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a b s t r a c t 

Hydrogen has a significant impact on the formation of vacancies, clusters and voids in palladium and 

other metals. The formation of vacancy-hydrogen complexes in bulk Pd and at �3 and �5 grain bound- 

aries was investigated using first-principles calculations and thermodynamic models. Equilibrium vacancy 

and cluster concentrations were evaluated as a function of temperature and hydrogen partial pressure 

based on the Gibbs energy of formation including vibrational and configurational entropies. Vacancies 

were found to be significantly stabilized by association with interstitial hydrogen, leading to enhanced 

concentrations by several orders of magnitude. Vacancy clusters were further stabilized at grain bound- 

aries, with equilibrium concentrations reaching site saturation for clusters comprising up to three va- 

cancies. Nanovoids were investigated based on Wulff constructions from calculated surface energies of 

the (0 0 1) and (1 1 1) terminations as a function of temperature and coverage of hydrogen adsorbates. 

The most stable termination changed from (1 1 1) in vacuum to (0 0 1) in H 2 , and the surface energies 

were lowered due to hydrogen adsorbates. Consequently, voids were also stabilized in the presence of 

hydrogen. Coalescing of vacancies into nanovoids was found to be thermodynamically unfavorable due to 

the loss of configurational entropy. It was therefore concluded that enhanced concentrations of vacancies 

and clusters does not directly cause the formation of voids. The formation of voids in Pd-based mem- 

branes was discussed in terms of microstructural characteristics, and strain due to chemical expansion 

and plastic deformation. 

© 2020 Acta Materialia Inc. Published by Elsevier Ltd. 

This is an open access article under the CC BY license. ( http://creativecommons.org/licenses/by/4.0/ ) 
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1. Introduction 

The role of hydrogen on the structural and functional proper-

ties of metallic materials has long been a subject of interest for

a broad range of applications. Metals are in many cases directly

exposed to hydrogen-containing environments, for instance when

used as sensors [1] , hydrogen-selective membranes [2] , catalysts

[3] and hydrogen plasma facing materials in nuclear fusion reactors

[4] . Moreover, hydrogen is a typical product of corrosion and oth-

erwise omnipresent as the most abundant element in the known

universe. 

Exposure to hydrogen can lead to structural damage and dete-

rioration of the mechanical integrity of the material. Depending on

the specific metal and environmental conditions, the degradation

can manifest itself macroscopically in the form of embrittlement

[5 , 6] , cracking [7 , 8] , blistering and pore formation [9 , 10] . Combined

with a range of microstructural changes, one of the primary mech-
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nisms behind these degradation processes is the enhanced con-

entration of metal vacancies in the form of complexes with inter-

titial atomic hydrogen. This phenomenon – referred to as super-

bundant vacancies – was first reported by Fukai et al. for Pd and

i [11 , 12] , and later for a range of other metals and related alloys

13] . 

The vacancy complexes can cluster into nanovoids or cavi-

ies, eventually becoming large enough to contain molecular and

aseous H 2 [14 , 15] . Formation of larger clusters by coalescence of

 monovacancies and n interstitial hydrogen can be described by

he reaction 

 v 1 + n H i = v m 

H n (1)

In some cases, the H 2 pressure can build-up inside the voids

nd act as a driving force for further growth by plastic deforma-

ion of the surrounding lattice [16] . In relation to the possibility of

orming such pressurized bubbles, there is a crucial difference be-

ween the behavior of different metals, which can be distinguished

y the Gibbs energy for dissolution of interstitial hydrogen relative

o H 2 gas. For a system in equilibrium, the chemical potential of

ydrogen should be constant throughout, and the pressure of con-
rticle under the CC BY license. ( http://creativecommons.org/licenses/by/4.0/ ) 
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ned H 2 can therefore only increase up to a certain level deter-

ined by the equilibrium with hydrogen dissolved in the lattice.

iven the logarithmic dependence of the chemical potential on

ressure, i.e., μH ∝ kT ln ( p H 2 ) , bubbles with pressures in the MPa

ange and higher can be achieved. Still, hydrogen must in these

ases be introduced under non-equilibrium conditions, such as by

lectrochemical loading [17] , ion implantation [18] or exposure to

ydrogen plasma [19] . 

In the case of palladium and other metals that display high sol-

bility and diffusivity of atomic hydrogen, the pressure of H 2 in-

ide voids cannot exceed the hydrogen partial pressure in the sur-

ounding atmosphere except when the system is pushed far out of

quilibrium at very short timescales, e.g., nanosecond laser pulse

eating of NbD 0.7 and VH x [20 , 21] . Otherwise, the chemical poten-

ial of hydrogen is allowed to equilibrate and this process is not

inetically hindered in palladium due to the fast kinetics of ad-

orption/desorption. In this context, the formation of bubbles in

alladium containing the tritium isotope of hydrogen may serve

s an instructive example. Tritium is highly soluble in palladium

ue to its chemical similarity with hydrogen, but decays naturally

ver time to 3 He, which exhibits very low solubility and diffusiv-

ty. Association between 

3 He and vacancies can be anticipated and

urther nucleation to bubbles with increasing He pressure eventu-

lly results in cracks through which the gas can escape [22] . This

rocess thereby represents a similar bubble formation mechanism

s in supersaturated metals that exhibit relatively low diffusivity

f hydrogen. Another related bubble formation process has been

eported for N-doped ZnO and ZnO–GaN semiconductors due to

volution of N 2 bubbles after ion implantation [23] and annealing

24] , respectively. In these cases, the difference in solubility arises

rom the distinct oxidation state of nitride anions in the host lat-

ice and molecular nitrogen. 

