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1. Introduction

The world is facing an energy and environmental crisis, which 
has led to a need to develop various alternative forms of energy 
production.1,2,3  Hydrogen gas (H2) has been identified as a clean, 
sustainable and highly energy-dense energy source.  However, 
H2 is not found naturally.4 There are several methods to produce 
H2. The most prominent methods include reforming natural gas, 
gasification of coal, and water electrolysis.5,6  Water electrolysis 
is considered a highly sustainable and clean way to produce H2 of 
high purity with only oxygen gas (O2) as a by-product.5-8

Water electrolysis consists of two half-cell reactions: the OER and 
the hydrogen evolution reaction (HER).8,9 Of these two reactions, 
the OER is the rate-determining reaction and therefore requires an 
efficient electrocatalyst.7  Studies have shown that Raney nickel, a 
porous Ni structure, is a possible electrocatalyst for the OER in an 
alkaline environment.9

However, the activity and selectivity of Raney nickel vary with 
the morphological properties of the final synthesised Raney nickel.  
The morphological properties of Raney nickel are dependent on the 
synthesis method,10-13 which is influenced by the composition of the 
bimetallic precursor and the final porous structure.13-15 During the 
synthesis of Raney nickel, the primary metal (Ni) is combined with 
a secondary metal (usually zinc (Zn) or aluminium (Al)) to form 
a bimetallic precursor containing various bimetallic phases.16,17 
The secondary metal in the bimetallic precursor is more active 

towards the leaching than the Ni.  Of the two secondary metals 
mentioned above, Al produced the best results in leachability 
without influencing Ni’s integrity.17,18

The most studied Ni1-xAlx bimetallic phases, both experimentally 
and computationally, are Ni2Al3, NiAl and NiAl3. These studies 
usually started with a specific bimetallic phase within an alloy 
or a bimetallic precursor.11,14,17,19,20  However, to get a more 
comprehensive understanding of the influence of the bimetallic 
precursor on the morphological properties of Raney nickel, a 
larger spectrum of bimetallic phases needs to be evaluated.  The 
bimetallic phases could be evaluated separately or combined in one 
bimetallic precursor structure.

The SOD21 program can be used for a more systematic approach 
to build and model a spectrum of Ni1-xAlx bimetallic phases.  This 
program utilises the site occupancy disorder phenomenon seen in 
solid-state chemistry.21 In the SOD program, atoms of the secondary 
metal (Al) are systematically substituted into each of the available 
lattice spaces of the bulk structure of the pure primary metal 
(Ni), according to a pre-defined Ni1-xAlx bimetallic ratio at 0K.  
This substitution leads to several configurations that are directly 
proportional to the size of the bulk structure.  In order to reduce the 
number of configurations obtained, only the unique configurations 
are identified by applying a set of geometric operators (translation, 
rotation, and reflection) that work in conjunction with the symmetry 
of the crystal structure of the primary metal.
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Each unique configuration is accompanied by a degeneracy value, 
Ωm, which is the number of symmetry-bound configurations 
identified in the larger bulk structure. These symmetry-bound 
configurations have the same energy due to similar atomic 
arrangements within the larger bulk structure. Only one of these 
symmetry-bound configurations is listed as output for the SOD 
program, namely the unique configuration.

The unique configurations were geometrically optimised at 0K 
using GULP to find the most stable geometric orientation for the 
configurations.22,23 These optimised structures were submitted 
to thermodynamic calculations with statistical SOD. These 
calculations require an input file of temperatures at which the data 
should be calculated.  The thermodynamic calculations include the 
Boltzmann probability distributions, the configurational entropy, 
and the enthalpy of mixing.

In this study, a larger spectrum of potential Ni1-xAlx bimetallic 
phases that may influence the morphology and thus the synthesis 
and properties of Raney nickel were built using SOD.

2. Computational method

2.1 Configurations built with SOD

The face-centred cubic (fcc) unit cell for Ni, within the space group 
Fm-3m, was constructed using the following lattice parameters: 
a, b, and c of 3.524 Å, and cell angles of 90.0°.24  The unit cell 
was expanded into a 2×2×1 supercell.  The 2×2×1 cell contains 
16 atoms, where each atom represents 6.25% of the cell.  Using 
the SOD program at 0K resulted in numerous symmetry-bound 
configurations for a specific Ni1-xAlx bimetallic phase. Symmetry 
operations reduced these symmetry-bound configures to unique 
configurations, which were geometrically optimised using GULP23 
with the interatomic many-body potentials from the Sutton-
Chen library.22 The Boltzmann probability distributions, the 
configurational entropy and enthalpy of mixing were calculated for 
a temperature range of 0.1K - 1200K, in steps of 100K.

