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A type of precipitation reactions in the nickel—hydrogen system is studied by 

means of first-principle atomic calculations. The concentration dependence 

of solution enthalpy is calculated, and its second derivative is shown to be 

negative within the hydrogen-to-nickel ratios, H/Ni, of 0.03—0.75. This re-
sult suggests that a spinodal decomposition of the solid solution occurs re-
sulting in formation of the hydrogen-rich and hydrogen-depleted phases. The 

obtained hydrogen concentrations in these conjugated phases are in con-
sistency with the available experimental data. The effects of hydrogen con-
centration on the electronic structure and its correlation with thermodynam-
ic stability of phases confirm that spinodal decomposition in the nickel—
hydrogen system has the electronic origin. The obtained results are at vari-
ance with the widely accepted concept of the nickel hydride. 

Key words: spinodal decomposition, nickel—hydrogen system, hydride, ab 

initio calculations. 

Тип реакцій виділення в системі нікель—водень досліджено за допомогою 

розрахунків із перших принципів. Розраховано концентраційну залеж-
ність ентальпії розчинення, а також показано, що її друга похідна є 

від’ємною в діяпазоні відношень водень—метал, H/Ni, від 0,03 до 0,75. Це 

означає, що має місце спинодальний розпад твердого розчину із форму-
ванням збагаченої та збідненої воднем фаз. Одержані значення концент-
рацій водню в цих спряжених фазах узгоджуються з експериментальни-
ми даними. Вплив концентрації водню на електронну структуру, а також 

кореляція з термодинамічною стабільністю фаз підтверджують, що спи-
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нодальний розпад у системі нікель—водень має електронну природу. Оде-
ржані результати знаходяться у протиріччі з широко розповсюдженою 

концепцією гідриду ніклю. 

Ключові слова: спинодальний розпад, система нікель—водень, гідрид, ро-
зрахунки із перших принципів. 

Тип реакций выделения в системе никель—водород изучен при помощи 

расчётов из первых принципов. Рассчитана концентрационная зависи-
мость энтальпии растворения, а также показано, что её вторая производ-
ная является отрицательной в диапазоне отношений водород—металл, 
H/Ni, от 0,03 до 0,75. Это свидетельствует о том, что имеет место спино-
дальный распад твёрдого раствора с формированием обогащённой и обед-
нённой водородом фаз. Полученные значения концентраций водорода в 

этих сопряжённых фазах находятся в согласии с экспериментальными 

данными. Влияние концентрации водорода на электронную структуру и 

корреляция с термодинамической стабильностью фаз подтверждают, что 

спинодальный распад в системе никель—водород имеет электронную при-
роду. Полученные результаты находятся в противоречии с широко рас-
пространённой концепцией гидрида никеля. 

Ключевые слова: спинодальный распад, система никель—водород, гид-
рид, расчёты из первых принципов. 

(Received March 23, 2016) 
  

1. INTRODUCTION 

Metal hydrides belong to a special class of chemical compounds that are 

formed due to reactions of hydrogen with metal atoms. Such interac-
tion leads to significant changes in mechanical, electrical, magnetic 

and many other properties, which substantially extends the possibili-
ties for practical applications. In the most straightforward way, the 

hydrides are used as hydrogen storage materials, as well as energy 

sources, sensors, actuators etc. In this relation, transition elements 

attract a special attention because of their unique properties arising 

from the partially filled d-electronic band. 
 Being transition element and because of similarities between the 

general view of the Ni—H and Pd—H phase diagrams (where the misci-
bility gap area is present), nickel became an object of particularly in-
tensive researches (e.g., [1—14]). A conclusion about the formation of 

nickel hydride was derived based on the non-diffusive character of hy-
drogen desorption kinetics [1—3]. It should be mentioned that, in [4, 5], 

the decomposition of nickel hydride was studied using X-ray diffrac-
tion (XRD) technique and it was shown that the decomposition follows 

a first order kinetics, whereas, in [6], the opposite result has been ob-
tained. A non-linear behaviour of desorption rate was explained based 

on the effect of microstructure on the phase transition mechanism. 