In particular for Pd-based H 2 separation membranes, the forma-

ion of voids and pinholes during operation over long time periods

an result in reduced selectivity and lifetime [25–28] . For instance,

avities and pinholes of up to tens of nanometers have been ob-

erved in conjunction with increased trans-membrane N 2 leakage

nder 1–5 bar hydrogen at 300–450 °C [29 , 30] . Notably, the voids

ainly formed along grain boundaries and at triple junctions in

he films. In understanding the mechanisms of void formation, it

s important to also consider the role of chemical expansion due

o dissolution of hydrogen and transition to hydride phases; The

volution of internal stress in Pd films subjected to hydriding cy-

les can result in increased dislocation densities and irreversible

icrostructural changes [31 , 32] . Higher dimensional defects such

s grain boundaries therefore appear to play an important role in

oid formation, possibly as nucleation sites for vacancies to coa-

esce. 

Ab initio calculations have been utilized to gain atomistic in-

ight into the formation of vacancy-hydrogen complexes of differ-

nt size in several systems. Nazarov et al. performed a comprehen-

ive study of hydrogen interacting with mono- and divacancies in

welve different fcc metals including Pd; the results consistently

howed energetically favorable trapping of multiple hydrogen in-

erstitials in the vacancies [33] . Vekilova et al. [34] reported similar

ndings for vacancy-hydrogen complexes in Pd. You et al. consid-

red six fcc and six bcc metals and concluded that vacancy for-

ation was particularly favorable in V, Nb, Ta, Pd and Ni due to

ow formation energies of the complexes which further decreased

ith the number of hydrogen [35] . Several similar studies have

een undertaken on the formation of mono- and divacancy clus-

ers and the interaction with hydrogen in W [36 , 37] , Mo [38] , Ni

39 , 40] , and Cu [41] . Geng et al. investigated nanovoids of up to 27

acancies in α-Fe and modelled the pressure of molecular hydro-

en after the inner surfaces were covered with hydrogen adatoms

42] . Hou et al. recently investigated bubble formation in W due
o self-clustering of interstitial hydrogen at a critical concentration

nd developed predictive models for hydrogen trapping including

–H interaction parameters on nanovoid surfaces [43 , 44] . 

Comparatively few studies have considered the role of higher

imensional defects such as grain boundaries and dislocations on

he formation and clustering of vacancy-hydrogen complexes. Zhou

t al. reported favorable segregation of vacancy-hydrogen com-

lexes to the highly coherent �3 twin boundary in Ni alloys, and

he complexes were further stabilized by macroscopic plastic de-

ormation [45] . Favorable segregation of vacancy-hydrogen com-

lexes was also reported for the �3 boundary in α-Fe [46] . In the

resence of edge dislocations in α-Fe, annihilation of vacancies and

omplexes was found to be favored over clustering that could lead

o nanovoids [47] . 

In the present contribution, we further investigate vacancy and

oid formation mechanisms in the bulk and along grain bound-

ries of palladium in the presence of hydrogen by means of density

unctional theory (DFT) calculations. The Gibbs energy of forma-

ion of vacancy-hydrogen complexes and clusters with up to four

acancies ( m = 1–4), were considered in the bulk as well as in

he proximity of the �3 (1 1 1) and �5 (2 1 0) grain bound-

ries, which are among the most abundant small-angle boundaries

n Pd [48] . Equilibrium concentrations were thereby calculated as

 function of temperature and hydrogen partial pressure. However,

 vacancy-hydrogen complex and a nanovoid can be considered to

e quite different from a thermodynamic perspective; while forma-

ion of a certain amount of vacancies at finite temperatures results

rom the gain in configurational entropy of the crystal, a nanovoid

epresents an increase in surface area and is thermodynamically

nstable relative to the single crystal. Therefore, the energetics of

oid formation was also evaluated based on the surface energies of

he inner surfaces of nanovoid in the presence of hydrogen. 

. Methodology 

.1. Density functional theory calculations 

DFT calculations were performed using the projector aug-

ented wave method implemented in the Vienna ab initio sim-

lation package (VASP) and the generalized gradient approxima-

ion due to Perdew, Burke and Ernzerhof (GGA-PBE) [49–51] . The

alculations were carried out with a plane wave cut-off energy of

00 eV and an electronic convergence criterion of 10 –5 eV. A �-

entered 8 × 8 × 8 Monkhorst-Pack k-point grid was used for the

ubic F m ̄3 m unit cell [52] . The atomic positions were relaxed until

he residual forces were within 0.01 eV Å 

-1 (0.02 eV Å 

-1 for cells

ontaining defect clusters at grain boundaries). The optimized bulk

attice parameter a 0 was 3.944 Å. 

Defect clusters in the bulk were studied using 4 × 4 × 4 su-

ercells (256 atoms) and a corresponding 2 × 2 × 2 k-point grid.

n addition to isolated metal monovacancies, vacancy clusters v m 

ith m = 2–6 nearest neighbor vacancies were introduced in lin-

ar, trigonal planar, tetrahedral and octahedral configurations. Hy-

rogen was successively introduced on tetrahedral or octahedral

ites as far apart as possible in the clusters, forming v m 

H n clus-

ers ( Fig. 1 ). Adjacent to metal vacancies, these sites become sym-

etrically equivalent to 3-fold hcp sites on the (1 1 1) surface and

-fold sites on the (0 0 1) surface, respectively. The concentration

ependent dissolution enthalpy of hydrogen into bulk Pd and the

ssociated chemical expansion was calculated for filling of 1–16 of

he 32 octahedral sites in a 2 × 2 × 2 supercell including relax-

tion of the lattice parameter. 

