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Solid oxide fuel cells (SOFCs) are expected to be the most 
efficient and versatile system for chemical to electrical energy 
conversion. One of advantages of SOFC is the possibility of direct 
utilization of various types of hydrocarbon fuels. It is however well 
known that fuel impurities in practical SOFC fuels such as sulfur 
compounds could cause SOFC poisoning or degradation. Therefore, 
understanding the effect of impurities on an atomic scale is 
essential to develop impurity-tolerant SOFCs with long-term 
durability. Here, we have studied the poisoning and degradation 
mechanisms of nickel anode by typical impurities, i.e. hydrogen 
sulfide, hydrogen chloride, etc., using density functional theory 
method. 

Introduction 

Solid oxide fuel cells (SOFCs) have long been proposed as the most efficient and 
versatile system for chemical to electrical energy conversion (1-5). One of the SOFC’s 
advantages is the possibility of direct utilization of various types of fuels. Sulfur-
containing impurities are present in practical SOFC fuels and are well known to lower the 
performance of metal catalyst such as nickel in the SOFC anode. Therefore, 
understanding the mechanism of sulfur poisoning is essential to develop sulfur-tolerant 
SOFCs with long durability. Density functional theory (DFT) is one of the useful 
methods to provide atomic-scale insight which is difficult to obtain from experimental 
approach. Some groups have reported the effect of sulfur adsorption on nickel surface 
using density functional theory (6-9). Wang et al. calculated the potential energy 
diagrams for hydrogen sulfide adsorption and dissociation on Ni(111) and (100) surfaces 
(6). Their results indicate that once hydrogen sulfide is supplied to the SOFC anode, 
hydrogen sulfide spontaneously dissociates and covers the nickel surface as a sulfur atom. 
Galea et al. showed adsorbed sulfur atom inhibits the dissociation of hydrogen molecules 
on Ni(111) surface (7). These studies provide a good support to understand the 
adsorption-type poisoning mechanism by sulfur-containing impurities. We also have 
studied the influence of sulfur on Ni-based SOFC anode and clarified the existence of 
subsurface atoms at higher hydrogen sulfide concentration (5), which is also suggested 
experimentally (10). However, regardless of the adsorbed or the subsurface sulfur atoms, 
the effects of sulfur on the long-term degradation and combined degradation of the SOFC 
anode are unclear. Here, we studied the influence of sulfur on the degradation mechanism 
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of the SOFC anode. We also studied the poisoning mechanism by other impurities using 
DFT. 

Method

DFT calculations were performed using the CASTEP software package (11), with 
plane wave basis sets and pseudopotentials. All calculations were spin-polarized and 
conducted within the generalized gradient approximation (GGA) with the Perdew-Burke-
Ernzerhof (PBE) exchange and correlation functionals (12). Each super cell consisted of 
three layers Ni slab with a vacuum layer of 8 Å. The Ni(111) or (100) surface is studied 
by using a 2x2 or 3x3 unit cell at the experimental lattice parameter (3.52 Å). The 
position of bottom of the Ni slab was fixed during the geometry optimization. An energy 
cutoff was set to 400 eV. The Brillouin zone was sampled by a 4x4x1 k-point Monkhorst-
Pack grid. It should be noted that the convergence has been carefully checked changing 
the thickness of vacuum layer, the number of Ni layers, cutoff energy, and the number of 
sampling points. The increase in these parameters was found to change the binding 
energy of sulfur atom by less than 0.05 eV, and especially, the dependence on the size of 
vacuum layer and cutoff energy was less than 0.01 eV. In geometry optimizations, all 
adsorbate atoms and top and second layers of nickel atoms were relaxed. The size of 
super cell was fixed except for the test case checking the dependence of cell size. Energy 
and maximum force convergence thresholds were set to 1.0×10-5 eV/atom and 0.03 eV/Å, 
respectively. 