2.2 Boltzmann probability distributions

The Boltzmann probability distribution was calculated using the 
following equation:21
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observed, kB is Boltzmann's constant (8.6173×10-5 eV·K-1), and Z is the partition 109 

function in the following equation: 110 

 𝑍𝑍𝑍𝑍 =  ∑ 𝑒𝑒𝑒𝑒(−𝐸𝐸𝐸𝐸𝑚𝑚𝑚𝑚/𝑘𝑘𝑘𝑘𝐵𝐵𝐵𝐵𝑇𝑇𝑇𝑇) .𝑁𝑁𝑁𝑁
𝑚𝑚𝑚𝑚=1  (2) 111 

2.3 Stability of configurations 112 

The stability of the configurations was determined by studying the entropy, which is 113 

calculated using the following equation [21]: 114 

 𝑆𝑆𝑆𝑆𝑚𝑚𝑚𝑚  =  𝑘𝑘𝑘𝑘𝐵𝐵𝐵𝐵𝑇𝑇𝑇𝑇 ln𝛺𝛺𝛺𝛺𝑚𝑚𝑚𝑚  , (3) 115 

where T is temperature, and the rest of the terms are as defined earlier. 116 

The morphology of the various bimetallic phases could be explained by the enthalpy 117 

of mixing [25]. 118 

 ∆𝐻𝐻𝐻𝐻𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 =  𝐻𝐻𝐻𝐻[𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁1−𝑚𝑚𝑚𝑚𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑚𝑚𝑚𝑚]−  (1 − 𝑥𝑥𝑥𝑥)𝐻𝐻𝐻𝐻[𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁] −  𝑥𝑥𝑥𝑥𝐻𝐻𝐻𝐻[𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴]  , (4) 119 

where H[Ni1-xAlx] is the enthalpy of a specific Ni1-xAlx bimetallic phase, and H[Ni] and 120 

H[Al] are the enthalpies of the pure metals.  The H[Ni1-xAlx] can be calculated as a 121 

weight average from the configuration enthalpy [21]: 122 

 𝐻𝐻𝐻𝐻[𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁1−𝑚𝑚𝑚𝑚𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑚𝑚𝑚𝑚]  =  ∑ 𝑃𝑃𝑃𝑃𝑚𝑚𝑚𝑚𝐻𝐻𝐻𝐻𝑚𝑚𝑚𝑚
𝑁𝑁𝑁𝑁
𝑚𝑚𝑚𝑚=1 [𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁1−𝑚𝑚𝑚𝑚𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑚𝑚𝑚𝑚], (5) 123 

where Hm[Ni1-xAlx] is the configuration enthalpy, and the rest of the terms are as 124 

defined earlier. 125 

3. Results and Discussion 126 

3.1 Configurations built with SOD 127 

The total number of symmetry-bound configurations and the unique configurations for 128 

various Ni1-xAlx bimetallic phases are listed in Table 1.  For example, in the case of 129 

where Hm[Ni1-xAlx] is the configuration enthalpy, and the rest of the 
terms are as defined earlier.

Table 1: The configurations for various Ni1-xAlx bimetallic phases
Bimetallic phase Total number of symmetry-

bound configurations
Unique configurations Unique configurations 

probable at 0K
Ni15Al1 16 1 1
Ni14Al2 120 5 1
Ni13Al3 560 10 1
Ni12Al4 1820 33 1
Ni11Al5 4368 53 1
Ni10Al6 8008 101 1
Ni9Al7 11440 122 1
Ni8Al8 12870 153 2
Ni7Al9 11440 122 1
Ni6Al10 8008 101 1
Ni5Al11 4368 53 1
Ni4Al12 1820 33 1
Ni3Al13 560 10 1
Ni2Al14 120 5 1
Ni1Al15 16 1 1
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3. Results and Discussion

3.1 Configurations built with SOD

The total number of symmetry-bound configurations and the unique 
configurations for various Ni1-xAlx bimetallic phases are listed in 
Table 1.  For example, in the case of the 1:1 atomic ratio (bimetallic 
phase Ni8Al8), the total number of symmetry-bound configurations 
is 12870, of which only 153 configurations are unique. The number 
of configurations for all the bimetallic phases investigated is 
distributed symmetrically around the Ni8Al8 bimetallic phase.  This 
distribution is observed since little or no influence outside the bulk 
structure (periodic supercell) was considered.