The vibrational frequencies of Pd and hydrogen interstitials in

ulk and associated with a vacancy were calculated using the fi-

ite displacement method. Before these calculations, the vibrating

pecies were further relaxed to an accuracy of 10 –4 eV Å 

-1 . 



710 J.M. Polfus, O.M. Løvvik and R. Bredesen et al. / Acta Materialia 195 (2020) 708–719 

Fig. 1. Bulk Pd structure with hydrogen in tetrahedral and octahedral interstitial 

positions adjacent to a metal vacancy (v). The hydrogen sites are structurally equiv- 

alent to 3-fold (1 1 1) and 4-fold (0 0 1) surface sites, respectively. Only the Pd 

atoms directly adjacent to vacancies are shown in the figures throughout this pa- 

per. 
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The �3 (1 1 1) and �5 (2 1 0) coincidence site lattice bound-

aries were constructed with the boundary planes separated by 5 (1

1 1) layers (13.7 Å) and 14 (2 1 0) layers (13.2 Å), respectively. Due

to the periodic boundary conditions, the cells contained two equiv-

alent grain boundaries. The super cell size was relaxed in steps

of 0.1 Å in the direction perpendicular to the grain boundary ( z -

axis), which resulted in an optimized grain separation that was un-

changed for �3 and extended by 0.4 Å per boundary for �5. De-

fect clusters were considered in supercells with an interface area

of 16.7 Å × 19.3 Å for �3 (576 atoms) and 15.8 Å × 17.6 Å for �5

(480 atoms) and the corresponding k-point grids were 2 × 2 × 1. 

Surface energies were calculated for the (1 1 1) and (0 0 1)

terminations and the contribution from atomic hydrogen adsor-

bates on 3-fold and 4-fold sites, respectively, were included. The

calculations were performed using slabs with a surface unit cell

of 
√ 

2 a 0 ×
√ 

2 a 0 and thickness of 7 atomic layers (28 atoms) and

6 × 6 × 1 k-point sampling. 

2.2. Thermodynamic models 

2.2.1. Formation of vacancy clusters 

The formation energy of a v m 

H n cluster can be expressed as 

�E f v m H n = E tot 
v m H n 

− E tot 
bulk + mE tot 

Pd −
n 

2 

(
E tot 

H 2 
+ kT ln ( p H 2 ) 

)
(2)

where E tot 
v m H n 

and E tot 
bulk 

are the total electronic energies of the de-

fective and bulk supercells as calculated by VASP, respectively, k is

Boltzmann’s constant, T is the temperature and p H 2 is the partial

pressure of hydrogen. The total energies of palladium and hydro-

gen were defined from the bulk structure (per Pd atom) and H 2 

molecule, respectively. 

The vibrational entropy of the v m 

H n clusters and bulk Pd was

calculated from the vibrational frequencies of the atomic species

according to [53] 

S vib = −k 
∑ 

j 

( 

β j 

exp 

(
β j 

)
− 1 

− ln 

(
1 − exp 

(
−β j 

))) 

(3)

where β j = h v j /kT , h is Planck’s constant and v j are the vibrational

frequencies. The entropy of formation of the v m 

H n clusters was cal-

culated according to 

�S f v m H n = l�S f v + n �S f H (4)
here �S f v was calculated as the difference in vibrational entropy

etween that of a Pd atom adjacent to avacancy and that of a bulk

d atom, and l was the number of Pd atoms adjacent to the va-

ancy cluster (Table S1). Since bulk Pd was used as reference state

n Eq. (1) , there was no change in vibrational entropy for the Pd

toms that were removed upon cluster formation. �S f 
H 

was calcu-

ated as the difference between the vibrational entropy of a 3-fold

r 4-fold H atom in a v 1 H 1 cluster and the entropy of molecular

 2 which was taken from thermochemical tables [54] . Additional

efect interactions and changes in the vibrational frequencies with

ncreased cluster size and hydrogen content were not considered. 

The vibrational frequencies were also used to calculate the

ero-point energy (ZPE) of v m 

H n , bulk Pd and molecular H 2 accord-

ng to 

PE = 

∑ 

j 

h v j 
2 

(5)

The formation enthalpy of v m 

H n clusters was calculated accord-

ng to 

H 

f 
v m H n 

= �E f v m H n + l�ZP E v + n �ZP E H (6)

here �ZPE was calculated in the same way as for the entropies.

he change in ZPE of Pd upon vacancy formation in the grain

oundaries was assumed to be the same as in the bulk, although

ne could expect some differences for the �5 boundary due to the

ore open structure. The binding energy of the v m 

clusters was

alculated relative to the isolated vacancies including ZPE contri-

utions according to 

E b v m 
= E tot 

v m 
− mE tot 

v + l�ZP E v (7)

The Gibbs free energy of formation of the v m 

H n clusters was

alculated as 

G 

f 
v m H n 

= �H 

f 
v m H n 

− T �S f v m H n − T S conf 
v m H n 

(8)

here S conf 
v m H n 

= k ln ( �n ) is the configurational entropy of n hydro-

en atoms distributed over the total number of sites in the vacancy

luster, N , according to 

n = 

N! 

n ! ( N − n ) ! 
(9)

For simplicity, and due to the close proximity between hydro-

en on adjacent 3-fold and 4-fold sites, the clusters were only

lled with hydrogen on either 3-fold or 4-fold. The number of hy-

rogen sites N are listed in Table S1. The equilibrium concentration

f v m 

H n clusters was calculated according to [55] 

 v m H n = 

z 
m 

exp 

(
−�G 

f 
v m H n 

/ kT 
)

1 + 

z 
m 

exp 

(
−�G 

f 
v m H n 

/ kT 
) (10)

here z is the number of configurations of the v m 

cluster (Table

1). The concentration (site fraction) of v m 

H n clusters was thereby

imited to the number of Pd sites in the bulk or grain boundaries. 