 PRECIPITATION REACTIONS IN Ni—H SYSTEM: AB INITIO STUDY 739 

 Measurements of hydrogen penetration in nickel have been carried 

out using the electrochemical technique [7]. It was obtained that three 

different regions can be distinguished in the potential—composition 

curves. These regions correspond to a so-called -phase with the max-
imum hydrogen-to-metal, H/M, ratio of about 0.03, -phase with H/M 

of about 0.6 and the region of two-phase mixture. With the same tech-
nique, it was found in [8] that the hydrogen content in nickel changes 

discontinuously from the composition of -phase to that of -phase. 

Despite the evidence of existing miscibility gap, these results are in-
terpreted as formation of a nickel hydride. 
 The hydride concept was also used to explain the observed depend-
ence of electrical resistance on the hydrogen pressure [15]. At small 
hydrogen concentrations, the electrical resistance rose a few percent 

above the initial value; however, after the hydride phase start to pre-
cipitate, the resistivity significantly decreased that was attributed to 

the reduction in the scattering events. 
 The high-pressure hydrogen charging allows the thermodynamic 

study of nickel—hydrogen system with construction of the T—P and T—
C phase diagrams for hydride formation and its decomposition (e.g., 

[12, 13]). A common result is that, with increasing temperature, the 

concentration range of the two-phase coexistence decreases, which is a 

sign of a crown, i.e. miscibility gap, not a chemical compound. 
 The analysis of available experimental data allows to formulate two 

important contradictions between the obtained results and their inter-
pretation: (i) the claimed nickel hydride exists in a wide range of hy-
drogen concentration that can even exceed H/M  1.0 (e.g., [12]); (ii) 

this nickel hydride has the same f.c.c. crystal structure as the parent 

nickel and differs only by the increased lattice parameter of about 6%, 

as it follows from the X-ray diffraction measurements (e.g., [14]). Both 

these features are not consistent with the common concept of chemical 
compounds, which exist in a narrow concentration range around their 

stoichiometric ratio and have the crystal lattice different from the ma-
trix phase, e.g., the Ti—H hydride [16]. 
 The aim of this paper is to analyse the peculiarities of the nickel—
hydrogen system based on the first-principle atomic calculations with 

a similar approach as in [17] and, in thermodynamic terms, come to a 

conclusion about the type of the precipitation reaction that takes place 

in the course of hydrogen dissolution in nickel. 

2. METHODS OF CALCULATIONS 

First-principle atomic calculations of nickel containing the varying 

hydrogen concentration were performed within the framework of Den-
sity Functional Theory (DFT) [18, 19] using the Wien2k program 

package [20]. According to this theory, the total energy of a system 
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could be presented as follows:  

 Etot  Ekin  Eee  Ene  Exc  Enn, (1) 

where Ekin is a kinetic energy of non-interacting particles, Eee is elec-
tron—electron repulsion energy, Ene is nuclear—electron attraction en-
ergy, Exc is exchange—correlation term, and Enn is a Coulomb repulsive 

energy of fixed nuclei. 
 The first four terms in equation (1) are the functions of spin densi-
ties. To obtain the value of the total energy, the Kohn—Sham equations 

have to be constructed and solved using a self-consistent iterative pro-
cess. For the accurate description of the exchange and correlation ef-
fects, the Generalized Gradient Approximation (GGA) [21] was used. 
 The convergence tests were performed to find the optional values of 

the number of wave functions in the basis set and the number of k-
points, which are used for the Brillouin zone sampling according to the 

