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I. SUMMARY

This section describes the accomplishments obtained during the 3-year award period under Grant AF9550-
16-1-0357. The overarching goals of this project was to use molecular simulations to gain insights on the
diffusion and dissolution of hydrogen and nitrogen in pure, alloyed, and defected metals and their
connection to material properties and supersaturation. Research activities during Year 1-2 were performed
under the guidance of Prof. Jennifer Wilcox (Principal Investigator during this time), while activities during
Year 3 were performed under the guidance of Prof. Diego A. Gomez-Gualdréon (current Principal
Investigator and report author).

Two research lines, based on density functional theory (DFT) calculations, were pursued during this project:
i) the study of nitrogen dissolution and diffusion in (defect-free and defected) vanadium and vanadium
alloys, and its connection to nitridation and nitrogen permeability in the context of nitrogen separation
membranes, and ii) the study of hydrogen dissolution in (defect-free and defected) palladium and palladium
alloys, and its connection to material mechanical properties in the context of hydrogen separation
membranes. Scientific findings for the study of nitrogen in vanadium-based systems are detailed in one
publication and one submitted manuscript under review at the time of writing this report. Scientific findings
for the study of hydrogen in palladium-based systems are detailed in one publication. A publication list can
be found at the end of this report.

can
1

In research line “i", alloying V with Ru or Mo were first studied as a way to reduce the binding energy of
N (relative to V) under the hypothesis that this would result in a desirable concomitant increase in N
diffusivity (relative to V). The electronic charge of the reduced interstitial nitrogen was found as a proxy
of the binding energy. However, since calculations showed that N binding is primarily controlled by the
local environment at the relevant interstitial sites, it was found that significant content of the alloying
element is needed to create a significant number of binding sites with reduced binding energy. Due to
synthetic challenges associated with alloys with sufficient Ru/Mo content, VCry and Vyy alloys became the
new subject of study, which presented two types of interstitial octahedral sites: V-rich and V-depleted. The
binding was found to be stronger in V-rich sites consistent with a correlation between N binding strength a
number of V atom at the local binding site. N binding strength at vacancies was similar or weaker than at
regular interstitial sites.

Ab initio thermodynamics suggests that the combination of strong and weak binding sites mitigated the
reduction in solubility arising from alloying. However, the heterogeneity of the interstitial sites generally
led to higher energy barriers for N diffusion than those encountered in pure V. The exception to this
observation was the Vo.sFeo7s alloy. Based on our calculations, at 673 K and 5 bar (N2 pressure), N
solubility and diffusivity in Voa2sre0.75s would be ~3 times smaller and ~53 times larger, respectively, than
pure V. According to the solution-diffusion model, this finding indicates that a ~18-fold higher permeability
would be expected for VoasFeo 75 relative to V. Permeability is expected to be controlled by bulk diffusion
rather than by surface processes, as in all alloys we find the energy barrier for N> dissociation at the alloy
surface to be lower than the barrier for bulk diffusion in the same alloy. The mechanical strength of V and
alloys tended to increase (and eventually plateau) as nitrogen content increase in the lattice (even beyond
saturation).

(33342

In research line “ii”, through calculation of hydrogen binding energies, vacancy formation energies,
phase/solubility diagrams, as well as material plastic deformation and mechanical properties during

3

DISTRIBUTION A: Distribution approved for public release.



hydrogen loading/unloading in Pd and PdiAg, and Pd:Auy alloys, we present evidence that alloying with
Au and Ag suppress hydrogen-embrittlement by reducing hydrogen solubility rather than by reduction of
intrinsic tendencies to form defects. Specifically, we found that alloying leads to higher vacancy
stabilization and lower elastic constants upon hydrogen dissolution (even beyond saturation) than for pure
Pd. Permanent plastic deformation are also more pronounced for alloyed systems, which in some cases
made subsequent hydrogen loading more favorable. On the other hand, alloying also led to unfavorable
hydrogen dissolution beyond 25 at. %. The reduction in solubility is strongly related to downshift of the
overall metal d-band center in the alloys along with changes to the metal Pauli repulsion factor.

4
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II METHODS

2.1. Electronic energy calculations. The primary method for first principles calculations performed in this
project was plane-wave density functional theory (DFT), with calculations performed using the Vienna Ab
Initio Package (VASP). Calculations were performed within the generalized gradient approximation (GGA)
framework, using the exchange-correlation functional of Perdew, Burke and Ernzerhof (PBE), and the
projector-augmented wave (PAW) method to describe core electrons. The basis set of plane (Bloch) waves
to build the solution to the Kohn-Sham equations was defined by an energy cutoff of at least 400 eV.
Convergence of calculated electronic energies within 10> eV/atom with respect to number of k-points was
determined in relevant test systems and used to inform the k-point mesh size for subsequent calculations.
Energy convergence with respect to k-points was accelerated by smearing around the Fermi level using the
method of Methfessel and Paxton of first order. Electronic structures were typically converged within an
energy tolerance of 10 eV.

