for signifi cant amounts of time. 

Nevertheless, recent investigations revealed that this segrega-

tion can take place short-term and at relatively low tempera-

tures. For instance, Sr segregation takes place in LSCF after 

annealing in oxygen at 400°C for 8 h (  Figure 2  ),  23   whereas 

Ba segregation in GdBaCo 2 O 5+ δ   double perovskites starts after 

annealing for just 15 minutes at 400°C.  32       

 The changes in the surface states that occur upon cation 

segregation may have a detrimental effect on the oxygen 

surface exchange kinetics. For instance, the increase in surface 

polarization resistance ( R  s ) associated with oxygen exchange 

at the electrode surface in LSC microelectrodes on YSZ was 

correlated with a higher Sr enrichment of the electrode surface 

after annealing at 600°C in air for 72 h.  25   

 Further degradation of the cathode surface might occur 

due to the formation of secondary phases and/or reaction 

of the segregated species with the surrounding gas phase 

(e.g., SrO/SrOH particles or other perovskite-related phases 

with different stacking sequences, such as layered Ruddlesden-

Popper type structures of the form A n+1 B n O 3n+1 ). Bucher et al.  22   

reported that the chemical surface exchange coeffi cient  k  chem  

in LSCF at 600°C decreased by a factor of two in dry O 2 , 

although exposure to a humidifi ed atmosphere for 1000 h 

leads to a further decrease by a factor of 10. This degrada-

tion was related to the formation of a 10-nm-thick Sr-rich 

silicate layer in the presence of humidity. 

 Nevertheless, the effects of Sr segregation on the surface 

exchange properties are not yet fully understood, with some 

studies even suggesting that it can be a positive phenomenon. 

Sase et al. reported an enhancement of the oxygen surface 

exchange kinetics at 500°C taking place at the interface of the 

perovskite (La,Sr)CoO 3– δ   (LSC 113 ) and the Ruddlesden-Popper 

(La,Sr) 2 CoO 4± δ   (LSC 214  ) compared to the respective single 

constituents.  33 , 34   The origin of such an improvement is unclear, 

although some theoretical and experimental results related 

it with Sr segregation from LSC 113  to LSC 214 , leading to an 

increased oxygen vacancy concentration in the LSC 214  phase 

near the interface.  35 , 36   This improved interfacial behavior opens 

new possibilities to design novel heterostructures with better 

performance (e.g., LSC 214 -decorated LSC 113  
 37  ). 

 Given that this is a common process taking place under 

the operational conditions of the cathode materials, there 

are increasing efforts aimed toward understand the driving 

forces for cation segregation and how it can be suppressed 

or promoted.  38 , 39   First, segregation of the divalent cations 

neutralizes the polar surface that would otherwise occur for 

perovskites in which both of the host cations have a 3+ 

charge (e.g., La 3+ Co 3+ O 3– δ  ). 
 40 , 41   The presence of oxygen vacan-

cies at the surface and space-charge effects at the near-surface 

are also likely to contribute to this surface segregation. Second, 

elastic interactions due to cation size mismatch with the sur-

rounding host lattice and chemical expansion effects will also 

be present.  39   The mechanism for cation segregation is, there-

fore, quite complex and many other factors (e.g., presence of 

impurities, microstructure, atmosphere, and temperature) may 

also have an important effect and should be addressed.  32 , 42     

 Cathode poisoning 
 One of the main causes for the degradation of cathode per-

formance in real SOFC stacks is poisoning of the electrode 

surface.  43 , 44   For example, volatile oxyhydroxide Cr species 

arising from the Fe-Cr alloys used as electrical intercon-

nects between cells, or balance-of-plant components such 

as heat exchangers,  45 , 46   react with segregated Sr to form 

SrCrO 4  oxides that passivate the cathode surface. Jiang and 

Chen  47   have recently reviewed much of the work on this 

topic over the last decade. 

 Small concentrations (e.g., a few ppm) of SO 2  in feed air 

may react with Sr from the cathode to form SrSO 4  and decrease 

electrode performance, especially for cobalt-containing elec-

trode materials.  48 – 50   Carbon dioxide in air supplied to the cath-

ode can also lead to a (recoverable) degradation in (Ba,Sr)

(Co,Fe)O 3– δ   (BSCF)-based electrodes, attributed to the forma-

tion of carbonates at the electrode surface.  51   

 Other sources of impurities that can lead to similar poisoning 

effects include boron from borosilicate glasses used as seals for 

gas-tightness,  52   and silica originating both from glass seals and 

from siloxane greases in valves in the gas handling system.  21 , 22   

The latter is exacerbated by humid atmospheres, which promote 

the formation of volatile Si(OH) 4 , which is subsequently trans-

ported to the electrode surface where it poisons the electrodes.  22   

  

 Figure 2.      Evolution of the outermost surface of a La 0.6 Sr 0.4 

Co 0.2 Fe 0.8 O 3– δ   cathode annealed in air for eight hours as a 

function of the annealing temperature. The surface concen-

tration of Sr increases with annealing temperature, indicating 

segregation of that element from the bulk. LEIS, low energy 

ion scattering. Reprinted with permission from Reference 23. 