Monkhorst—Pack scheme [22]. It should be also mentioned that the 

wave functions in the unit cell are of two types. For the region inside 

atomic spheres, the spherical wave functions are used and, for the in-
terstitial region, the basis consists of the plane waves. Such approach 

gives the necessary flexibility for the basis set, which results in a 

quicker convergence during the calculations in comparison with the 

single-type basis and in the better description of the core states. 
 For calculations, the unit cell was used that consists of 32 nickel at-
oms with variable quantity of hydrogen atoms to cover a wide range of 

hydrogen concentrations. In all cases, the spin polarization effects 

were also included to take into account the magnetic contribution to 

the total energy. Brillouin zone integration is performed with a 

151515 k-point mesh. The muffin-tin radii of nickel and hydrogen 

atoms (Rmt(Ni)  2.08 Bohr, Rmt(H)  1.12 Bohr) were keep constant 

within the calculation of different configurations for proper compari-
son. The magnitude of the largest vector G in the Fourier expansion is 

equal 20. The force convergence was set to 0.1 mRy/a.u. with the in-
teratomic forces between the atoms less than 2 mRy/a.u. for accurate 

determination of atomic positions. To find the equilibrium lattice con-
stant, the Murnaghan’s equation of state [23] was used by fitting the 

total energy versus the unit cell volume. 
 To determine the solution enthalpy of hydrogen atoms in the nickel 
lattice, the following equation was used: 

 Hs  Etot(NiHn)  Etot(Ni)  (n/2)EH2
, (2) 

where Etot(X) are total energies of corresponding cells after all types of 

relaxation (volume, shape, atomic positions) and EH2 is a total energy 

of the hydrogen molecule, which is calculated by putting two hydrogen 
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atoms in a cubic box with quite large length (20 Bohr) to exclude any 

possible interactions that can arise because of periodic boundary condi-
tions. Such calculation results in a bond length distance of 0.751 ang-
stroms, binding energy of 4.70 eV and vibrational frequency of 4270 

cm
1, which are in a good agreement with available experimental val-

ues of 0.741 Å, 4.75 eV and 4395 cm
1

 [24]. 
 The phonon effect and thermodynamic functions were calculated 

using Phonon software [25, 26] within the harmonic approximation. 

To include the effects concerned with phonons, the dynamical matrix 

has to be constructed. The elements of such matrix are the force con-
stants that could be obtained from the ab initio calculations according 

to a direct method [27, 28] and its modification [26]. Afterwards, by 

constructing the phonon density of state dependences, the thermody-
namic functions could be determined. Using such approach, the zero-
point energy corrections to the systems with hydrogen atoms could be 

taken into account. In a simplest approximation, the force constants 

concerned with the displacements of nickel atoms from their equilibri-
um positions could be equal to zero as the mass of the nickel atom is 

significantly higher than that of the hydrogen atom. After the diago-
nalization of the Hessian matrix, the normal mode frequencies of hy-
drogen atoms could be determined and the zero-point energy could be 

calculated by summing up the zero-point vibrational energies: Ezpe  

 (1/2)(hi), where i is a real normal mode frequency. 

3. RESULTS 

The comparison of possible interstitial sites for hydrogen dissolution 

in nickel in terms of energy reveals that hydrogen atoms prefer to oc-
cupy the octahedral interstitial positions in the f.c.c. lattice within all 
the range of hydrogen concentrations studied. This result is in con-
sistency with a huge array of experimental data obtained by means of 

X-ray diffraction measurements (e.g., [29, 30]). 
 Figure 1 demonstrates the total cohesive energy of the calculated 

Ni—H structure as a function of hydrogen concentration. The total co-
hesive energy was defined as a difference between the calculated total 
energy per cell and the sum of the total energies of free atoms included 

in the cell, Ecoh  Etot  Etot.at
, where summation is performed over all 

atoms in the cell. Thus, the total cohesive energy characterizes the en-
ergy of all bonds in the studied atomic ensembles and corresponds to 

the thermodynamic stability of a system. As follows from this Figure, 

the total cohesive energy monotonically decreases with increasing hy-
drogen concentration in the nickel lattice, which is due to formation of 

new bonds between the hydrogen and host atoms. 
 The calculated enthalpy of hydrogen dissolution in the nickel lattice 

that includes the zero-point energy correction is presented in Fig. 2, a. 
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As follows from its concentration dependence, at the beginning the so-
lution enthalpy increases with the increase of the H/M ratio up to 0.25 

and then decreases with further increasing hydrogen concentration. 