2.2. Determination of local minima and transition states. Stable geometries (local minima) for the
systems of interest were found by altering geometries to minimize their electronic energy and reduce forces
in the system to zero. Typically, a geometry was considered to have reached a local minimum if the acting
forces on all atoms fell below 10~ eV/A. Transition state geometries (saddle points) connecting two local
minima were found using the climbing image variation of the nudge elastic band method (CI-NEB). In this
method, a number of intermediate geometries describing the transition from one local minimum to another
are collectively optimized as to find the “minimum energy pathway.” Adjacent geometries along the
pathway are connected through “imaginary” springs that create additional forces on the geometries. The
climbing image variation ensures that, once the energy of the pathway is minimized, the highest-energy
geometry corresponds to the transition state. Typically, pathways were considered minimized when all
forces fell below 5 x 102 eV/A. When needed, the vibrational frequencies for local minima and transition
states were calculated using the finite displacement method. In this method, the electronic energy of the
system is calculated throughout systematic displacements of the atoms and used to estimate second
derivatives to build the mass-weighted Hessian matrix of the system. The vibrational frequencies are
obtained from the eigenvalues of the matrix.

2.3. Electronic structure analysis. The electronic structure of the studied systems was analyzed to
understand the implications of charge transfer effects and features of the band structure (e.g. d-band center)
on properties of interest in the studied materials. Charge transfer was analyzed by calculating electronic
charges around atom centers according to the Bader splitting formalism of the charge density. The latter
was calculated once a geometry was optimized, by recalculating the electronic structure using the
tetrahedron smearing method with Blochl corrections and an FFT mesh ensuring convergence of charges
within 107 e. To calculate the density of states (DOS), the charge density of each system was used in non-
self-consistent calculations with finer k-point meshes. The obtained density was then split by projecting it
on the angular momentum and sites of interest. The d-band center for the metal species of interest was
calculated as the first moment of the d-band DOS projected on the lattice sites occupied by the relevant
metal.

2.4. Calculation of cohesive and vacancy formation energies. When calculating the energetics of
processes of interest, the standard equations encountered in the literature were utilized using the electronic
energies obtained from our calculations. Cohesive energies, Ec.», which indicate how strongly atoms within
the lattice are held together were calculated as:

DISTRIBUTION A: Distribution approved for public release.



E _ Eiattice — ZNL' E;
coh —
XN

where Ejaice 1 the energy of a lattice made up of various atoms of species i. N; is the number of atoms of
species i in the lattice, and E; is the energy of an atom of species i in isolation. Formation energies, E,, for
vacancies obtained by removing an atom of species i were calculated either as:

E, = (Elattice)def + (EDpuik — Elattice

where (Elaice)der and Ejanice are the energies of the lattice with and without the vacancy, respectively, and
(E))puir 1s the energy of the removed atom in the bulk of a lattice made up solely of atoms of species i, or as:

n—1
E, = (Elattice)def - (T) Elattice

where n is the number of atoms in the lattice without vacancies. Note that the two latter equations are
equivalent for pure metals but have somewhat different interpretations of the energy penalty to form the
vacancy in alloys, because they differ on the interpretation of the “reservoir” for the removed atom.

2.5. Calculation of binding, reaction and activation energies. The differential binding energies, Epind,
characterizing the binding of an adsorbate £ to a system of interest is calculated as:

Eping = Esys+k - Esys — Eg

where Eg -+ is the energy of the system with the bound adsorbate, Ej,, is the energy of the system without
the bound adsorbate, and F} is the energy of the isolated adsorbate k. In this project, systems corresponded
to either bulk lattices or surface slabs. When the adsorbates were atomic species originating from diatomic
molecules, the energy of the isolated adsorbate was taken as half of the energy of the diatomic molecule.
Reaction energies, E,.,, for processes where a system changes from one state to another were calculated as:

Erxn = Efinal — Einitiat

where Eja and Eiiiaw are the energies of the system in the final and initial states, respectively. The
corresponding activation energy, E,, for the process was calculated as:

Eq = Ers — Enitial

where E7s is the energy of the transition state connecting the initial and final states of the system. Note that
all the energies in the preceding equations presented zero-point energy (ZPE) corrections when such
correction was found to be necessary.

2.6. Calculation of atomic solubilities and diffusivities. Since the materials studied in this project were
investigated in the context of metal membrane applications, various estimations of atomic solubilities (S)

6
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and diffusivities (D) were carried during the project. The importance of these properties lies in the well-
known solution-diffusion model, where the permeability, a, of a species & through a membrane is given as:

a’k=5k>< Dk

More than the calculated permeabilities themselves, in this project we were interested in relative
permeabilities (e.g. as indicated by permeability ratios). In particular, in atomic permeabilities in alloys
relative to those in reference pure metals. Diffusion was considered as an Arrhenius process, where the
hopping of the diffusing atom between lattice sites is a rare event and the diffusivity is given by:

The pre-exponential factor D, depends, among other things, on geometrical consideration of the diffusion
pathways that were similar between studied alloys and reference metals. Thus, ratios between diffusivities
were estimated based on the ratios of the exponential component of the equation.

