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We investigate the structure and surface composition of the -Ni3Al(111)  and -NiAl(110)  alloy 

surfaces  at conditions relevant for metal dusting corrosion related to catalytic steam reforming of 

natural gas. In regular service as protective coatings, nickel-aluminum alloys are protected by an 

oxide scale, but in case of oxide scale spallation, the alloy surface may be directly exposed to the 

reactive gas environment and vulnerable to metal dusting. By means of density functional theory 

and thermochemical calculations for both the Ni3Al and NiAl surfaces, the conditions under which 

CO and OH adsorption is to be expected and under which it is inhibited, are mapped out. Because 

CO and OH are regarded as precursors for nucleating graphite or oxide on the surfaces, phase 

diagrams for the surfaces provide a simple description of their stability. Specifically, this study 

shows how the CO and OH coverages depend on the steam to carbon ratio (S/C) in the gas and 

thereby provide a ranking of the carbon limits on the different surface phases. 

 

K eywords: metal dusting, oxide scale, steam reforming, Ni alloys, density functional theory, Ni3Al, 

NiAl, carbon 

                                                 
* Corresponding author, behi@topsoe.dk, Tel. +45 4527 2130, Fax: +45 4527 2999 

SLAC-PUB-14366



 - 2 - 

1. Introduction 
In catalytic steam reforming, natural gas is reacted with steam to form synthesis gas or hydrogen. 

The constant pursuit for maximum energy efficiency in modern steam reforming plants yields both 

economical and environmental benefits. For a steam reforming plant to operate at maximum 

efficiency and deliver a high throughput of desired product composition, it is essential to keep the 

S/C ratio low. Operation at low S/C is often accompanied by challenges in the development of 

materials [1]. The present work deals with a high-temperature corrosion phenomena known as metal 

dusting, which occurs in steam reforming plants operating at a low steam to carbon ratio (S/C) [1, 2, 

3]. Metal dusting is a catastrophic form of carburisation, which attacks metal hardware, often 

consisting of Ni alloys. The metal is supersaturated with carbon, which forms graphite by inwards 

growth into the metal, and which finally breaks up the metal into particles and graphite [2,3]. 

Similar challenges may also occur in solid oxide fuel cells [4,5]. Metal dusting can occur at carbon 

activities greater than unity aC > 1 and in the temperature interval 350-800 . 

 

Several studies [6,7,8] have shown that metal dusting is related to metal-catalysed graphite growth. 

The dissociative adsorption of carbon precursors on a Ni(-alloy) surface leads to the first graphene 

nucleation, subsequent graphite growth and finally metal dusting. Recent in-situ high-resolution 

transmission electron microscopy [9] and density functional theory (DFT) [10] studies have shown 

that steps on the metal surface act as growth centers for graphene. The modification of these growth 

centers is of great importance to avoid graphene nucleation. A recent study showed that the kinetics 

of graphene nucleation may be decreased by increasing the epitaxial mismatch between the metal 

and graphene basal plane [11]. This can be done by the addition of alloying elements as for instance 

Cu [4,12,13], Sn [14,15,16] or Au [17,18]. These are alloying elements well-known to inhibit metal 

dusting. Sn, Cu and Au also protect Ni surfaces by being less reactive towards carbon, and decrease 

the carbon solubility in the alloy. Selective poisoning of graphite growth centers on the surface is 

another option and can be done by adding sulphur or alkali metals in the feed gas [1,2]. A 

disadvantage of gas additives in steam reforming plants is the need for continuous feed and 

subsequent cleaning of the process gas. A different strategy is to alloy Ni with metals that may form 

protective oxide coatings, for instance Ti or Al [19, 20, 21, 22, 23, 24].  
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Here, we focus on Al as an oxidative alloying element for stabilising Ni surfaces against metal 

dusting corrosion. As pointed out by Young [23] there are only few studies of the metallic Ni-Al 

alloys [20, 22, 25, 26] in a metal dusting environment. The Fe3Al and Ni3Al alloys have been 

investigated by Grabke and co-workers [20] in short term metal dusting experiments followed by 

characterisation. It was concluded that Fe3Al is susceptible to metal dusting while Ni3Al showed 

excellent resistance. Later, Liu and Chen [22,27] investigated Ni3Al in metal dusting experiments 

with exposures up to 500h followed by characterisation. They concluded that pre-oxidation of Ni3Al 

and thus formation of a thin Al2O3 layer improved the resistance towards carbon attack. The 

adhesion of -Al2O3(0001)/ -NiAl was investigated by DFT in a study by Carling and Carter [28]. 