The second derivative of the solution enthalpy is presented in Fig. 2, b. 

As seen, it has a negative sign in the concentration range from 0.03 to 

0.75. 
 According to the obtained results, the solution enthalpy of one hy-
drogen atom in the nickel lattice amounts to 0.14 eV, which corre-
sponds to the available experimental data [31—33]. Nevertheless, some 

remarks should be given here. Usually, measurements of the solution 

enthalpy take place at elevated temperatures and a correct extrapola-
tion of experimental data to the low temperature range should be per-
formed to allow a direct comparison with the data obtained by means of 

ab initio calculations. In Ref. [34], the analysis of a large array of ex-
perimental data has been carried out and it was shown that the heat of 

solution of hydrogen in nickel depends on the experimental tempera-
ture range and tends to increase with increasing temperature. 
 Figures 3, a, b show the total density of states (DOS) for the spin up 

and spin down electron states in the NiHx system in comparison with 

that in the pure nickel. A detailed behaviour of the DOS in the vicinity 

of the Fermi level is shown in the insert to each Figure. In case of pure 

nickel for the spin-up channel, the bonding and antibonding states are 

almost completely filled, whereas for the spin-down channel, the anti-
bonding states are only partially filled. The interaction between nickel 
and hydrogen atoms causes the appearance of bonding states at the 

bottom of the metallic d-band. The analysis of partial contributions to 

the total DOS from the electrons of different atoms and different 

 

Fig. 1. Total cohesive energy as a function of hydrogen concentration in Ni—H 

system. 
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symmetries reveals that the Ni 4s and H 1s electrons are fully overlap-
ping and form the Ni—H bonds. Because of degeneration, the 3d orbital 
is split into eg and t2g groups, which are different in their symmetry. 

According to the obtained results, the 3d eg electrons also contribute to 

the Ni—H bonds, whereas the 3d t2g electrons do not take part in the Ni—
H interaction. 
 The dissolution of hydrogen atoms in the nickel crystal lattice has a 

significant effect on the electronic structure, changing, thereby, the 

DOS at the Fermi level. For the majority spin channel, an increase in 

hydrogen concentration results in the increase of the DOS at the Fermi 
level, whereas, for the minority spin channel, the behaviour is non-
monotonous: up to the H/M ratio of about 0.27, the DOS at the Fermi 
level increases, however, above this concentration, the DOS at the 

 

 

Fig. 2. Variation in the hydrogen solution enthalpy for Ni—H system with in-
creasing hydrogen content (a). Second derivative of the solution enthalpy as a 

function of hydrogen content (b). 
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Fermi level decreases. Corresponding concentration dependences of 

spin up and spin down electron states and their total values are pre-
sented in Fig. 4. A substantial decrease in the DOS at the Fermi level 
caused by the filling of antibonding states explains the magnetic be-
haviour of Ni—H system, which becomes paramagnetic at high hydro-
gen contents in consistency with the experimental data [11]. 
 The temperature dependence of the Helmholtz free energy of Ni—H 

system is shown in Fig. 5 for different H/M ratios. The phonon contri-
bution was calculated within the framework of the harmonic approxi-
mation. As seen, with increasing hydrogen content, the phonon contri-
bution does not change the general behaviour of free energy within the 

studied temperature range. 