Results and Discussion 

Effect of Sulfur on Ni Sintering

In our previous study on sulfur poisoning (5), phase of subsurface sulfur appears at high 
concentration of hydrogen sulfide. We investigated its influence on the subsequent 
degradation by the sintering of Ni. Figure 1 shows the optimized surface structures with 
different sulfur coverage. �S is total sulfur coverage calculated considering both surface 
and subsurface sulfurs. We note that the structure with subsurface sulfur is less stable 
than one with surface sulfur for �S = 0.25, thus the structure corresponds to either the 
minor structure under thermodynamic equilibrium at high temperature, the structure after 
desorption of surface sulfur or the structure where subsurface atom diffused from other 
sites such as surface step or triple-phase boundary. As shown in Fig. 1, existence of 
subsurface sulfur leads to the formation of Ni adatom, which is more mobile than the 
bulk Ni atoms. 

S atom
Surface Ni atom

�S = 0.25
�S = 0.5 �S = 0.75

Figure 1. Structure change of Ni(100) surface induced by subsurface sulfur. 
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To see if the Ni adatom formation induced by the subsurface sulfur stays at a certain 
site or diffuses on the surface, we compared the energy of different surface states. Figure 
2 shows the interim energy diagram for the selected states of Ni(100) surface after sulfur 
adsorption. States (ii) and (iv) correspond to structures of �S = 0.25 and 0.75 in Fig. 1. 
Comparing the states (iv) and (v), it was clarified that the Ni adatom in state (iv) does not 
stay ontop of subsurface atom and diffuses away if there is vacant surface site nearby or 
further. Comparison of states (iv) and (ii) also suggests that once surface sulfur desorbs, 
for example due to gas phase concentration decrease, Ni adatom would diffuse away to 
free site though further investigation is necessary. From our interim results, we have 
obtained tentative insights on the influence of subsurface sulfur on the Ni sintering as 
followings:  

1. Subsurface sulfur formation is associated with Ni adatom, which might accelerate 
Ni sintering by enhancing the formation of mobile Ni adatoms and the mobility of 
Ni adatoms 

2. When surface sulfur concentration decreases by gas phase concentration change 
or operation temperature increase, isolated Ni adatom would be formed and it will 
become more mobile. 

Above speculations should be pursued further by analyzing thoroughly the possible 
surface states and diffusion kinetics between those states in the subsequent study. 

E
ne

rg
y 

/ e
V

 

2.49

H2

2.41

0.35

H2

0.98

S

Ni

H H

S

Ni

Ni S
Ni

S

Ni S
S

Ni   S
NiSS

Ni

�s=0.25
(i)

(ii)

(iv)

(v)

Figure 2. Energy diagram of different surface states after sulfur adsorption. 

Effect of Sulfur on Carbon Deposition

Effect of sulfur on carbon deposition over nickel catalyst has been controversial for a 
long time. Some researchers reported that sulfur inhibits the rate of carbon deposition in 
steam methane reforming (13), while others reported sulfur promotes carbon deposition 
on nickel used for the SOFC anode with hydrocarbon fuels (14). We therefore 
investigated the interaction between carbon and sulfur atoms on nickel surface 
theoretically. Figure 3 shows the calculated binding energies of carbon atom on Ni(100) 
and (111) surfaces against surface sulfur coverage. We also show in Fig. 3 the binding 
energies of CS species, where carbon atom bonds with nickel surface and sulfur atom is 
over carbon atom, to see if the carbon and sulfur atoms stay isolated or chemically bond 
with each other on Ni surfaces. It was found that the carbon atom is relatively unstable on 
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Ni(111) surface and chemically bonds with sulfur atom to form CS species at higher 
sulfur coverage. On the contrary, carbon atom prefers to stay isolated on (100) surface 
even at high sulfur coverage. The results mean that the influence of sulfur on the 
adsorbed carbon depends on the surface orientation.
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Figure 3. Binding energies of carbon and CS species on Ni surface with different sulfur 
coverage.