They found that Hf increases the work of adhesion between the metal-oxide interface, whereas 

elements such as S decrease it. This shows that the oxide may fall off during operation, which is 

also reported in experiments [23,29]. -NiAl is also used as bi-metallic catalyst [30], and the 

present study therefore also may have relevance to the field of catalysis. The surface stoichiometry 

of -NiAl in the early stages of oxidation was investigated by DFT calculations by Lozovoi et al. 

[31] and the structure of the ultra thin aluminum oxide film on NiAl(110) was reported by Kresse et 

al. [32], who combined scanning tunneling microscopy and DFT. They found the stoichiometry and 

geometry of the aluminum oxide film to be different from the bulk oxide. Under operating 

conditions in a metal dusting environment, the surface of the Ni-Al alloys is expected to be covered 

with an oxide scale, but as already discussed, this oxide scale can be damaged easily. In this case, 

the metal surface is directly exposed to the gas and is vulnerable to metal dusting. 

 

Application of an aluminide coating on a Ni alloy leads to interdiffusion between the coating and 

the alloy at the high operation temperatures in a reforming plant. This will result in the existence of 

various Ni-aluminide phases in the coating [24]. In this work, we focus on the case of oxide failure 

on the -Ni3Al and -NiAl surfaces and investigate, which adsorbates are present on the metallic 

surfaces under metal dusting conditions. For the close-packed -Ni3Al(111) and -NiAl(110) 

surfaces, phase diagrams are established, which show whether the surface is covered by oxidation 

or carburisation precursors, modeled by the adsorption of OH and CO, respectively. Possible 

changes in the alloy surface stoichiometry induced by the presence of the adsorbates are taken into 

account. In this way, we study the interplay between the gas-composition and the surface 

composition. The results are extended to relevant conditions by the previously used chemical 
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potential formalism [16,33,34]. In this way, we can gain insight into which conditions may cause 

carburisation or favor oxidation of the surfaces. 

2. Computational details 

2.1 Computational Methods 

All DFT calculations are carried out using the plane-wave pseudopotential code Dacapo [35] within 

the Atomic Simulation Environment framework [36,37] .The Kohn-Sham wave functions are 

expanded in a plane-wave basis set, with a kinetic energy up to 400 eV for bulk calculations and 

350 eV for surfaces and molecules. The cut-off energy for the density grid [38] is set to 800 eV for 

bulk calculations and 700 eV for calculations including surfaces and molecules. All core electrons 

of the ions are described by ultrasoft pseudopotentials [38,39,40], and the exchange and correlation 

effects are described using the revised Perdew-Ernzerhoff-Burke (RPBE) functional [41]. The k-

point sampling of the first Brillouin zone is performed with a (8x8x8) Monkhorst-Pack grid [42] for 

all bulk calculations, a (8x8x1) grid for Ni3Al(111) surfaces, a (12x12x1) for NiAl(110) surfaces 

and a (1x1x1) grid for molecules. The self-consistent electron density is determined by iterative 

diagonalisation of the Kohn-Sham Hamiltonian, and the resulting Kohn-Sham eigenstates are 

populated following a Fermi distribution (kBT = 0.1 eV). Pulay mixing [43] of the resulting 

electronic density is used and the resulting total energy extrapolated to zero temperature. All results 

on pure Ni(111) are taken from reference [11]. The calculations on pure Ni(111) were performed 

spin-polarised. The calculations on Ni3Al and NiAl were initially performed spin-polarised for the 

clean alloy surface, but no magnetic moments were found. Therefore, all subsequent calculations 

were performed without spin polarisation. 

 

In all bulk calculations, the structure is optimised by allowing the atoms, as well as the unit cell, to 

relax. The unit cell stresses are relaxed until all stress components are lower than 0.1 GPa. For the 

surface calculations, the bottom layer atoms are kept fixed in the calculated bulk positions while the 

top two layers and the adsorbate atoms are allowed to relax. For the calculations on molecules in the 

gas phase, all atoms are allowed to relax. The structure optimisations are all performed with the 

Quasi-Newton (QN) algorithm, until the maximum force on any ion is less than 0.03 eV/Å. The 

periodic slabs are separated by 10 Å of vacuum; and a correction for the surface dipole interaction 

is applied [44].  In order to obtain thermochemical quantities, vibrational calculations are 

performed. In a harmonic potential approximation, the energy change is calculated as the relevant 
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atom is displaced in the ±x, ±y and ±z directions with a displacement length of around 1% of the 

relevant bond length. This value of the displacement has to be set low in order not to violate the 

harmonic potential approximation, although not lower than the density-functional theory accuracy. 