 

 

Fig. 3. Concentration dependence of density of states for spin up (a) and spin 

down (b) electron states in the Ni—H system in comparison with that in the 

pure Ni. 
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4. DISCUSSION 

Hydrogen effect on the energy characteristics, and electronic struc-
ture in nickel is studied to analyse the type of precipitation reactions in 

terms of thermodynamics. 
 According to classical theory of solid solutions, two types of precipi-
tation reactions are possible [35]. In the first type, the Gibbs energy of 

a supersaturated solid solution cannot be spontaneously reduced to its 

minimum at given temperature because the curvature of the energy-
composition curve is always positive. In this case, the Gibbs energy can 

be decreased only if a new distinctly different phase with lower energy 

is nucleated. This type of precipitation reaction is characterized by 

some energy barrier, which should be overcome to initiate the nuclea-
tion process. In the second type of precipitation reactions, the Gibbs 

energy is characterized by a single curve with a definite maximum and 

two local minima. The precipitation phases belonging to this single 

curve should have the same type of the crystal lattice. As a result, be-
low some critical temperature, the oversaturated solid solution is de-
composed into two phases of fixed compositions. A mechanism of such 

reaction is the spinodal decomposition that takes place in a concentra-
tion range limited by the area of the negative sign in the curvature of 

the energy—composition diagram. 
 As follows from the concentration dependence of the total cohesive 

energy presented in Fig. 1, with increasing hydrogen concentration in 

nickel, the cohesive energy monotonically decreases. The absence of 

any deviations from its linear behaviour suggests that the precipita-
tion reaction proceeds without energy barriers, which is one of fea-

 

Fig. 4. Density of states at the Fermi level as a function of hydrogen concen-
tration for different spin orientations. 
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tures for spinodal mechanism of solid solution decompositions. 
 The absence of any energy barriers for the reaction and the identity 

of the crystal structure in ‘nickel hydride’ and parent nickel are the 

signs that the composition dependence of free energy should be de-
scribed by a single curve for both phases. Moreover, an important 

thermodynamic parameter determining this type of precipitation reac-
tion is the sign of the second derivative of the energy—composition 

curve. The result of such analysis is shown in Fig. 2, b. As seen, there is 

a certain H/M range of 0.03 to 0.75 where the precipitation reaction 

occurs via spinodal decomposition. It suggests that, within this con-
centration range, the supersaturated solid solution is decomposed into 

the hydrogen-rich and hydrogen-depleted phases of fixed composi-
tions. 
 The obtained results can be compared with the available experi-
mental data. Using XRD, the nickel hydride formation was studied in 

situ during cathodic hydrogen charging [36]. Some variation was 

found in the position of the -NiHx, i.e. ‘nickel hydride’, reflections in 

the diffraction patterns. Possible reasons for such behaviour were ana-
lysed and a conclusion was made that it is due to the change in the stoi-
chiometric coefficient x of this phase (x  0.7). After the cathodic po-
larization was switched off, the lattice parameter of -NiHx phase was 

gradually decreased to that corresponding to x  0.7 and then, with de-
creasing the volumetric hydrogen content, the change in the volume 

fraction of the -NiH0.7 phase was observed. A similar result was re-
cently obtained in [37]; see Fig. 6. A change in the X-ray diffraction 

pattern of the hydrogen-charged nickel was analysed in the course of 

hydrogen degassing. It was shown that, directly after charging, a sin-

 

Fig. 5. Temperature dependence of the Helmholtz free energy for different 

hydrogen concentrations in Ni—H system. 
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gle (111) reflection is present corresponding to the H/M ratio of 0.75. 

Due to hydrogen degassing, this peak shifted to the position (111)2 

corresponding to H/M  0.65 and an additional reflection (111)1 ap-
peared corresponding to the hydrogen content of H/M  0.02. In the 

course of subsequent stages of hydrogen degassing, the transfer of in-
tensities from 2 to 1 occurred. 
 These results show that (i) the so-called ‘nickel hydride’ exists in a 

certain range of hydrogen concentration and has the same lattice as the 

parent nickel and (ii) during degassing, after reaching a certain H/M 

value, the supersaturated solid solution decomposes into two phases of 

fixed hydrogen concentrations via spinodal mechanism. A comparison 

of hydrogen contents in both phases, (H/M of hydrogen-rich phase is 

equal to 0.75, whereas in hydrogen-depleted state H/M is of about 

0.03), confirms that our theoretical results are in consistency with the 

experimental data. 
 It is also interesting to compare the results of our calculations with 