Solubilities were estimated within two theoretical frameworks. In the first framework, the solubility of the
atomic species k, estimated as a ratio 6, between the number of occupied sites and the maximum number
possible of binding sites is given by:

Gk sol
Ak gas
,,WkBT t Grgo

where gy and e are the partition functions of the species k in the gas phase and dissolved in the lattice,
respectively. The ideal gas approximation is used to calculate g.qs, Whereas the harmonic approximation is
used to calculate gy using the vibrational frequencies. Some, among other assumptions, built into the
equation above are that the binding energy for species k in all potentially available interstitial sites is
constant independently of the distribution and number of species k in the lattice, and that the latter number
corresponds to dilute conditions.

9](:

In the second framework, corresponding to standard ab initio thermodynamics, the free energy of adsorption
AGaqs for various numbers and distributions of atomic species £ in the lattice is calculated directly as:

AGadsk = GM,nk - GM,O — Nilg

where G is the free energy of the lattice with 7, number & species and p is the chemical potential of
species k in the gas phase. G+ Was approximated as the zero-point energy corrected electronic energy, and
e was calculated as the zero-point corrected electronic energy plus a Auorp) term calculated based on the
ideal gas partition function. These calculations were used to build “phase diagrams” illustrating the most
stable solution configuration (hence solubility) at a given T and P. To find the most stable configuration, z
is calculated at the (T, P) condition of interest and AG.4 is calculated for all the considered lattice
configurations. The configuration yielding the lowest AG.q4 is chosen to appear in the phase diagram at the

7
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particular (T, P) condition. This approach allows to consider more dramatic changes with respect to the
pure metal lattice (e.g. nitride formation during N dissolution), provided the corresponding configurations
are included in the calculations. Evidently, a constraint of ab-initio thermodynamics is that if a configuration
is not included in the calculations, it cannot appear in the phase diagram.

2.7. Calculation of elastic constants. To evaluate the mechanical properties of the studied systems, the
elastic tensor matrix was calculated based on the tensorial form of Hook’s law:

g = z Cijki €r
"l

where g is the stress, ey is the strain, Cyy is the elastic constant, and i, j, k, and / are directions in real space.
Following Voigt’s notation where indices are mapped as 11 — 1,22 —- 2,33 —5 3,23 - 4,13 - 5,12 —
6, the elastic constants C,, of the 6 x 6 matrix relating the 6-dimensional vectors ¢ and ¢ can be defined.
Calculation of each C,, was done by systematically distorting the lattice supercell in six directions and

subsequently optimizing atomic positions. The electronic energies, £, associated with each distortion were
used to numerically evaluate:

do,, 1 O0%E

Cmn = de, V d€,0€,

The obtained C,, were used to calculate mechanical properties (e.g. bulk modulus) using standard
relationships between the property of interest and elastic constants.

8
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1 ACCOMPLISHMENTS

The information described in this section is based on the publications listed at the end of the report.
Therefore, for details omitted in the discussion below, we refer to the listed publications at the end of this
report.

3.1. Insights on the dissolution of atomic nitrogen in V, ViRu, and ViMo,. This work was performed
during Year 1, seeking to shed light on the dissolution of nitrogen in metallic BCC lattices, which is not
fully understood. Indeed, although relevant to common metallurgical processes such as nitriding, nitrogen
dissolution has not been studied to the extent that the dissolution of, for instance, carbon and hydrogen have
been. Since the project aim was to investigate nitrogen dissolution in the context of nitrogen separation
membranes, V and two potential V alloys were chosen as case studies. As nitrogen permeability depends
on both solubility and diffusivity (see Section 2.6), V was chosen as a baseline material due to its high
nitrogen solubility, while the alloys were explored due to their potentially enhance the low nitrogen
diffusivity in V. However, diffusivities were not directly studied until Year 3.

Vanadium case. Calculations (Fig. 1) revealed octahedral (o) interstitial sites in the BCC V lattice as
significantly more stable binding sites for N atoms than tetrahedral (7) sites (diffusion studies in Year 3,
revealed the ¢ site to be a transition state). Consistent with the electrophilic character of nitrogen, its
dissolution in either site results in the oxidation of neighbor V atoms, and the corresponding reduction of
nitrogen itself, more so in the o than in the ¢ site. The V-N distance was found to play a role in charge
transfer. For instance, the two “axial” and the four “equatorial” atoms making up the o site presented
different extents of oxidation, presumably because the former are closer to the dissolved N atom than the
latter. Because electrostatic interaction energy contributes to the binding energy, charge polarization, which
is higher when N binds to o sites, contributes to the higher stability of N in the latter. Another factor that
contributes to the higher binding stability in the o sites is their effective radius (in a hard-sphere model),
which (at 0.88 A) matches the size of the N atom (0.75 A).

(a) (b)

+0.12 +0.20

+0.28__ .1 &1 +0.28 +0.19 o

o R
+1J_I?J’;U.ZE + z1°a-‘| 54
° ?