The applied value is 0.03 Å in all cases. In all ball-models, we use colors for the different chemical 

species according to the legend in Figure 1. 

2.2 Structures 

It is well known that both Ni3Al and NiAl are very stable alloys with a high heat of formation 

[45,46,47]. -Ni3Al crystallises in the Cu3Au L12 structure (fcc) and -NiAl in the CsCl B2 

structure (bcc). The -Ni3Al and -NiAl surfaces are modeled by the close-packed fcc(111) and 

bcc(110) surfaces respectively. The Ni3Al(111) and NiAl(110) surfaces are shown in Figure 1, in 

which the employed unit cells are also indicated. The lattice constants are calculated to be 3.59 Å 

for -Ni3Al and 2.90 Å for -NiAl respectively. In comparison, the experimental values are 3.57 Å  

for -Ni3Al [45,46] and 2.89 Å for -NiAl [47]. The heats of formation are calculated to be -40.9 

kJ/mol for Ni3Al and -62.6 kJ/mol for NiAl, respectively. This is in good agreement with recent 

calculations by Wang et al. [48] which gave -41.1 kJ/mol and -62.7 kJ/mol, respectively. The 

experimental references in the work of Wang et al. [48] have measured heat of formation between -

37.6 and -47 kJ/mol for -Ni3Al and -58.8 to -72 kJ/mol for -NiAl.  It can be seen from Figure 1 

that there are two atop sites, two fcc sites, two hcp sites and three bridge sites on Ni3Al(111), and 

two atop sites, two three-fold hollow sites and three bridge sites on NiAl(110). We scan all these 

possible high-symmetry adsorption sites to determine the most stable site for each adsorbate. 

2.3 Chemisorption energies and free energies 

The adsorption energies calculated by DFT are extrapolated to conditions relevant for metal dusting 

using a thermochemistry description of the following reactions: 

 

1 *CO  *  CO(g)  

2 )g(!H  *OH  *  O(g)H 22  

3 *H  *  (g)!H2  

 

The symbol * denotes a site on the surface. The CO chemisorption is investigated since it is the 

source of carbon. An oxidative environment may prevent carbon deposition on the surface and in 
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steam reforming plants the oxidative agent is H2O. In contrast, H2 may reduce the surface. We 

therefore investigate the dissociative chemisorption energies of both H2O and H2. The stability of 

the adsorbates is described by the chemisorption total energies calculated as 

 

4 )CO()Surface()COSurface(CO EEEE  

5 )OH()Surface()H()OHSurface( 222
1

OH EEEEE  

6 )H()Surface()HSurface( 22
1

H EEEE  

 

E is the total DFT energy of the given system (surface with molecule, surface or molecule in the gas 

phase), and E  describes the stability of the adsorbate to the surface. The free energies of 

adsorption for CO, OH or H2 are given by the following equations 

 

7 COCO )Surface()COSurface( NGNG  

8 H2H2OOH !)Surface()OHSurface( NNGNG  

9 H2H !)Surface()HSurface( NGNG  

 

Here, )XSurface( NG  is the Gibbs free energy of the surface with species X adsorbed, N is the 

number of adsorbed molecules, and X is the chemical potential of the respective species X in the 

gas phase. The clean surface is chosen as the zero point. We approximate the free energy of the 

surface without adsorbates with the DFT energy. We neglect the enthalpy and entropy contributions 

arising from the vibrations of the adsorbates on the surface. This implies that: 

 

10 )()()( XNSurfaceEXNSurfaceEXNSurfaceG ZPED FT  

 

Here, EDFT is the calculated DFT energy and EZPE is the zero point energy of the species X on the 

surface. The zero-point energy is assumed constant for all surfaces and is adapted from Jones et al. 

[49]. 

2.4 Ranges of chemical potentials for gas phase species 

The chemical potential of the species X  in the gas-phase at temperature T and pressure p, relative 

to the vacuum level is given by 
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EZPE is the zero-point energy, which is a function of the vibrational frequencies, 
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Here, h o a finite temperature T, is given by 
T