.2.2. Surface energies 

For adsorption of hydrogen onto a surface site ∗, i.e., 1 
2 H 2 + ∗ =

H , the equilibrium hydrogen coverage, �H , can be expressed from

he equilibrium constant, K H , according to 

H = 

K H 
√ 

p H 2 
1 + K H 

√ 

p H 2 
(11)

 H = exp 

(
−�H 

ads 
H 

kT 

)
exp 

(
�S ads 

H 

k 

)
(12)

here �H 

ads 
H 

is the coverage dependent adsorption enthalpy in-

luding ZPE contributions, calculated by VASP. The vibrational part
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Fig. 2. Relaxed structures and binding energies of vacancy clusters (dark spheres): a) linear v 2 , b) triangular v 3 , c) tetrahedral v 4 , and d) octahedral v 6 . 
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Table 1 

Change in zero-point energy for H (3-fold and 4-fold) 

and Pd in v m H n clusters relative to bulk Pd and molec- 

ular H 2 . 

Species Cluster �ZPE / Ev 

3-fold 4-fold 

H v 1 H 1 0.029 −0.056 

v 1 H 8 /v 1 H 6 0.054 −0.047 

v 2 H 1 0.027 −0.055 

Pd v 1 −6.48 × 10 –4 

c  

t  

t  

s  

o  

e  

t  

f  

c  

t  

m  

h

c  

b

 

v

 

e  
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n  

c  

n  

v  

t  

c  

F  

d  

c  

m  

t  

a  

t  

f  

a  

f  
f the adsorption entropy and ZPE were obtained in the same man-

er as for the v m 

H n clusters, while the change in vibrational prop-

rties of Pd upon adsorption could be neglected due to the low

ass of hydrogen. The configurational entropy of the adsorbates

as calculated as 

 

conf 
H = −k (�H ln ( �H ) − ( 1 − �H ) ln ( 1 − �H ) (13) 

Equilibrium hydrogen coverages were obtained by numerical

olution of Eqs. (11–13) due to the interdependence of �H and

H 

ads 
H 

( �H ) and �S ads 
H 

( �H ) . Surface energies with contributions

rom hydrogen adsorbates were calculated according to 

hkl ( �H ) = 

1 
2 

(
E tot 

slab 
− rE tot 

bulk 

)
+ �H 

(
�H 

ads 
H − T �S ads 

H 

)
A 

(14) 

here E tot 
slab 

is the total energy of the slab unit cell, r is the ra-

io between the number of Pd atoms in the slab and bulk cells,

 is the area of the surface, and hkl are the Miller indices of the

pecific surface. The calculated surface energies can be used to es-

imate the energy required to generate a void of a certain size and

hape. Since the inner walls of a void are equivalent to the sur-

aces of a particle, the equilibrium shape of the void can be found

y generating particles based on Wulff constructions [56] . A mini-

um energy polyhedron satisfies the following criterion 

d hkl 

γhkl 

= c W 

(15) 

here d hkl is the distance to a specific surface from the polyhe-

ron center, and the c W 

parameter determines the size of the poly-

edron. The pressure of molecular hydrogen in the voids was the

ame as in the surrounding atmosphere as defined from the con-

tant chemical potential of hydrogen throughout the system. 

. Results 

.1. Vacancy clusters in bulk 

The different configurations of vacancy clusters are shown in

ig. 2 . The corresponding binding energies showed a favorable

0.04 eV for v 2 and up to −0.14 eV per vacancy for the v 6 cluster.

he v 1 H n , v 2 H n , and v 4 H n clusters were considered further due to

heir relatively high number of 4-fold sites per vacancy (Table S1). 

These clusters are shown in Fig. 3 with the 3-fold and 4-fold

ites saturated with hydrogen. The 3-fold hydrogen sites are more

umerous and more closely spaced within the cluster than the

-fold ones. The 4-fold hydrogen sites reside within the atomic

lanes of Pd surrounding the vacancy cluster and the extent of

nfavorable H–H interactions at higher concentrations can thus be

xpected to be lower. These considerations are supported by the
alculated formation enthalpies of the clusters. For the v m 

H n clus-

ers with 3-fold hydrogen, there was a notable shift in the en-

halpy curves’ slope around n = 4–6, which is where more closely

paced sites are filled ( Fig. 4 a). In contrast, the formation enthalpy

f the clusters with 4-fold hydrogen exhibited an essentially lin-

ar behavior as hydrogen was added. Overall, the formation en-

halpies increased substantially with cluster size due to the cost of

orming Pd-vacancies, while this was partly alleviated by the in-

reased number of hydrogen sites due to the exothermic contribu-

ion of adding hydrogen. The formation enthalpies were generally

ore exothermic for the 4-fold configurations, especially for the

igher hydrogen contents. The formation enthalpies of the v m 

H n 

lusters not explicitly calculated were taken by linear interpolation

etween adjacent points, i.e., lines in Fig. 4 . 