To see more in detail, we have analyzed the adsorption structure of carbon atoms 
focusing on Ni(100) surface. Figure 4 shows side views of adsorbed carbon on Ni(100) 
surface. When surface sulfur coverage is low, carbon atom is slightly above Ni top 
surface as shown in Fig. 2 (�S = 0 and 0.25). On the contrary, carbon penetrates slightly 
into subsurface at higher sulfur coverage of 0.5 as shown in Fig. 3. To see the nature of 
this observation at the electronic level, we have analyzed the electronic density of the Ni 
surfaces. Figure 5 shows the electron density contour of Ni(100) surfaces with sulfur 
coverages of 0 and 0.5. Close comparison of side views of two cases, bottom of electron 
density contour for the top surface with 0.5 sulfur coverage is lower than that for the 
surface without sulfur. This means that the surface roughness increases by the sulfur 
adsorption. This can be interpreted to mean that the electron density around surface Ni 
atoms decreases due to higher electron affinity of adsorbed sulfur atoms. 

S atom

�S = 0.25 �S = 0.5�S = 0.0

C atom

Ni atom

Figure 4. Change of carbon position on Ni surface by sulfur adsorption. 

Here we summarize the insights obtained from the calculation results for higher sulfur 
coverage. The adsorbed carbon atom forms bond with surface sulfur atom on Ni(111), 
which may indicate that the carbon deposition may be suppressed because the C in CS 
species would not be a nucleation point resulting in the subsequent carbon deposition. On 
the contrary, carbon penetrates into subsurface at Ni(100) surface where density of 
surface atom is lower than that of Ni(111) surface. Because the subsurface carbon atom is 
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known to deactivate the Ni catalyst, sulfur may accelerate carbon deposition on Ni(100) 
surface.  

�S = 0.5�S = 0.0

side view bird view side view bird view

Electron density
contour

Electron density
contour

Figure 5. Electron density contours of Ni(100) surface with sulfur coverage of 0 and 0.5. 

Poisoning by Halide Compounds

We then studied the adsorption of halogens to extend our analyses because it was 
reported that other impurities such as hydrogen chloride also have poisoning effect on 
nickel anode (15). Table 1 shows the calculated adsorption energies of hydrogen halides 
on various nickel surface sites. Results for hydrogen sulfide are also shown for reference. 
It was found that not only hydrogen chloride but also other hydrogen halides adsorb on 
nickel surface as halogen atom, which will reduce the active surface area available for 
fuel dissociation. However, those influences will be less significant compared with that 
by hydrogen sulfide, which shows stronger adsorption energy.

TABLE I.  Calculated adsorption energies of impurities on various Ni surface sites (unit: eV). 
Adsorbate 

Adsorption Site HF HCl HBr HI H2S

Ni(111) fcc -0.15 -1.10 -1.40 -1.77 -1.78 
Ni(100) hollow -0.20 -1.33 -1.67 -2.14 -2.49 
Ni(100) bridge -0.33 -1.16 -1.44 -1.80 -1.28 
Ni(110) hollow 0.05 -0.97 -1.41 -1.97 -2.07 
Ni(110) bridge -0.60 -1.40 -1.63 -1.89 -1.19 

Ni(211) step or edge -0.74 -1.52 -1.75 -1.98 -2.26 

Conclusions

In this study, we have investigated the influence of sulfur impurity on the sintering of 
Ni anode and carbon deposition. We have clarified that subsurface sulfur atom under high 
sulfur coverage leads to the formation of Ni adatom, which may accelerate the sintering 
of Ni anode. From the analyses for carbon deposition, different influences of sulfur were 
observed for Ni(111) and (100) surfaces with high sulfur coverage. C-S bond formation 
was observed on Ni(111) surface while subsurface carbon atom was observed for Ni(100) 
surface. 

We extended our analyses to the poisoning effects by halogen impurities. It was 
found that hydrogen halide will adsorb on Ni surfaces, decreasing the surface active site 
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for electrochemical reaction. It was also found that the poisoning effects by halogen 
impurities are less significant compared to sulfur impurities. 
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