X
H

0
f  and the entropy at temperature T is given by T

X
S , kB p

0 is the 

standard pressure (1 bar). The enthalpy and entropy values as well as the vibrational frequencies are 

taken from standard thermodynamic databases [50]. The zero of the chemical potentials is taken to 

be at standard conditions, i.e., room temperature and a pressure of 1bar. The reference level is 

changed from vacuum level to standard condition by 

13 0,
X

pT

XX
 

In the above, pT

X

, is given in equation 11, and 0
X

 is the chemical potential at standard condition 

taken from standard tables [51] and listed in Table 1. The quantity 
X

 indicates how far away the 

considered reaction conditions are from standard conditions and is listed in Table 2. The OH 

chemical potential range and values are determined by 

14 H2H2OOH !  

The reference state for carbon is chosen to be graphite, and not CO. This gives a more convenient 

relation to the carbon activity, a key parameter in the field of metal dusting corrosion [2].  In the 

following, it is demonstrated, how the free energy of adsorbed carbon is calculated, and how the 

chemical potential of carbon in a gas environment relative to the chemical potential of carbon in 

graphite influences this. The stability of carbon on the surface is set relative to carbon in graphite, 

since this tells us whether the thermodynamics favors the formation of graphite. The adsorption free 

energy for carbon adsorption is calculated as follows: 

15 
C

C

NEE

NGG

)Surface()CSurface(
)Surface()CSurface(

 

The carbon chemical potential  
C

 is determined by the carbon source, which may be a gas or 

carbon dissolved in the bulk. In a steam-reforming or metal-dusting environment, there are three 

carbon-forming reactions [1,2]: 

16 24 2HCCH  Methane decomposition 
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17 OH  C  H  CO 22  CO reduction reaction 

18 2COC2CO  Boudouard reaction 

We calculate C from the CO reduction reaction since it is kinetically more favorable than the 

Boudouard reaction [2, 3]. At the conditions considered, thermal cracking of methane is not 

relevant. The carbon chemical potential is then 

19 H2OH2COC  

 We relate C to the graphite by introducing the quantity C  

20 graphiteC,CC G  

Here, C  is the chemical potential of carbon in the gas-phase and graphiteC, is the DFT energy per 

carbon atom in graphite, set relative to standard conditions according to equation (13). 

In this definition, 0C  yields a thermodynamic driving force for graphite formation. The carbon 

activity of a synthesis gas can then be written as  

21 
)(

)()(
c

2

2

OHp
HpC Op

Ka  

in which K is the equilibrium constant for the CO reduction reaction. The carbon activity can be 

related to the carbon chemical potential C as 

22 CC ln aTk B  

Metal dusting generally occurs at 1ca  C > 0 [2]. This allows for a simple 

identification of the metal dusting region in the plots of the carbon adsorption free energy versus the 

carbon chemical potential. Carbon activities and chemical potentials for relevant experimental 

conditions have been calculated and are listed in Table 2. The ranges of chemical potential 

calculated previously [16] are for CO, H2, and H2O from 0.00 eV to 3.00 eV. All chemical 

potentials are calculated relative to the standard chemical potential 0
X . 

3. Results and Discussion 

3.1 Segregation and surface termination 

The gas atmosphere surrounding a metal surface may have an impact on surface stoichiometry, as 

shown in for instance our previous study of the Ni3Sn alloy surfaces [16]. Therefore, the first step of 

this investigation is to study the stability of the different surface terminations for both surfaces, -
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Ni3Al(111) and -NiAl(110), relative to the bulk terminated surfaces, as we need to establish the 

different surface terminations without adsorbates as a reference. The considered surfaces are (see 

Figure 2) the bulk terminated one, a Ni-rich termination, in which the Al atoms in the first layer are 

exchanged with Ni atoms from the second layer, and an Al-rich termination, in which Ni atoms 

from the first layer are exchanged with Al atoms from the second layer. The energies are referenced 

to the bulk terminated surfaces to directly reflect segregation energies. For Ni3Al, the Ni-rich and 

Al-rich phases are unstable by 0.95 eV and 0.74 eV per unit cell respectively. These segregation 

energies may well be compensated by correspondingly high changes in adsorption energy of the 

adsorbates, so we have to consider adsorbate induced segregation. For NiAl, the Ni-rich and Al-rich 

phases are unstable by 2.74 eV and 1.78 eV per unit cell respectively. Compared to the Ni3Al 

surface, it seems more unlikely that changes in adsorption energies on NiAl can compensate for the 

segregation energies and render adsorbate induced segregation possible, but this possibility is 

investigated nonetheless.  

 

In the following, the results for the adsorption of CO, C, OH, and H on the different surface 

terminations are presented and discussed. We also investigate a Ni overlayer, which may form on 

the surface upon Al consumption by oxidation. All adsorption energies are summarised in Table 3, 

which also contains previous results for Ni(111) for comparison. Subsequently, the adsorption 

energies are extrapolated to metal dusting conditions via the chemical potential formalism, as 

described in Sections 3.3 and 3.4. This allows establishing, under which conditions the surfaces will 

be covered by carbon-containing species and under which conditions they will be hydroxylated. 