The ZPE contributions to the formation enthalpies of selected

 m 

H n clusters are listed in 

Table 1 . Notably, �ZPE was exothermic for 4-fold hydrogen and

ndothermic for 3-fold hydrogen, which demonstrates the impor-

ance of including ZPE contributions in determining dissolution

nd adsorption enthalpies for hydrogen. As with the formation en-

halpies, the change in �ZPE with hydrogen content was quite sig-

ificant for the monovacancy clusters with 3-fold hydrogen. In the

ase of clusters with more vacancies, we assume that �ZPE does

ot change noticeably, since it is essentially the same for v 2 H 1 and

 1 H 1 . Furthermore, a linear dependence on coverage according to

he v 1 H n values has been used in �H 

f 
v m H n 

for all clusters. The cal-

ulated vibrational frequencies and ZPE are provided in Table S3.

ig. 4 c shows the contributions to the formation entropy of the in-

ividual species in a v 1 H 1 cluster: hydrogen in 3-fold and 4-fold

onfigurations, and a Pd atom adjacent to the vacancy. The for-

ation entropy of the clusters was predominated by the contribu-

ion from hydrogen, primarily due to the loss of the translational

nd rotational degrees of freedom of the H 2 molecule. The vibra-

ional entropy of hydrogen in the cluster was highest for the 4-

old site, and the entropic penalty was therefore lower by as much

s 0.2 eV per hydrogen at 800 °C. In comparison, the contribution

rom the increased vibrational entropy of the Pd atoms surround-
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Fig. 3. Relaxed structures of vacancy clusters (as shown in Fig. 2 ) saturated with hydrogen on 3-fold sites: a) v 1 H 8 , b) v 2 H 12 , c) v 4 H 12 ; and 4-fold sites: d) v 1 H 6 , e) v 2 H 8 , f) 

v 4 H 12 . 

Fig. 4. Formation enthalpy of v m H n clusters as function of the number of hydrogen atoms n in a) 3-fold and b) 4-fold configurations, and c) contributions to the formation 

entropy of a v 1 H 1 cluster from hydrogen and the vacancy as a function of temperature. 
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ing the vacancy remained a fraction of the contribution of a single

hydrogen. 

The calculated concentration of v m 

H n clusters is shown as a

function of inverse temperature in Fig. 5 . For the v 1 H n cluster, the

configuration fully saturated with 4-fold hydrogen predominated

up to about 15 °C ( Fig. 5 a). The hydrogen content decreased with

increasing temperature as the entropic contribution, nT �S f 
v m H n 

,

became increasingly important. Eventually, v 1 H 1 , v 1 H 2 and the

pure monovacancy exhibited similar concentrations at 800 °C. The

concentration of the v 1 H n with 3-fold hydrogen was significantly

lower, in particular at lower temperatures. Compared to the single

vacancy clusters, the concentrations of the v 2 H n and v 4 H n clusters

remained several orders of magnitude lower at all temperatures. 

As shown for v 1 H n in Fig. 6 a, the concentration of individual

v m 

H n clusters followed a linear relationship with the hydrogen

partial pressure on a logarithmic scale, i.e., log ( c v m H n ) ∝ �H 

f 
v H ∝
m n 
 log ( p H 2 ) . Accordingly, the total concentration of v 1 H n clusters

ncreased substantially with p H 2 as the clusters with successively

igher hydrogen content became predominating. Nevertheless, the

oncentration of the v 2 H n and v 4 H n clusters remained several or-

ers of magnitude lower ( Fig. 6 b). Notably, the concentration of

 1 H n with 3-fold hydrogen showed a significantly lower depen-

ence on p H 2 compared to the 4-fold clusters. This difference re-

ects the non-linear regime in �H 

f 
v m H n 

as the 3-fold sites at closest

roximity are filled ( n = 5–8 in Fig. 4 a). 

Overall, the concentration of vacancies in the bulk was signifi-

antly enhanced in the presence of hydrogen, particularly at tem-

eratures below 800 °C and at H 2 partial pressures above approx.

.1 bar H 2 . Nevertheless, monovacancy clusters, v 1 H n , predomi-

ated larger clusters under all the considered conditions. Thus, the

esults showed no strong tendency for vacancies to agglomerate

nto larger clusters or nanovoids in the bulk. 
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Fig. 5. Equilibrium concentration of clusters as a function of inverse temperature for an atmospheric hydrogen partial pressure of 1 bar H 2 : a) sum of v 1 H n and the 

contribution from each n , and b) similar sums for all the considered v m H n clusters. Solid lines are v m H 0 in the order m = 1,2,3,4 from the top, and the black solid line is the 

sum of all vacancies. Square and triangular symbols represent 4-fold and 3-fold hydrogen, respectively. 