+0.12 +0.20

o Vanadium @ Nilrogen

Fig. 1. Electronic charges during nitrogen dissolution in vanadium. (a) dissolution in octahedral site (Epind
=-2.80 eV). (b) dissolution in octahedral site (Epina = -1.38 V). [1]

Our density of states calculations (Fig. 2) reveal the chemical bonding between N and V atoms during
dissolution of the former. This was evidenced by the coincidence of peaks ~6 eV below the Fermi level for

9
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the projection of the density of d-states on N and V atoms, which suggest the existence of d-states shared
by these two species, consistent with the formation of covalent bonds. The chemical bonding results in a
downward shift in the d-band center of V (mostly due to axial V), which is lowered by ~0.25 eV due to the
hybridization of the d-states of V and the 17 state of N. As a consequence of the chemical bonding between
N and V, the lattice was observed to expand upon N atom dissolution.

| N V, axial
4 V, equatorial  -=-pPuyre v

No. of states

0 _._...--ﬁ....-...-ﬂ--"':

7 6 5 4 3 2 1 0 1 2 3
E-Erorm (eV)

Fig. 2. Density of d-states projected on N and V atoms during dissolution. [1]

Calculations on the binding of two N atoms (e.g. Fig. 3) suggest that similar behaviors (at least qualitatively)
are observed for the dissolution of multiple as for single interstitial N atoms. For instance, N atoms continue
to reduce and V atoms to oxidize, and the lattice continues to expand, as more N atoms fill the lattice.
However, the extent to which these phenomena occur depends entirely on the exact configuration (relative
positions) of the N atoms in the lattice. N binding energies varied as much as 1.4 eV depending on the
distribution of N in the lattice. Lattice volume expansion varied in the ~1.5- 3.0 % range and happened to
correlate well (R% ~ 0.87) with binding energy. No clear correlation was found between binding energy and
the distance between dissolved N atoms, but the closest N-N distances (from a 2.5 -5.3 A range) do tend to
result in the weakest binding energies. The lack of correlation occurs because once N-N distances are
beyond 3.6 A, binding energies oscillate around a -2.76 eV average.

(a) (b)

' Vanadium +0.30

@ Mitrogen

N-N distance: 24 A MN-N distance: 3.5 A
Binding E: -2.24 eV /N Binding E: -2.75eV /N

Fig. 3. Electronic charges and binding energies for two configurations illustrating multiple dissolution of
N atoms in the V lattice. [1]
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Vanadium-ruthenium case. Considering the well-known high permeability of H atoms in Pd membranes,
one proposed material design principle to enhance N permeability in V is to reduce the N binding energy
through alloying. To explore this possibility, alloys with ruthenium in the VssxRux (x =1-6) composition
range were the first alloys investigated in this project. The Ru content was maintained low to increase the
likelihood that the lattice remains BCC upon alloying (Ru is an FCC metal). The introduction of the larger
Ru resulted in the following effects that in principle would weaken the binding of N: i) an expansion of the
BCC lattice, and ii) a downward shift in the d-band center of V atoms due to hybridization with Ru d-states
~3.5 eV below the Fermi level (Fig. 4). However, at the studied Ru concentrations, the effects were rather
weak. In particular, d-band shifts were almost inexistent for V beyond the first coordination shell around
Ru.

Ru

Pure ¥

V, nearesl
—W, 2nd near

W, 3rd near

No. of states
O = M Wk R~ @

M _,u':'."\, ™ # "'-,i_'n._’

! 7 ‘e in [ e

e .___‘r';‘_\.__,_-,; f"hﬁl'ny"‘"_:‘- i —— “_\\_,._J[‘N'.' \\\ ]

-7 -5 -5 -4 =3 -2 -1 0 1 2 3
E- EFurrm (BVJ

Fig. 4. Density of d-states projected on V and Ru atoms of Vs3;Ru alloy. [1]

Inspection of N binding energies in different sites in VssxRux alloys clearly illustrated that no dramatic
decreases (more than 1 eV) in the N binding energy relative to that in V occur, unless the interstitial N is in
an o site that contains at least one Ru atom. In other words, the N binding remains essentially as strong as
in pure V unless the N atom chemically bonds Ru. This is illustrated plotting the N binding energy versus
the distance of the interstitial N to the nearest Ru atom in the lattice for the Vs;Ru case (Fig. 5). For Vss<Rux
alloys, this became apparent by the clear correlation between N binding energy and the proportion of Ru
atoms making up the o site.

(a) (b)

15 ®initial Ru-N dist

3 ® x * Optimized Ru-N dist
i A :
81A ’ .r 89 A < a0 o
F o5 A,
@ > g
o
‘ ‘ £-25 .
@
-3.0

0.0 1.0 2.0 3.0 4.0 5.0 6.0

l°\.|'ar'tad|ur'ri ‘Rulhamum & Nitrogen Ru-N distance [Al

Fig. 5. Binding of a single N atom in a Vs3Ru alloy. (a) Relevant distances for interstitial N in the weakest
binding site. (b) N binding energy versus distance of binding site to nearest Ru atom. [1]
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The chemical bond between N and Ru when the former binds a Ru-containing o site is evidenced by the
coincidence of peaks in the projected density of d-states of Ru and N ~6.2 eV below the Fermi level,
suggesting the hybridization of the d-states of Ru and the 17 state of N (Fig. 6). The relative intensity of the
peaks for the projections on Ru and V indicate the dominant role of Ru d-states in hybridizing the 17 state
of N, even if Ru is in the minority in the o site. When Ru is not present in the o site, the 17 state of N
hybridizes with V d-states, but at a higher position relative to the Fermi level (~5.8 eV below the Fermi
level), consistent with the stronger binding energies for those cases. The higher proportion of Ru (which is
significantly more electronegative than V) in the o site, the less the reduction of the interstitial N. Therefore,
the correlation between Ru proportion in the o site and binding energy (which varied between -1.10 eV and
0.82 eV), engendered a correlation between the latter and the charge of the interstitial N (which varied
between -1.18¢ and -1.48¢).