3.2 Adsorption of CO 

The chemisorption energies of CO on the six different surfaces have been calculated and the most 

stable geometries and corresponding adsorption energies are shown in Figure 3. It is seen that CO is 

most stable on the bulk terminated surfaces on Ni3Al(111) and the Ni-rich termination on 

NiAl(110).  CO adsorbs much stronger on all Ni3Al(111) surfaces than on the NiAl(110) surfaces. 

In general, CO tries to maximise the number of Ni neighbors and minimise the number of Al 

neighbors. As CO can coordinate to more Ni atoms on the Ni3Al surface, the binding on this surface 

is much stronger. The most stable geometry yields a binding energy of -1.98 eV on Ni3Al(111). 

This is comparable to Ni(111), which adsorbs CO with -1.53 eV and on Ni3Sn(0001) with -1.77 eV. 

One can discern the same stabilising effect for CO binding on Ni3Al as for Ni3Sn, namely that both 

Al and Sn as a second-nearest neighbor strengthen CO adsorption to the Ni. For NiAl(110) it is 
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noticable that CO is most stable on the Ni-rich surface. The reason for this is, that Ni in the topmost 

layer is stretched relative to a bulk Ni lattice constant resulting in a stronger binding [52,53,54]. In 

all cases, Ni adsorbs in a three-fold hollow site, except for the NiAl(110) bulk terminated surface,  

on which it adsorbs atop. The overall conclusion is that compared to Ni(111), CO adsorption is 

stabilised on Ni3Al(111) and weakened on NiAl(110). 

3.3 Adsorption of C 

The adsorption energies of carbon are calculated relative to graphite, even though carbon is 

deposited on the surface from CO (Table 3). This choice enables us to predict the thermodynamical 

driving force for graphite formation on the surface. Structures and energies are depicted in Figure 4. 

The overall trend for C adsorption is the same as for CO. The most stable site for Ni3Al(111) is the 

threefold hollow site on the bulk terminated surface, for which the adsorption energy is 0.89 eV. 

However, adsorption on this termination is only slightly more stable than on the Ni-rich 

termination. Adsorption on both terminations corresponds to a stabilisation of C adsorption 

compared to Ni(111), for which the adsorption energy is 1.26 eV. In contrast, C on NiAl(110) 

adsorbs strongest on the Ni-rich termination in a three-fold site, with an adsorption energy of 1.68 

eV.  This means that C is destabilised on NiAl(110) compared to Ni(111). In general, the trends for 

C adsorption are very similar to CO adsorption. This is not surprising, as both C and CO favor 

coordination to Ni heavily over coordination to Al. 

3.4 Adsorption of OH 

The adsorption energy of OH is calculated relative to H2O and H2 and all structures and energies are 

shown in Figure 5. In general, the adsorption geometries of OH are different than the ones of CO 

and C, since OH preferentially adsorbs on a bridge site coordinating to Al in the surface layer. The 

overall result is that O significantly prefers coordination to Al over coordination to Ni and binds to 

Al wherever possible. Thus, for both surfaces, the Al-rich terminations lead to the most stable 

adsorption, and the Ni-rich surfaces to the least stable adsorption. However, on the Ni-rich Ni3Al 

there are no Al atoms in the top layer and thus OH adsorbs in an fcc site, the same as on Ni(111) 

(see Figure 5). Likewise, on the Ni-rich NiAl(110) surface, there are no Al atoms in the top layer, 

but here OH adsorbs on a bridge site. Compared to Ni(111), OH adsorption is stabilised on both 

NiAl(110) and Ni3Al(111) surface, but more significantly on the NiAl(110) surface. This can be 

easily understood, as the Al-rich termination of the NiAl(110) surface corresponds to a full top layer 

of Al. 
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3.5 Adsorption of H 

The adsorption geometries for H are similar to CO, and the stability of H on the different surfaces 

has the same ranking as the one for CO and C (see Figure 6). The results can again be rationalised 

with the preference of H to coordinate to Ni instead of Al. For Ni3Al, the most stable site for H 

adsorption is a hcp site on the bulk terminated surface. At this site, Ni adsorbs with 0.35 eV higher 

adsorption energy than on Ni(111). On NiAl(110), the preferred adsorption site is a hollow site on 

the Ni-rich NiAl(110), but here the stabilisation is only 0.06 eV compared to Ni(111).  