Fig. 6. Concentration of vacancies and clusters as a function of p H 2 a) v 1 H n at 673 K and 873 K with contribution from each n at 673 K, and b) all the considered v m H n 

clusters at 673 K. The thick solid line is the sum of all vacancies. Square and triangular symbols represent 4-fold and 3-fold hydrogen, respectively. 
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.2. Vacancy clusters at grain boundaries 

The optimized structures of the �3 and �5 grain boundaries

re shown in Fig. 7 . The �3 twin boundary is simply a stacking

ault in the fcc lattice and the Pd site at the interface layer dif-

ers from bulk only in the symmetry of the 12-fold coordination.

n the other hand, the �5 boundary is more open and distorted,

nd four different Pd-sites were considered for vacancy segrega-

ion and cluster formation. Fig. 8 shows the local structure around

onovacancies at the grain boundary sites and the corresponding
egregation energy, i.e., total energy difference between a cell with

 vacancy residing at the grain boundary and in the bulk. The seg-

egation energies were insignificant or positive for the �3 bound-

ry and sites 1, 3 and 4 in the �5 boundary, and can in general be

nderstood by considering the coordination environment and ex-

ess volume of the sites [48] . A substantial segregation energy of

0.67 eV was obtained for site 2 near the �5 boundary, and this

ite was therefore considered further with addition of hydrogen. A

 2 cluster was constructed by introducing an additional equivalent

acancy on the other side of the boundary plane and a v clus-
3 



714 J.M. Polfus, O.M. Løvvik and R. Bredesen et al. / Acta Materialia 195 (2020) 708–719 

Fig. 7. Optimized structures of the a) �3 (1 1 1) and b) �5 (2 1 0) grain boundary unit cells with eye guides that highlight the orientation of the grains. 

Fig. 8. Relaxed structure and segregation energy of Pd vacancies (dark spheres) in the a) �3 grain boundary and b–e) sites near the �5 grain boundary according to the 

numbering in Fig. 7 . 

Fig. 9. Relaxed structures of saturated v m H n clusters associated with higher dimensional defects: a) �3 v 1 H 6 (4-fold), b) �5 v 1 H 6 (4/5-fold), c) �5 v 2 H 11 (4/5-fold), and d) 

�5 v 2 H 11 (3/4/5-fold). 
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ter was made with a third vacancy on site 1 in order to obtain a

triangular geometry. 

The considered v m 

H n clusters at the �3 and �5 grain bound-

aries are depicted in Fig. 9 , and the corresponding formation en-

thalpies are presented in Fig. 10 . Hydrogen was added to 4-fold

sites for all clusters, and four additional 3-fold sites were filled for

v H n in order to completely saturate the inner surface of this clus-
3 
er. Comparing the formation enthalpy of v 1 H n in the �3 boundary

ith that of the bulk (dashed line in Fig. 10 ), there was a clear sta-

ilizing effect at the �3 boundary for larger n . The main difference

etween these clusters is the connectivity between the 4-fold sites,

hich in the �3 boundary share edges in a pairwise manner, re-

ulting in shorter H–H distances of 2.5 Å along one direction com-

ared to 2.9 Å for v H n in bulk ( Fig. 9 a). The stabilizing effect of
1 
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Fig. 10. Formation enthalpy of vmHn clusters at �3 and �5 grain boundaries as 

function of the number of hydrogen atoms. Hydrogen were in 4/5-fold coordination 

except the last four in �5 v 3 H n . 

t  

t  

t  

�  

�  

t

 

b  

p  

s  

c  

a  

t  

Fig. 11. Concentration of v1Hn clusters (4-fold) at the �3 (1 1 1) grain boundary, 

with the bulk values shown for comparison, under 1 bar H 2 atmosphere. 
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he cluster was significantly larger at the �5 boundary, partly due

o the segregation energy of the vacancy. Ultimately, the segrega-

ion enthalpies amounted to −0.4 eV and −1.4 eV for v 1 H 6 to the

3 and �5 boundary, respectively, and −1.9 eV for v 2 H 8 to the

5 boundary , thus indicating a strong tendency for segregation of

he clusters towards the grain boundaries. 

The concentration of v 1 H n clusters at the �3 (1 1 1) grain

oundary is shown as a function of inverse temperature and com-

ared to the bulk values in Fig. 11 . Despite the similarity in local

tructure and the negligible segregation energy of pure monova-

ancies, the concentration of v 1 H n clusters was substantially higher

t the �3 boundary compared to bulk, especially towards lower

emperatures. Considering the v 1 H 6 cluster in particular, the neg-
ig. 12. Concentration of v m H n clusters (4/5-fold) at the �5 (2 1 0) grain boundary und

-fold sites in v 3 H n . 
tive formation enthalpy is clearly evident from the activation en-

rgy at lower temperatures. 

The concentration of v m 

H n clusters is further increased at the

5 (2 1 0) grain boundary, in part due to the added segregation

nergy of the isolated vacancy. As shown in Fig. 12 , the consid-

red site was saturated with v 1 H n clusters over the whole tem-

erature range at 1 bar H 2 . In other words, the vacant site can be

onsidered as a structural part of the grain boundary under these

onditions. For the v 2 H n and v 3 H n clusters, the concentrations be-

ame saturated below about 175 °C and 20 °C, respectively. This

s in remarkable contrast to the corresponding bulk concentrations

hich was at their highest values of 10 –8 and 10 –16 , respectively,

t 800 °C ( Fig. 5 b). Clusters of all three sizes thus compete for the

ame sites at the �5 boundary at the lowest temperatures. The
er 1 bar H 2 : a) v 1 H n , b) v 2 H n , and c) v 3 H n . The dashed lines indicate filling of the 
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Fig. 13. Equilibrium concentration of v m H n clusters as a function of the atmo- 

spheric partial pressure of hydrogen p H 2 at the �3 (1 1 1) and �5 (2 1 0) bound- 

aries at 673 K. 
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predominating cluster at a given temperature may be evaluated by

considering the Gibbs free energy of the clusters. From this, the

v 3 H n clusters became favored over v 2 H n clusters below −233 °C,

as apparent also from the minor gain in �H 

f for v 3 H 15 compared

to v 2 H 11 ( Fig. 10 ). Similarly, the v 2 H n clusters were favored over

v 1 H n below 37 °C. 