(a) (b)
+0.11
N 2
4031 e, 403t 7 Ru-N: 1.95 A "
+0.3 o " 6 Ru
#0.31 S5 V. NN
«0.08g0 o +0.08 § 4 V. NINN
e
+0.1 14 g 2
3 o
+0.14 0 ;
-7 & -5 4 -3 -2 -1 0 1 2 3

o Vanadium 0 Ruthenium @ Nitrogen E =By (V)

Fig. 6. Electronic effects during N binding in a Vs3Ru alloy. (a) Bader charges upon most stable N
binding in Vs3;Ru alloy. (b) Density of d-states projected on V, Ru and N atoms upon most stable N
binding of Vs3;Ru alloy. [1]

Vanadium-molybdenum case. The calculations in Vss<Ruyx showed that significant changes in the binding
energy of interstitial N only occur when the latter “touches” an alloying atom. Ru content required to create
this scenario across numerous o sites in the alloy are were presumed inaccessible with Ru. Accordingly,
VMoy alloys were chosen as the next study case. These alloys were studied across the whole compositional
range from pure V to pure Mo. Specifically, Mo, Moi5V1, M014V2, M013V3, M012V4, MogVg, MoV s, and
V were studied (Fig. 7). The lattice constants of the alloys were consistent with a linear combination of the
lattice constants of Mo an V weighted by the relevant molar compositions, i.e. they closely followed
Vegard’s law.
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Fig. 7. Supercells illustrating the structure of studied V Moy alloys [1]

Each V Moy alloy presented up to five distinct o sites. N binding energy calculations across these o site for
the various alloys further confirmed that N binding is primarily controlled by the composition of the local
o site. Thus, the strongest N binding energies in each alloy were observed for o sites with the highest V
content. The strongest N binding energy for each alloy was found to increase with overall V content (Fig.
8), because increasing the latter result in sites with higher V content. Additionally, the frequency of V-rich
sites increases with overall V content as well. For instance, the fraction of o sites possessing binding
energies stronger than -1.4 eV is 100% in MoV, but 50% in MogVs.
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Fig. 8. Strongest N binding energy versus V content of ViMoy alloy. [1]

For practical application, it is ultimately desired to translate information on binding energy and binding
sites to experimental observables such as nitrogen solubility. Besides general interest in this property, it
directly relevant to permeability predictions in the context of nitrogen separation membranes. A first
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approach to making this prediction was made using the calculated binding energy and vibrational
frequencies of interstitial N to calculate relevant partition functions assuming dilute conditions are valid
(see Section 2.6). The latter assumption is valid in Mo, so the prediction method was tested for this case
(Fig. 9).

1.E-02
~ 1.E-03 . : o —EXP1(1980)
-% . | EXP2 (1969)
- e N = =10%
S 1 E04 BE=0.835, VF=10%
2 BE=0.835, VF=18%
H BE=0.835, VF=40%
£ 1E-05 BE=0.835, VF=70%
= - =-BE=0.835, VF=100%
—~— . </.’
Z 1.E-06 P

&
1.E-07

1500 1800 2100 2400
Temperature (K)

Fig. 9. Prediction of N solubility in Mo compared to experimental data. Binding energy (BE) was kept at
the original calculated value, but vibrational frequencies (VF) were varied as a percentage of the original
calculated values. [1]

Using “as calculated” binding energy and vibrational frequencies resulted in solubility underprediction by
two orders of magnitude, although the “rate” of solubility change with temperature (which depends on
AHag) was reasonably captured. A match to experimental solubility data was achieved when using
vibrational frequencies only 18% of the “as calculated” values. This exercise boosts solubility essentially
by reducing the calculated entropic loss of N during dissolution. Assuming the same frequency “scaling”
works for other cases, we estimated solubilities (in the 1000-2000 K range) in the alloys relative to Mo
(Fig. 10), but only for V content up to 25%. This constraint was imposed in an attempt to stay at a regime
where the assumption made on Mo remain valid. Based on these predictions, varying V content in V\Moy
alloys in the 0-25% range results in variations in solubilities spanning four orders of magnitude.
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Fig. 10. Predicted N solubilities in various ViMoy alloy compared to prediction in Mo. [1]