3.6 Thermochemistry of adsorption 

The next step in the analysis is to extrapolate our calculated adsorption energies to metal dusting 

conditions. For this purpose, we construct free energy diagrams for the adsorption of CO, C, OH 

and H at chemical potentials corresponding to a gas-composition of 25% CO, 73% H2 and 2% H2O 

[19] at standard pressure (1 bar) and in the temperature range 700-1100 K. These conditions have 

previously proven to give rise to metal dusting [19]. The free energy diagrams are shown in Figure 

7 for the Ni3Al(111) surface and in Figure 8 for the NiAl(110) surface. 

 

The results for Ni3Al(111) in Figure 7 show that the most abundant surface species is CO, but also 

H and OH are expected to be present to some extent. This can be directly read off the free energy 

plots in Figure 7, as the curve with the lowest free energy at a given temperature indicates the 

species present on the surface. It is clear that none of the adsorbates can induce segregation and 

hence stabilise the Ni-rich or the Al-rich termination instead of the favored bulk termination. This is 

because the differences in adsorption energies for the different terminations are smaller than the 

energies required for segregation. Thus, we predict that on the close-packed surfaces the 

stoichiometry will not be altered due to adsorbates. It is important to note that the carbonaceous 

species change the stability order of the segregated surface. While the Al-rich surface is more stable 

than the Ni-rich surface in the absence of adsorbates, C and CO reverse this order, as they stabilise 

Ni on the surface compared to Al. However, this stabilisation of Ni is not enough to render Ni 

segregation to the surface energetically favorable. 

Thus we can conclude that any changes in stoichiometry are most likely caused by aluminum 

consumption for regeneration of the oxide layer or other effects.  However, we note that for defects 

such as phase boundaries, segregation energies may be lower so that stoichiometry variations can be 

expected there. Here, a mixed  - -Ni3Al phase has been observed  [23].  
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The results for NiAl(110) are presented in Figure 8. Also on this surface, CO is the most abundant 

adsorbate, even though it is closely followed by OH and H. Compared to the Ni3Al surface, CO 

adsorption is destabilised whereas OH adsorption is approximately the same, which is why we 

expect both adsorbates to be present on the surface. For all adsorbates, the stoichiometric 

termination is clearly the most stable one and the energy difference between the bulk terminated 

surface and the segregated surfaces is also much larger than for the Ni3Al(111) surface. This means 

that on the (110) surface, none of the adsorbates can induce segregation.  

Again, we interpret this result such that there must be other driving forces for Ni to segregate to the 

surface, as observed experimentally [23]. One possibility is that steps and defects are required to 

allow alteration of the surface stoichiometry. Another possibility is that changes in the surface 

stoichiometry are caused by Al removal in the top layer to re-form spalled oxide layer. This would 

correspond to formation of a Ni overlayer on a Ni3Al or NiAl substrate. These systems are 

investigated in the following section. 

3.7 Ni overlayer  adsorption and thermochemistry 

To model the Ni surplus after removal of Al from the surface by oxidation, we consider a Ni 

overlayer by substituting Al atoms in the top layer with Ni. The adsorption results are shown in 

Table 3 and Figure 9. The Ni3Al(111) with Ni overlayer is termed Ni/Ni3Al(111). The adsorption 

geometries and energies for Ni/Ni3Al(111) are almost identical to those for the Ni-rich termination 

of Ni3Al. Compared to Ni(111), adsorption energies for all adsorbates increase, which can also be 

seen in Table 3 and the free energy diagram in Figure 10. In practice, this would mean that once Al 

at the surface is consumed, one is left with a rather reactive surface towards carbon adsorbates and 

that the presence of OH cannot induce segregation of more Al to this surface. This explains why 

Ni3Al is quite vulnerable towards metal dusting at the places, where the Al2O3 coating spalls off. 

 

Next, we investigate the Ni/NiAl(110) system shown in Figure 9, Table 3 and Figure 11. In this 

overlayer, the Ni-Ni distances are increased compared to Ni(111) resulting in a more open and 

reactive surface which binds CO as strong as Ni(111) and stronger than all other investigated NiAl 

surfaces. These results show that also on NiAl, if the oxide layer spalls off, one is left with a surface 

which is quite reactive towards carbon-containing adsorbates. 
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3.8 Discussion 

The next step is to combine all obtained results and construct phase diagrams, in which the surface 

termination and adsorbate with the lowest free energy, as identified in Figure 7-Figure 11, is shown 

as a function of OH and CO for the five different investigated surfaces (Figure 12). The most 

relevant aspect for the challenge we investigate is the thermodynamical preference for oxidation or 

graphite formation, which indicates whether the surface is susceptible to metal dusting or protected 

by the onset of an oxide layer.  