Initially, the various symmetry-bound configurations were built at 
0K.  However, Raney nickel is prepared at higher temperatures.  
Therefore, the temperature influence on the probability distribution 
was considered, and it was observed that the number of unique 
configurations increases as temperature increases.

3.2 Boltzmann probability distributions

Figure 1 shows the number of unique configurations for the various 
Ni1-xAlx bimetallic phases over a temperature range of 0.1K – 
1200K.  Figure 1(a) shows the number of unique configurations with 
a probability of existence higher than 0%.  The number of unique 
configurations increases in a sigmoidal trend as the temperature 
increases and reaches a plateau when the maximum number of 
unique configurations above 0% existence probability is reached.  
In Figure 1(a), the data can be divided into three temperature 
ranges.  The first is from 0K – 200K; in this temperature range for 
most Ni1-xAlx bimetallic phases, there is a gradual increase in the 
number of configurations.  At 200K, the bimetallic phases outside 
the Ni12Al4 to Ni4Al12 (with a Ni content of 81.25% to 18.75%) 
range reach their maximum number of unique configurations.  The 
second temperature range is from 200K – 900K; there is a linear 
increase in the number of unique configurations in this temperature 
range.  The final temperature range is from 900K – 1200K.  In 
this temperature range, all the bimetallic phases in the Ni12Al4 to 
Ni4Al12 range reach a plateau for the unique configurations. The 

plateaus indicate that at 900K, the maximum number of unique 
configurations is no longer influenced by temperature.  It should 
also be noted that a high percentage of the unique configurations 
above 200K has a probability of existence of less than 1%.

Figure 1(b) shows the number of unique configurations with 
probabilities of existence ≥ 1% as the temperature increases. 
The bimetallic phases outside the Ni12Al4 to Ni4Al12 range, reach 
their maximum number of unique configurations at much lower 
temperatures than the bimetallic phases in the Ni12Al4 to Ni4Al12 
range, as seen in Figure 1(a).  None of the bimetallic phases in the 
Ni12Al4 to Ni4Al12 range reach their maximum number of unique 
configurations in Figure 1(b).  However, the bimetallic phases 
in the Ni12Al4 to Ni4Al12 range have a higher number of unique 
configurations over the 600K - 1200K temperature range, than the 
bimetallic phases outside of this range. Since there are fewer unique 
configurations for all the Ni1-xAlx bimetallic phases, the influence 
of temperature on the number of unique configurations could be 
seen more clearly. Additionally, the influence of temperature on the 
existence probability of the two inverse ratio Ni1-xAlx bimetallic 
phases, namely Ni2Al14 and Ni14Al2 or Ni3Al13 and Ni13Al3, is seen 
in Figure 1(b).

The number of unique configurations could be further reduced by 
increasing the probability of existence cut-off.  Therefore, unique 
configurations with probabilities ≥ 10% will be considered in the 
rest of the paper.

3.3 Stability of configurations

Studies on high entropy alloys show that the larger the entropy of 
the substance, the greater the stability thereof.26  This observation 
follows from the fact that higher entropies lead to lower Gibbs-free 
energies.  Figure 2 shows the entropy for the unique configurations 
with a probability of existence cut-off of ≥ 10% relative to the 
Ni content at 700K.  The unique configuration data shows a 
parabolic trend across the Ni content range, centred around the 
1:1 atomic ratio.  The entropy for the unique configurations over 
this range of temperatures shows the same parabolic relationship 

(a) (b)

Figure 1: The number of configurations for the Ni1-xAlx bimetallic phases over a temperature range of 0.1K – 1200K for (a) existence 
probabilities > 0%, and (b) existence probabilities ≥ 1%.  (Circle markers represent ratios where the Ni content is the highest, and triangle 
markers represent ratios where Al content is the highest.)
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with Ni content in the unique configurations as in Figure 2.  The 

unique configurations with the highest entropy are in the 18.75% 

to 81.25% Ni content range for 700K.  The ten configurations 

showing the highest entropies at 700K in Figure 2 are also seen at 

800K.  Additionally, 80% of these highest entropy configurations 

at 700K are also observed in the 600K – 1100K range. Entropy 

graphs for other temperatures over the entire 0.1K – 1200K range 

are available in the Supplementary Information.