the experiments carried out by Baranowski et al. [15], where the elec-
trical resistance of nickel was measured as a function of gaseous hy-
drogen pressure. A significant change in the electrical resistivity was 

observed if the hydrogen pressure has exceeded 6 kbar, which was at-
tributed by the authors to the formation of the hydride phase. Using 

the expression for hydrogen concentration derived in [38] and taking 

into account the hydrogen solution enthalpy obtained in our calcula-
tions, the H/M ratio corresponding to the start of such sudden de-
crease in the electrical resistivity can be estimated: 

 CH   F exp(H/(RT)), (3) 

 

Fig. 6. X-ray diffraction for hydrogen-charged nickel [36]. Measurements at 

118  5 K with subsequent holding at higher temperatures for a certain period 

of time. 



748 S. M. TEUS 

where  is a constant, F is a fugacity, R is a gas constant, H is an en-
thalpy for dissolution of hydrogen atom in a metal and T is a tempera-
ture. The H/M ratio of 0.07 is obtained from this estimation. This val-
ue falls into our calculated concentration range for the existence of 

two solid solutions resulted from spinodal decomposition and is close 

to its low limit. 
 It was shown earlier that the spinodal decomposition has an elec-
tronic origin [39, 43, 17], which suggests that a correlation should ex-
ist between the parameters that describe the electronic structure of a 

system and its inclination to spinodal decomposition. Within the rigid-
band approximation, the second derivative of the solution enthalpy is 

related with the DOS at the Fermi level by the following equation [39—
41]: 

 
2

2 )

1

(

sd H

dc n F
 . (4) 

 Taking into account that the rigid-band model fails to describe the 

spinodal decomposition, nevertheless, the inverse proportionality be-
tween solution enthalpy and DOS at Fermi level was confirmed to exist 

[43, 17]. The comparison of the second derivative of the solution en-
thalpy, as shown in Fig. 2, b, with the concentration behaviour of DOS 

at the Fermi level, as presented in Fig. 4, also confirms the inverse 

proportionality between the components of Eq. (4) for the Ni—H sys-
tem. 
 The temperature dependence of the Helmholtz free energy for vary-
ing hydrogen concentration in nickel is shown in Fig. 5. As seen, the 

phonon contribution to the total energy does not lead to any deviation 

from stability of systems within the studied temperature range. This is 

an indication that the phonons are not responsible for the spinodal de-
composition and confirms that this type of decomposition in the solid 

solutions is of the electronic nature. 

5. SUMMARY 

The study of the nickel—hydrogen system by means of ab initio atomic 

calculations was carried out. The total cohesive energy of the calculat-
ed structure monotonically decreases with increasing hydrogen con-
centration, which means that the precipitation reaction, that takes 

place in nickel—hydrogen system, occurs without any energy barrier. 
This result and the identity of the crystal lattices of the precipitated 

phases indicate that the free energy—concentration dependence of such 

two-phase system is described by a single curve. It was shown that the 

second derivative of the solution enthalpy has a negative sign within 

the range of the hydrogen concentrations of 0.03 to 0.75. Such behav-
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iour means that, within this concentration range, the decomposition of 

solid solution occurs via spinodal mechanism. This result is consistent 

with the available experimental data. 
 The analysis of the hydrogen effect on the electronic structure of the 

Ni—H system confirms the existing literature data about the correla-
tion between the behaviour of second derivative of the solution enthal-
py and the density of states at the Fermi level. The phonon contribu-
tion to the total energy was studied, and it was shown that such correc-
tion does not change the behaviour of energy curves. This is an addi-
tional confirmation that the spinodal decomposition in the Ni—H sys-
tem has an electronic origin. 
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