 

Figure 12 shows the preferential adsorbate on the surfaces as a function of OH and CO. Each 

diagram contains three different areas dictated by the operation conditions. The three areas are the 

clean surface indicated by * and the most stable surfaces with adsorbates being predominantly CO 

and OH, indicated by either CO* or OH*. The interesting parameter is the relative size of the areas 

on the six systems studied. A relatively large area provides a greater span of chemical potential and 

thereby more flexible operating conditions with a similar resulting surface termination. From the 

phase diagrams it is clear that the -NiAl phase is the one that provides the surface most flexible to 

operating conditions. OH adsorption is sustained on -NiAl and therefore the surface that is most 

easily oxidised. Also, the -NiAl phase has the smallest area in which CO adsorption is favorable 

and can therefore be expected to be the most metal dusting resistant of all surfaces investigated. In 

contrast, Ni(111) has a large area for CO adsorption and no preference for OH adsorption under 

relevant metal dusting chemical potentials. The Ni3Al(111) surfaces and the Ni/Ni3Al(111) and 

Ni/NiAl(110) overlayer surfaces fall in between the two extremes. 

 

The S/C ratio is inversely correlated to the ratio OH/ CO. While a small S/C ratio corresponds to 

high carbon activities and an aggressive gas, this is reflected in a large positive value for 

OH/ CO. In contrast, a less aggressive gas is characterised by a high S/C ratio and a small 

positive value for OH/ CO. Therefore, when the aim is to use as low S/C ratios as possible and 

still avoid carbon deposition, NiAl offers the most flexible operating conditions due to the larger 

extend of the OH* area in the phase diagram. It can be seen that the NiAl phase can go as high as 

OH/ CO ~0.5, significantly larger than the second ranking Ni3Al for which the limit is 

OH/ CO ~0.05. It should be emphasised that the provided phase diagrams only include the 

thermodynamic ratio between OH* and CO* on the surface, which are the precursors for forming 
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graphite or oxide at the surface. Thus, our results are in agreement with the previous evidence for 

NiAl being more protective towards metal dusting than Ni3Al [23]. However, once Al has been 

consumed by reoxidation and in case of oxide spallation, one is potentially left with a very 

vulnerable surface, as is energetically expensive for Al to segregate to the surface. 

4. Conclusions 
The adsorption of CO, OH, H and C on the Ni3Al(111) and NiAl(110) surfaces in the bulk-

terminated as well as adsorbate-induced segregated states has been investigated. CO, C, OH and H 

have different adsorption energies on the different terminations, with carbon and hydrogen 

exhibiting a clear preference for coordination to Ni, and oxygen a preference for coordination to Al. 

However, the differences in adsorption energies are not enough to stabilise the segregated states, 

and thus the bulk-terminated surfaces remain the most stable ones under all relevant metal dusting 

conditions taken from Ref. 19. Also, the effect of a Ni overlayer on adsorption was investigated. Ni 

overlayers on Ni3Al(111) resemble Ni(111) due to a similar lattice constant. The Ni overlayer on 

NiAl(110) is more reactive than Ni(111) due to the open structure of the bcc phase. Phase diagrams 

based on thermochemical calculations showed that NiAl surface provides the largest operating 

window that allows adsorbed OH. This surface is therefore the one on which an oxide scale can 

grow at the lowest S/C ratio. The presented results agree well with the work of Young and co-

workers [23], as they observed metal dusting on both -Ni3Al and -NiAl. The highest metal 

dusting rate was observed on -Ni3Al. 
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7. Tables 

Table 1: The chemical potential of the gas phase species at standard conditions. 
0
X [eV] C(s) CO H2O(g) H2 

 -0.01 -0.52 -0.48 -0.32 

     

 

Table 2: Carbon activities and chemical potentials at the conditions applied by Rosado and Schütze 

[19] relative to the chemical potentials in standard state and conditions. Water is relative to water in 

the gas-phase at standard conditions. 

T [ C] T [K] aC (C) [eV]  (CO) 

[eV] 

 (H2O) 

[eV] 

 (H2) 

[eV] 

400 673.15 9904 0.54 -0.90 -0.88 -0.64 

620 893.15 25.63 0.26 -1.45 -1.41 -1.03 

700 973.15 5.58 0.16 -1.65 -1.61 -1.17 

       

 

Table 3: Summary of the adsorption energies on the different surfaces. The results for Ni(111) are 

taken from Ref. 11 and presented for comparison. All energies are in eV. 