3.2. Insights on the dissolution, diffusion and dissociation of nitrogen in V, V,Cry and VFe,. This
work, which follows up on work performed during Year 1, was performed during Year 3 seeking to
understand nitrogen dissolution beyond the affinity of nitrogen for o sites in perfect BCC lattices to include
other aspects influencing nitrogen dissolution such as the presence of lattice defects, dissociation at the
alloy surface, and diffusion across lattice sites. Furthermore, the influence of nitrogen dissolution on alloy
mechanical properties was studied as well. The alloying elements were changed from Ru and Mo to Cr and
Fe due to synthetic challenges for V Ru, and VMoy alloys that became apparent during Year 2 of the
project. Since the project aim was to investigate nitrogen dissolution in the context of nitrogen separation
membranes, Cr and Fe were selected because i) Cr and Fe present the two highest N diffusivities among
BCC metals (but poor N solubility) ii) Cr and Fe bind N more weakly than V, so alloying could lower the
binding energy, which was hypothesized in Year 1 that would enhance solubility, iij) ViCry and V Fey
alloys are known to exist over a wide composition range.

Alloy properties. The composition (Vo.7sMo.2s, Vo.s0Mo.s0, Vo.2sMo.75) and structure of the studied alloys (Fig.
11) guaranteed there were numerous binding sites for interstitial N that would interact directly with the
alloying element. Toward the calculation of N solubility, only o sites in a 16-atom supercell were
interrogated, because it was clear from work in Year 1 that 7 sites were less stable. In the alloys, two types
of o sites emerged based on their local composition. The V-rich sites were designated as o/, and the V-poor
sites as 02. The lattice constants and cohesive energies of V alloys were smaller than for V and reasonably
well predicted by composition-weighted linear combination of the properties of the pure metals.
Intermetallic V-M interactions in the alloys tend to shift the d-band center of these atoms. In the alloys, the
d-band center of V, Cr and Fe tends to shift down, up and down, respectively, compared to the pure metal
values.
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v VoM zs

System a/A Econ /€V.at! £a/eV
v 3.00 5.37 -0.25
Cr 2.85 4.05 -0.92
Fe 2.83 4.92 -1.07
VosCross  2.95(-0.2%)  5.07(+0.01%) -0.38/-0.27
VassMa s Vo.rsMg s VosoCrose  2.91(-0.3%) 4.79(+0.02%) -0.32/-0.46

VioosCross  2.88(-0.2%)  4.45(+0.02%) -1.21/-0.99
VorsFeoss 2.92(-14%) 541(+2.9%) -0.42/-1.01
VosoFegss 2.86(-1.7%)  5.27(+2.4%)  -0.57/-1.22
VoasFeors  2.81(-2.2%)  5.15(+2.3%)  -0.11/-1.20

Fig. 11. Structure, lattice constant (a), cohesive energy (£..) and d-band centers (¢4) of V and V alloys.
Numbers in parenthesis are deviations with respect to composition-weighted linear combination of the
properties of pure metals. d-band center are reported separately (V/M) for each metal in the alloy.[3]

Binding of single interstitial N. The strength of binding energies for a single interstitial N atom (Fig. 12)
were consistent with reported solubilities for the pure metals (V > Fe > Cr). Also consistent with the studies
on Year 1 for alloys with Mo and Ru, the N binding energy was primarily controlled by the local
environment at the o site. Sites that had higher content of V presented stronger N binding energies. Upon
binding, the N atom was reduced as indicated by a negative electronic charge. However, contrary to the
studies on V-Ru alloys in Year 1, there was no clear correlation between binding energy and N reduction
(probably because Cr and Fe electronegativity values are closer to V than that the Ru V is). However, a
correlation (R? ~ 0.77) was found between binding energy and a simple average of the d-band center of the
atoms making up the o site occupied by N (Fig. 12). Notably, the d-band centers used to calculate the
average were -0.25 eV, -0.92 eV and -1.07 eV, which are the values for pure V, Cr and Fe, instead of the
values for the metal in the alloys as doing the latter resulted in a poorer correlation. Depending on the alloy
composition, the binding energy spanned values in the -2.20 eV to 0.35 eV range (compared to -2.56 eV
for V). Although pure Cr binds N more weakly than pure Fe, V,Cry alloys tended to bind N more strongly
than VFeyalloys.
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Fig. 12. Binding energies and electronic charges of interstitial N in V and V alloys, along correlation with
average d-band center at local binding site. (v,m) superscript on binding energy indicates number of V and
M atoms making up the binding site. [3]

Vacancy formation. An aspect that was not studied in alloys explored in Year 1 was how vacancy formation
would affect the introduction of N into the lattice, or conversely whether the introduction of N into the
lattice would facilitate the formation of vacancies. Thus, we interrogated this by removing metal atoms
from the supercell and calculating the energy penalty, and by interrogating the binding of N at the formed
vacancies (Fig. 13). We found that formation of vacancies tend to be easier by removing a Fe/Cr atom
instead of V. Contrary to the VFe, alloys, all studied VCr, alloys presented less favorable vacancy
formation energies than pure V. The formed vacancies did not present significant local deformations, unless
N was introduced to the vacancy (Fig. 13a-c). Consistent with our earlier observations that V-rich o sites
bind N more strongly, vacancies formed by removing Fe/Cr tend to bind N more strongly. However, while
in pure V the binding of N to a vacancy more than compensates the penalty to form the vacancy, this is not
case in the alloys. Accordingly, alloys are likely less prone to vacancy formation than pure V, when under
a nitrogen environment. Furthermore, binding of N at the vacancies was not necessarily stronger than at
regular o sites, hence indicating that vacancies may not act as nitrogen “traps.”
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Fig. 13. Vacancy formation energies and N binding energies at vacancies, along with example
configurations. (v,m) superscript on binding energy indicates number of V and M atoms around the
vacancy. Configurations show (a) Seven-neighbor N binding at vacancy in Vg .75Cro2s. N atom is at the
center of the base of a (distorted) hexagonal pyramid. (b) Five-neighbor N binding at vacancy in
Vo.soFeoso. N atom is at the center of the base of a square pyramid. (c) Five-neighbor N binding at
vacancy in VoasFeo 75 case. N atom is at the center of a distorted tetrahedron. [3]