Fig. 13 shows the equilibrium cluster concentrations as a func-

tion of p H 2 at 673 K at the �5 boundary. The saturation concen-

tration was reached at a pressure as low as 0.2 bar for v 1 H n , and

at about 5 bar and 30 bar for v 2 H n and v 3 H n , respectively. For the

�3 boundary, the saturation limit of v 1 H n was reached at about

530 bar. 

3.3. Inner surfaces of nanovoids 

The thermodynamic parameters of hydrogen adsorption on the

(0 0 1) and (1 1 1) surfaces are presented in Fig. 14 . For the (0 0 1)

termination, the adsorption enthalpy was essentially unaffected by

neighboring adsorbates. On the other hand, interactions between
Fig. 14. Thermodynamic parameters for adsorption of hydrogen on (1 1 1) and (0 0 1) su

(1 1 1) surface (top) and (0 0 1) surface (bottom), b) adsorption entropy as a function

temperature. The horizontal lines designate the surface energy of the pristine surfaces. 
dsorbates were prominent for the (1 1 1) termination, and the

urface was considered to be saturated with half of the sites occu-

ied due to the positive adsorption enthalpy. The resulting amount

f hydrogen adsorbates per unit area was four hydrogen atoms per

1.1 Å 

2 and 26.9 Å 

2 for the (0 0 1) and (1 1 1) surface, respectively.

n terms of H–H interactions, the overall behavior of the adsorption

nthalpies in Fig. 14 a was found to be similar to that observed for

lling of the respective 4-fold and 3-fold sites in v m 

H n ( Fig. 4 b),

s well as previous surface studies [57] . �ZPE was −0.075 eV and

.030 eV for the (0 0 1) and (1 1 1) terminations, respectively. The

dsorption entropy for the (1 1 1) termination was essentially the

ame as for the 3-fold sites in v 1 H n and slightly more favorable

or (0 0 1) termination in comparison to the 4-fold sites in v 1 H n 

 Fig. 4 c). 

Fig. 14 c shows the calculated equilibrium hydrogen coverage

nd surface energy as a function of temperature in 1 bar H 2 for

oth terminations. The (0 0 1) surface remained essentially sat-

rated with hydrogen over the whole temperature range up to

100 K. On the other hand, the coverage of the (1 1 1) surface

ecreased significantly with increasing temperature above 500 K

ince the adsorption enthalpy and entropy were both less favor-

ble. While the (1 1 1) termination was the most stable in vacuum,

he (0 0 1) termination was significantly stabilized in the presence

f hydrogen to the extent of becoming the most favorable termina-

ion. Thus, restructuring of the palladium surfaces can be expected

n hydrogen containing atmospheres. 

Fig. 15 shows the shape of larger nanovoids based on Wulff

onstructions using the calculated surface energies in vacuum and

 bar H 2 at 673 K, as well as corresponding atomistic models of

anovoids of specific sizes. Adsorption of hydrogen clearly leads to

 higher fraction of (0 0 1) facets, which further increases with

ncreasing temperature due to the relative decrease in surface en-

rgy compared to the (1 1 1) termination ( Fig. 14 c). The atomistic

odels are discrete in size and in the ratio between facets. The

heoretical facet ratio according to the Wulff shapes could there-

ore not be replicated exactly in the atomistic models, particularly

or the smallest sizes. 

The calculated surface energies of voids of discrete size are

hown in comparison to the Gibbs formation energy of v m 

H n clus-

ers in Fig. 16 . The energy of the voids increases proportionally

ith the surface area ( ∝ r 2 ) and becomes orders of magnitude

arger than the most stable vacancy clusters. There is significant

tabilization of the voids in the presence of hydrogen due the re-

uced surface energy with hydrogen adsorbates. Based on the large
rfaces: a) Coverage dependent adsorption enthalpy with insets of the fully covered 

 of temperature, and c) surface energy and equilibrium coverage as a function of 
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Fig. 15. Wulff constructions based on the calculated surface energies in a) vacuum and b) 1 bar H 2 at 673 K (c), and the corresponding atomistic models of b) 55 vacancies 

and d) 63 vacancies. 

Fig. 16. Gibbs energy of formation of vacancy clusters and nanovoid energies as a 

function of effective radius in vacuum and in 1 bar H 2 at 673 K. The effective radius 

of the clusters was defined from the unit cell volume per atom/vacancy, and from 

the equivalent radius of a sphere with the same surface area as the Wulff surface 

for the voids. The dashed lines are square fits of the void energies, and the inset 

shows that the formation energies of the clusters lie below these curves. 
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nergetical differences, it is reasonable to expect separate underly-

ng mechanisms for the formation of clusters and nanovoids. 

. Discussion 

The presence of point defects, such as vacancies in palladium,

t finite temperatures is a thermodynamic necessity due the gain

n configurational entropy of the system. The defect concentrations

re determined by their Gibbs energy of formation ( Eq. (10) ), and

he monovacancies are significantly stabilized by association with

nterstitial hydrogen on the internal 3-fold and 4-fold sites of the

 1 H n complexes. Thus, the concentration of monovacancies is en-

anced by several orders of magnitude in the presence of hydro-

en. However, coalescing of vacancies into larger clusters repre-

ents a reduction in the configurational entropy of the system, i.e.,

he principal cause for the presence of point defects in the first

lace. This aspect can be appreciated by considering the equilib-

ium constant of coalescing m monovacancies into a larger cluster,

.e., the reaction in Eq. (1) : 

 = 

c v m H n 

c m 

v 1 
p n/ 2 

H 2 

= exp 

(−�E 

b 
v m H n 

k T 

)
(16) 

here �E b v m H n 
is the binding energy between monovacancies and

nterstitial hydrogen at a given temperature. From Eq. (16) it is ap-
arent that the concentration of v m 

H n clusters follows a power-

aw dependence of the monovacancy concentration, c m 

v 1 
, which

redominates the exponential dependence on binding energy for

arger clusters. Accordingly, the concentration of clusters of in-

reasing size is quickly suppressed, as evidenced by the present

esults ( Fig. 5 b). It can therefore be concluded that the increased

oncentration of (mono)vacancies in the bulk is a not a direct

ause of the formation of nanovoids or pores in hydrogen contain-

ng atmospheres. 