 Bulk termination Ni-rich Al-rich Ni overlayer Ni 

 Ni3Al NiAl Ni3Al NiAl Ni3Al NiAl Ni3Al NiAl  

E(CO) -1.98 -0.85 -1.78 -1.32 -1.42 -0.21 -1.88 -1.56 -1.53 

E(C) 0.89 2.71 1.02 1.68 2.12 2.12 0.83 1.21 1.26 

E(OH) -0.21 -0.41 0.15 0.16 -0.39 -0.72 0.14 0.04 0.38 

E(H) -0.70 -0.14 -0.55 -0.41 -0.38 0.15 -0.56 -0.52 -0.35 
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8. Figures 

 

 

 
 

F igure 1 Models for the Ni3Al(111) and the NiAl(110) surface. The surfaces are modeled by an in-

plane (2x2) unit cell for the Ni3Al(111) surface and (1x1) unit cell for the NiAl(110) surface and 

three layers in the z-direction. Color code: light gray (Ni), green (Al), charcoal black (C), red (O), 

and white (H). The same color code is used in all subsequent ball-models.
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F igure 2. Top-views of bulk, Ni-rich and Al-rich terminations of Ni3Al(111) and NiAl(110). All 

energies are per unitcell and referenced to the bulk termination. The overall stoichiometry within 

the unit cell is preserved in all cases. 
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F igure 3. CO adsorption on Ni3Al(111) and NiAl(110) for the three different surface terminations. 

All energies are relative to CO in the gas phase. The CO molecule preferentially adsorbs at sites 

with maximum Ni and minimum Al. This yields a structure where the Ni atoms involved in CO 

adsorption have Al as nearest neighbors.
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F igure 4. C adsorption on Ni3Al(111) and NiAl(110) for the three different surface terminations. 

All energies are relative to graphite. The C atom preferentially adsorbs at sites with maximum Ni 

and minimum Al. This yields a structure where the Ni atoms involved in C adsorption have Al as 

nearest neighbors.



 - 23 - 

 

 
 

F igure 5. OH adsorption on Ni3Al(111) and NiAl(110) for the three different surface terminations. 

All energies are relative to H2O and H2 in the gas phase. The OH molecule preferentially adsorbs at 

sites which highest possible Al coordination. 
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F igure 6. H adsorption on Ni3Al(111) and NiAl(110) for the three different surface terminations. 

All energies are relative to H2 in the gas phase. The H atom preferentially adsorbs at sites with 

maximum Ni coordination. 
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F igure 7. Free energy diagrams for CO, C, OH and H adsorption on Ni3Al(111). Energies are 

according to the free energy reactions 1-3 . The black lines are for the bulk termination, red lines for 

the Ni-rich termination and green lines for the Al-rich termination. Solid lines are the surfaces 

without adsorbates and dashed lines surfaces with adsorbates. The vertical lines indicate the 

chemical potentials for each of the species in the gas phase adapted from [19]. The composition is 

25% CO, 73%H2 and 2%H2O at the temperatures T = 400, 620, 700 C.  



 - 26 - 

 
 

F igure 8. Free energy diagrams for CO, C, OH and H adsorption on NiAl(110). Energies are 

according to the free energy reactions 1-3 . The black lines are for the bulk termination, red lines for 

the Ni-rich termination and green lines for the Al-rich termination. Solid lines are the surfaces 

without adsorbates and dashed lines surfaces with adsorbates. The vertical lines indicate the 

chemical potentials for each of the species in the gas phase adapted from [19]. The composition is 

25% CO, 73%H2 and 2%H2O at the temperatures T = 400, 620, 700 C. 
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F igure 9. CO, C, OH and H adsorption on Ni3Al(111) and NiAl(110) with Ni overlayers.  
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F igure 10. Free energy diagrams for CO, C, OH and H adsorption on Ni/Ni3Al(111). The solid line 

denotes the free energy for a clean Ni overlayer and the dashed line the free energy for the Ni 

overlayer with adsorbates. 
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F igure 11. Free energy diagrams for CO, C, H and OH adsorption on Ni/NiAl(110). The solid line 

denotes the free energy for a clean Ni overlayer and the dashed line the free energy for the Ni 

overlayer with adsorbates. 
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F igure 12. Phase diagrams for Ni3Al(111), NiAl(110), Ni/Ni3Al(111), Ni/NiAl(110), and Ni(111) 

showing the areas in which the clean surface (denoted by *), the surface with adsorbed CO (denoted 

by CO*) and the surface with adsorbed OH (denoted by OH*) are the most stable ones.   

 