Loading effects during insertion of multiple interstitial N. Analogous to how “coverage” is known to
affect binding energetics on surfaces, binding energetics at interstitial sites can also vary as the lattice
loading changes. It was important to understand N diffusion in the lattice, because as atomic N permeates,
numerous interstitial sites can become occupied. The studied supercells 16 metal atoms and 48 o sites (24
ol and o2 sites, respectively), and were loaded with up to 16 N atoms. For each loading, we aimed to
identify the most stable binding configuration. This was ensured by brute force search for up to three atoms.
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After that, the number of configurations interrogated for each loading was kept tractable by using heuristic
stability principles emerging from the low-loading calculations. We plotted the average binding energy
versus loading (Fig. 14-left), which revealed significant “loading effects.”

Due to “loading” effects, the average binding energy was found to vary anywhere between 0.6 eV and 2.0
eV (data that is relevant for multiscale modeling of N diffusion in the alloy lattice) as loading changed. The
binding energy for early addition of N to the lattice generally strengthened with each subsequent addition
up to three or four N atoms. This increase in favorability was 0.4 eV for pure V and 0.3 — 0.8 eV for the
alloys. After this point, each subsequent addition tends to be associated with weakest binding energy than
the preceding one. For pure V, Vo 15Fe2s and V.50Croso, the average binding energy ended up (by the 161
N addition) significantly less favorable than for the binding of the first interstitial N atom, but for the
remaining alloys, the average binding energies remained similar or below to that for the first N binding.

oM=Cr -oM=Fe oM=Cr -oM=Fe

o < 4001 B
J R S
-1 I 300'"/(.,_,av“'/.‘¥-'.‘.‘."T
'2'W8 200 - g
3 100 4
O-goo oooo°°oooo< 400+
o 0o o —
=11 “°ecc0,000000 °R  T3p. soo oot o IS
> I @ 0000800090000 °© "
Q224 N =200 ooo0o N
S g !
’_S)_B 5100'
£ 07 o e B 400
£ o . o©8 <
5-14 ¢ X = 4 8.0 ° %og |3
w 68809888828000 o [y 30 08980338 adi el i
21 o 2200{¢ o
3 100 4
0 _ 4001 "
o© <<
11 o, PRy 300+ 86093"08“" e IS
2]. 0800 °ly 200 ¢ N
oo 1 o
-3 . . . . 1001, : . .
0 4 8 12 16 0 5 10 15
Nitrogen Loading Nitrogen Loading

Fig. 14. Average binding energy and bulk modulus for V and V alloys as nitrogen fills the lattice. Left:
Average binding energy versus N loading. Right: Bulk modulus versus N loading. [3]

Some common observations as the lattice fills with interstitial N are i) regardless of loading effects, the
ol-type (i.e. V-rich) sites bind N atoms more strongly (i.e. the lattice fills by occupying ol-type sites). ii)
regardless of binding energy variations due to loading, the composition-based trends obtained with the first
binding remain (e.g. N binds more weakly as V content in the alloy decreases, and V.Cry alloys bind N
more strongly than V,Fe, alloys), iii) As the lattice fills, N first occupies the eight o/-type sites that have
the same orientation, and after that they start occupying o/-type sites of a different orientation, iv) As the
lattice fills, both the coordination of interstitial N with V atoms and distances between interstit ial N remain
as large as possible, v) For the first eight N atoms, the lattice only expands in two directions, which results
in a lower average metal-metal distance than if expansion occurred in three directions
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Evolution of mechanical properties with increase in N content. Change in mechanical properties with
increase in N content is relevant to common nitriding processes, but also critical for nitrogen separation
membranes, which should remain mechanically stable (e.g. no cracks) to maintain the expected selectivity.
Thus, we evaluated the change in mechanical properties as a function of composition during the sequential
N loading (Fig. 14-right). The addition of smaller quantities of Fe or Cr to V seems to increase the baseline
bulk modulus K. Specifically, Vo.75Cro2s and Vo .75Feo2s present K values 14 GPa and 24 GPa, respectively,
higher than V. More significant increases in M content presented varied effect between Fe and Cr.
Intriguingly, although Fe has a larger K than V while Cr has a smaller K, is the introduction of significant
iron content that reduces the K of V. Consistent with the hardening typically associated with nitriding, the
K increases with N content. For V, the increase is more monotonic, with K increasing almost two-fold by
the time of the 16" N addition. For the alloys, the increase in bulk modulus is both more irregular and less
pronounced as the V content in the alloy decreases. Again surprising, due to the larger K of Fe than Cr,
considering all N loadings, higher bulk moduli are generally found for V«Cry alloys than for VFe,.