In the case of grain boundaries, vacancies can be further sta-

ilized on specific sites that exhibit negative segregation energies.

articularly in the presence of hydrogen, the concentration of va-

ancies may reach full occupancy for such sites, as was calculated

or the v 1 H n , v 2 H n and v 3 H n clusters associated with the Pd2 site

t the �5 (2 1 0) boundary ( Fig. 12 ). Due to the interconnectivity

f the Pd2 sites, these vacancies may form channels along the grain

oundary with diameters of around 2.5–4.1 Å (assuming an atomic

d radius of 
√ 

2 
2 a 0 from the close-packed plane). Channels of this

ize may constitute fast diffusion paths for atomic hydrogen, while

ossibly also allowing Knudsen diffusion of small molecules such

s He used for probing trans-membrane leakage [30] . The max-

mum size of voids formed by equilibrium concentrations of va-

ancy clusters will, nevertheless, be limited to the sites within ab-

olute nearest vicinity of the grain boundary where structural dis-

ortions and segregation energies may be substantial. Accordingly,

he largest diameter of such voids or channels can be expected to

e about 0.5 nm in most cases. 

With respect to the formation of larger voids, the surface en-

rgy of the predominating (0 0 1) and (1 1 1) facets was found to

e significantly reduced in the presence of hydrogen due to stabi-

ization by adsorbates ( Fig. 14 c). Nevertheless, surfaces and voids

emain thermodynamically unfavorable relative to bulk, meaning

hat voids will not spontaneously form in palladium single crys-

als. Voids can take the place of other higher dimensional defects

n polycrystalline material and thereby effectively reduce their rel-

tive energy. Moreover, formation of voids in the μm-range has

een linked to plastic deformation in Pd membranes subjected to

ressure gradients [28] . The origin of the formation of nanovoids

nd pores therefore appears to be closely linked to microstructural

eatures and the presence of strain in the as-deposited films, as

ell as under operation. Several reports have detailed the forma-

ion of voids due to plastic deformation, i.e., in the absence of hy-

rogen [58–61] . It is important to consider that palladium under-

oes significant chemical expansion due to dissolution of hydrogen,

ith additional contributions from vacancy clusters. For instance,

he 1D chemical expansion reaches 3% for PdH 0.5 (Figure S1), in

ood agreement with experimental data from Feenstra et al. [62] .

he resulting strain in polycrystalline materials can be relieved by

ccommodating microstructural changes, and voids may become a
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relatively low energy alternative in the presence of hydrogen. Thus,

small-grained polycrystalline palladium and materials that other-

wise exhibit microstrain and low crystallinity shows particular po-

tential for forming and retaining stable hydrogen-covered voids.

The Pd-based membranes subject to void formation in previous

studies exhibited these microstructural characteristics and signifi-

cant grain growth occurred during operation [26 , 28–30] . According

to these considerations, it is proposed that void formation in Pd-

based membranes may be alleviated by annealing in hydrogen-free

atmosphere so that crystallization, grain growth and densification

may proceed in absence of chemical expansion and under condi-

tions where voids are significantly less stable. While it is chal-

lenging to directly characterize v m 

H n complexes and clusters, the

role of grain boundaries and microstrain on the formation of voids

may be systematically studied in single- and polycrystalline sam-

ples annealed in hydrogen-containing atmospheres using transmis-

sion electron microscopy. 

In summary, the formation of vacancy clusters and voids have

different origins. The role of hydrogen on their stability is, how-

ever, similar in that hydrogen terminates the under-coordinated

metal atoms of the inner surface of the cluster or void. While

the increased concentration of vacancies in the presence of hy-

drogen may improve the kinetics of microstructural changes, the

present work indicates that they do not directly cause the forma-

tion of voids. Hydrogen therefore has a confounding effect on the

observed vacancy and void formation phenomena in palladium and

similar metals. Further studies on hydrogen induced vacancy clus-

tering should consider the role of chemical expansion and struc-

tures with ordered metal vacancies [12] . 

5. Conclusions 

Palladium vacancies are significantly stabilized in the presence

of hydrogen due to favorable association between the vacancies

and interstitial atomic hydrogen into v m 

H n clusters. Accordingly,

the concentration of vacancy clusters is enhanced by several or-

ders of magnitude. At grain boundaries, the concentration of clus-

ters can reach site saturation and form structural channels with

diameters of up to around 0.5 nm. Even at high hydrogen pres-

sures, larger clusters and nanovoids remain thermodynamically un-

stable due to the loss of configurational entropy upon coalescing of

monovacancy complexes. The formation of nanovoids in Pd-based

membranes was ascribed to microstructural characteristics of poly-

crystalline materials, combined with strain induced by chemical

expansion due to dissolution of hydrogen and plastic deformation

due to pressure gradients. 
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