© 2013 Elsevier.    
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 In many cases, the poisoning species have a high affi nity to 

react with the segregated cations, as described previously; for 

example, Cr or S reacting with segregated Sr to form SrCrO 4  

or SrSO 4 , respectively.  53 , 54   Therefore, Sr-free materials, such 

as the (undoped) Ruddlesden-Popper La 2 NiO 4+ δ   phase may 

show more tolerance to many of these poisons  55   and they war-

rant further investigation to mitigate the deleterious effects of 

electrode poisoning.    

 Anodes 
 At the anode of the SOFC, a hydrogen or hydrocarbon fuel is 

directly oxidized to generate electricity. To facilitate this, the 

anode must possess high mixed ionic-electronic conductivity 

and high catalytic activity for oxidation. The latter suggests the 

importance of studying the surface chemistry to understand the 

reactions at the anode and the design of improved LT-SOFC 

anode materials and structures. 

 Broadly, SOFC anodes can be broken into three classes: 

metallic, ceramic, and ceramic-metal composite (“cermet”).  56 – 59   

  Figure 3   shows a schematic representation of a typical Ni-YSZ 

cermet anode, which gives good electrochemical performance 

and is stable in reducing atmospheres. Even though much 

knowledge has been gained from previous studies on the mech-

anisms of reactions at this anode, the Ni-YSZ cermet anode is 

still far from straightforward in terms of its surface properties.      

 Segregation in anodes 
 As discussed in the electrolyte section, the outermost surface 

of heat treated YSZ is covered with impurities, including Ca, 

Si, and Na.  4 , 14   Segregation of these impurities also occurs at 

the surface of YSZ in a Ni-YSZ cermet anode.  60   Furthermore, 

anode materials are exposed to highly reducing atmospheres 

of hydrogen or hydrocarbon fuels, operating in oxygen partial 

pressures lower than  ∼ 10 –20  atm, which will undoubtedly 

affect the surface state and, in turn, may affect the catalytic 

performance of the anode. However, there are as yet few spe-

cifi c studies of the effects of such reducing atmospheres on 

surface segregation to clarify this behavior. 

 In addition, the nature of the surface of the catalytically 

active Ni is important for anode performance. Commercially 

available nickel metal typically contains a variety of impu-

rity species, which increase its electronic resistance, and may 

cause decreased anode performance.  60 , 61   The impurities also 

affect the YSZ surface microstructure and segregation behav-

ior at the contact interface between Ni metal and YSZ.  60 – 62   

This solid-solid interface is one of the aspects that increases 

the complexity of cermet anode surfaces. Relaxation of sur-

face energy is generally considered to be the driving force for 

surface segregation.  41   The interfacial energy at the Ni-YSZ 

contact is likely to be different from that of the YSZ-fuel sur-

face, which may modify the driving force for, and hence 

extent of, surface segregation and, in turn, performance of the 

anode. In fact, there are several reports of segregation of Si 

and of changing morphologies at the Ni-YSZ interface.  62 – 64   

 Figure 3  shows a transmission electron microscopy image of 

segregated Si at the Ni-YSZ interface,  64   which has been 

shown to lead to an increase in the resistance of the anode.  62 – 64   

The active site for the anode reaction is the triple phase 

boundary (TPB), where the three phases carrying the reactants 

(i.e., fuel in the gas phase, oxygen in the ionically conduct-

ing YSZ, and electrons in the electronically conducting Ni) 

are brought together. However, the nature of the surfaces in 

the region of the TPB is further complicated because, as well 

as the TPB itself, the surrounding region contains three differ-

ent types of interfaces (i.e., fuel-YSZ, fuel-Ni, and YSZ-Ni), as 

shown in  Figure 3 .Therefore, understanding the segrega-

tion behavior and composition at the TPB and surrounding 

region will provide useful insights into the nature of this reac-

tion and guide researchers in tailoring the surface 

properties of cermet anodes for improved elec-

trochemical performance.   