The unique configurations of the bimetallic phases observed 

at 700K have an average Ni content of 20% - 80%.  This range 

agrees with experimental studies showing the effective Raney 

nickel precursors to contain bimetallic phases in the 40% to 60% 

Ni range.16,27

Although ten unique configurations with the highest entropy were 
identified in Figure 2, the atomic arrangement of only eight of these 
configurations is shown in Figure 3 because the atomic arrangement 
in configurations 88 and 89 under Ni9Al7 and configurations 25 
and 26 under Ni11Al5 are very similar, for each respective Ni1-xAlx 
bimetallic phase.  It is observed in Figure 3 (a) – (h) that there is a 
tendency of like-atoms to form clusters.  This clustering tendency 
leads to patterns of non-homogeneous mixtures within the unique 
configurations.

The expectation is that the combination of non-homogeneous 
bimetallic phases will form a non-homogeneous bimetallic 
precursor.  This non-homogeneity agrees with previous observations 
in literature.28  The non-homogeneity of the bimetallic phases could 
be further investigated by calculating the enthalpy of mixing of 

Figure 2: The entropy of the different configurations (the identifying number shown above the bar), with probabilities ≥ 10% relative to 
Ni content at 700K

 
 

 

10 
 

above the bar), with probabilities ≥ 10% relative to Ni content at 700K. 207 

    
(a) Ni3Al13 
 – config 7 

(b) Ni4Al12  
– config 11 

(c) Ni5Al11  
– config 40 

(d) Ni8Al8  
-config 79 

    
(e) Ni9Al7  

– config 88 
(f) Ni11Al5  
-config 25 

(g) Ni12Al4  
– config 8 

(h) Ni13Al3  
– config 9 

  
Figure 3 (a) - (h) The atomic structure of the unique configurations identified as most 208 

stable from entropy.  (Al = magenta atoms and Ni = blue atoms.) 209 

The expectation is that the combination of non-homogeneous bimetallic phases will 210 

form a non-homogeneous bimetallic precursor.  This non-homogeneity agrees with 211 

previous observations in literature [28].  The non-homogeneity of the bimetallic 212 

phases could be further investigated by calculating the enthalpy of mixing of the 213 

bimetallic phases, as shown in equation (4).  The enthalpy of mixing for the bimetallic 214 

phases is positive, as shown in Figure 4. 215 

Figure 3: (a) - (h) The atomic structure of the unique configurations identified as most stable from entropy.  (Al = magenta atoms and Ni 
= blue atoms.)
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the bimetallic phases, as shown in equation (4).  The enthalpy of 
mixing for the bimetallic phases is positive, as shown in Figure 4.

The positive enthalpy of mixing indicates that the bimetallic phases 
are chemically unmixed.27,29 Chemical unmixing refers to the 
segregation of Ni and Al.  This segregation leads to the formation 
of short-to-medium range chemical and topological order or 
clustering.30  This observation supports the clustering observed in 
Figure 3.  However, in the case of the 1:1 atomic ratio (bimetallic 
phase Ni8Al8), a slight decrease in the enthalpy of mixing is 
observed.  While all the configurations of ratios surrounding 
the 1:1 atomic ratio show non-homogeneity, the configuration 
corresponding to the 1:1 ratio show a slightly more homogenous 
atomic arrangement (see inclusions in Figure 4), leading to a lower 
enthalpy of mixing.

4. Conclusion

In this study, a full spectrum of Ni1-xAlx bimetallic phases was built 
using SOD.  From the results, it can be concluded that using SOD 
to build the Ni1-xAlx bimetallic phases led to the identifications of 
configurations that include the Ni content (40% - 60%) and agree 
with the non-homogeneity of Raney nickel precursors that have 
been used successfully in previous experimental and computational 
studies of OER.14,19,28,29  Therefore, the SOD program provides a 
reliable spectrum of configurations that could be used for a more 
in-depth study of the influence of the precursor (containing various 
Ni1-xAlx bimetallic phases) on the properties of Raney nickel.  The 
next step in the study of Raney nickel will be to investigate the 
leaching of Al from the separate Ni1-xAlx bimetallic phases or from 
a bimetallic precursor structure constructed by combining these 
Ni1-xAlx bimetallic phases.

Supplementary information

Supplementary Information could be found at https://doi.
org/10.25388/nwu.14626044 
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