 Anode poisoning 
 As for cathode materials, the anode environ-

ment also contains some sources that can lead 

to poisoning of the anode surface. Many experi-

mental observations of poisoning, mainly by 

Si, B, Cl, and S originating from the fuel and 

sealing materials  48 , 65 – 69   and carbon deposition 

from fuels,  70 – 75   have been reported. Because the 

SOFC can run on various kinds of fuel, each 

of which contains different impurity species, 

the effects of these impurities in fuels on anode 

properties has been especially well studied. 

 Sulfur is one of the most commonly occur-

ring poisoning species found in fuels for SOFCs, 

and especially those based on fossil fuels can 

have signifi cant deleterious effects on anode 

performance.  66 – 69   According to thermodynamic 

  

 Figure 3.      Schematic illustration of the reaction at the Ni/yttria-stabilized zirconia 

(YSZ) cermet anode. The top inset shows an expanded view of the triple-phase boundary 

(TPB) region, which contains three types of interface (i.e., Ni-YSZ, Ni-fuel, and YSZ-fuel). 

A transmission electron microscope (TEM) image shows the segregation of Si impurities to 

the interface between Ni and YSZ. TEM image reprinted with permission from Reference 71. 

© 2003 Elsevier.    
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calculations by Sasaki,  76   H 2 S is the most stable sulphur-bearing 

species under SOFC operating conditions. Therefore, many 

researchers have investigated the effects of this species on 

anode performance. It is reported that exposing the Ni/YSZ 

cermet anode to H 2 S leads to decreased performance  66 – 68   and 

changes in the microstructure of Ni.  77   Sasaki et al.  48   calcu-

lated the phase diagram of C-H-O-Ni-S and showed that even 

with decreasing operating temperatures from 800°C to 600°C, 

Ni 3 S 2  remains the most thermodynamically stable phase. It is 

worth bearing in mind, considering these calculated results, 

that different thermodynamics at the surface often make 

surfaces more reactive than the bulk material, and so sulfur 

poisoning could still occur at even lower SOFC operation 

temperatures. 

 Carbon deposition is another concern for long-term operation 

of SOFCs. Depending on the choice of fuel, residual carbon 

from fuel oxidation may deposit on the anode. Sasaki and 

Teraoka  70 , 71   calculated the C-H-O phase equilibrium diagram 

in the range of 100–1000°C, and found that the ratios between 

H 2 , C, and oxygen atoms in the anode gas are key to prevent-

ing carbon deposition. According to that study, decreasing the 

temperature is thermodynamically disadvantageous in terms 

of preventing carbon deposition. However, there have been 

some reports of stable SOFC operation at low temperatures 

with negligible carbon deposition.  73   This suggests that the 

kinetics of carbon deposition (as opposed to the equilibrium 

thermodynamic approach of the calculations in References 70 

and 71) can also play a role in preventing carbon deposition. 

Therefore, a well-balanced gas composition in terms of its 

proportions of C, H, and O atoms, and an anode material with 

suffi cient catalytic activity to remove the deposited carbon is 

necessary to avoid carbon deposition under low-temperature 

SOFC operation. 

 One common approach to mitigate carbon deposition is by 

the use of certain additives to the anode. For example, Kim 

et al.  74   reported that the addition of Cu to Ni could prevent 

carbon deposition while giving reasonable electrochemical 

performance. Similarly, it has been reported that the addition 

of Sn to Ni/YSZ could also improve cell lifetime.  59 , 75   However, 

these electrochemical studies present a more “macroscopic” 

view of the device performance. The mechanisms by which 

these reduce the tendency for carbon decomposition, which is 

likely to be as a result of changes to the surface composition of 

the anode, have not yet been studied in much detail. 

 Overall, impurity segregation and (external) poisoning 

effects offer a rich area for the study of surface composition of 

SOFC anode materials and how they relate to electrochemical 

performance. In-depth characterization of these surface prop-

erties will allow the design of anode materials with improved 

tolerance to poisoning and carbon deposition at the lower tem-

peratures of SOFC operation.    

 Summary 
 SOFCs rely on mass and charge transport reactions across 

various surfaces and interfaces (e.g., oxidant/cathode, cathode/

electrolyte, electrolyte/anode, and anode/fuel). We have dis-

cussed relevant aspects concerning the chemical composition 

of these interfaces, showing that surfaces cannot be regarded 

as a simple termination of the bulk structure. Often the elec-

trochemically active surfaces are modifi ed due to segregation 

of impurities or constituent cations, which affects the mass 

transport properties of the materials, electrochemical perfor-

mance, and durability for low-temperature SOFC operation. 

With further understanding of these phenomena, the device 

lifetime and effi ciency will be improved.     
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