N solubility and nitride formation. The approach used in Year 1 to calculate N solubility was better suited
for cases where dilute conditions are applicable such as with Mo-rich VMo, alloys. However, Cr and Fe
present higher affinities for N than Mo, and the VCry and V Fe, compositions studied here present a much
higher V content. Thus, in Year 3, we used ab-initio thermodynamics (AT) to calculate N solubility because
dilute conditions are arguably inadequate while it is also necessary to consider the formation of nitride as a
possibility. The obtained phase/solubility diagrams are shown in Fig .15, with relevant operating conditions
(to nitrogen separation) enclosed by the blue box. According to AT, at these conditions, V is predicted to dissolve
16 N atoms, transforming into the rock-salt VN nitride structure.

Our calculations indicate that only until Cr content increases beyond 75%, nitride would not form during
membrane operation. With 75% Cr content, a ~25% reduction in solubility relative to pure V is predicted.
On the other hand, nitride formation is not anticipated in the alloys with Fe, although at the expense of more
pronounced shifts in N solubility. At the relevant operation conditions, 25% and 50% Fe content already
present a ~13% and ~31% reduction in solubility, respectively, relative to V, while for 75% content the
reduction is ~69% (~3-fold). Notably, although N solubilities are expected to go down due to alloying, they
are also expected to remain within the same order of magnitude as for pure V.

19

DISTRIBUTION A: Distribution approved for public release.



Nitrogen Loading

0 1 2 3 4 5 6 7 8 9 1011 12 13 14 15 16
1000.0

7
Rocksalt ¢ BCC,I a.

100.0

10.0

Rocksalt

1.0

Pressure / atm

0.1

0.01

0.001
1000.0

100.0

10.0

Pressure / atm
-
o

0.01 !

1

!

0.001 {
2 o

S
S
—

Temp

Fig. 15. Phase/solubility diagrams for V alloys in the presence of a nitrogen atmosphere. As reference,
dashed lines indicate boundaries for pure V. [3]

N diffusion and permeability. The next aspect of nitrogen transport through the metal lattice that we studied
was the barrier for N hopping from one lattice site to another. Thus, we calculated the minimum energy
path (MEP) for N to hop from an o/ to an o2 site (Fig. 16). Two different kind of 02 sites (different
orientation) can be reached from an o/ site, giving rise to two possible paths, p/ and p2. The easiest
diffusion path was p;, where N hop from o/ to 02 through a transition state corresponding to the N atom in
a ¢t site. As reference, the barriers for N hopping in V, Cr, and Fe were calculated as 1.24 eV, 1.15 eV and
0.85 eV, respectively, consistently with trends in measured diffusion coefficients.

Contrary to the pure metals, in the alloys, the MEP are nonsymmetric due to the energetic disparity between
the V-rich o/ site and the V-poor o2 sites. This disparity generally ended up producing higher N hopping
barriers in the alloys than in V. For instance, Vo soFeo.s0 presented the highest barrier (2.09 eV) due to the
largest disparity between binding at the o/ and o2 site (-1.58 eV vs. 0.13 eV). The one exception was
Vo.sFeo.7s, which did present a lower hopping barrier than pure V (1.01 eV vs. 1.24 V), which—assuming
similar frequency factor—indicates a hopping ~7,758, ~53, and ~21 times faster in the alloy at 298 K, 673
K, and 873 K, respectively, based on the Arrhenius equation. Based on the predicted relative N solubility
in Vo 2sFeo 75 with respect to V, the relative hopping rates above indicate that the N permeability of Vg 2sFeo s
at 673 K and 873 K would be expected to be ~20 and ~5 times higher than for pure V—assuming V does
not turn into nitride, in which case the differences would be dramatically higher.
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Fig.16. Energy barriers for N hopping from an o/ site to an 02 site in V and V alloys. Numbers indicate
the energy barrier for the hop. Hopping path in (a) V.7sMo.2s (b) VosMos, (¢) Vo25sMo.7s, (d) V. Minimum
energy paths in (€) Vo.sFeo2s (f) VosFeos (g) VoasFeors, (h) V, (i) Vo.75Cro2s () Vo.sCros (k) Vo.2sCrozs, [3]

Nitrogen dissociation. The energetics of N» dissociation on the surfaces of the alloys was calculated (Fig.
17) to interrogate whether N permeation was controlled by surface or bulk processes. If permeation was
controlled by bulk processes, then the predicted improvements in N permeability in Vo 2sFeo.7s relative to V
previously predicted should be expected to be detected experimentally. The initial state (IS) for the
dissociation reaction corresponded to non-dissociative adsorption of the N, molecule, with the final state
(FS) corresponding to the dissociated state. The transition state (TS) connecting the non-dissociated and
dissociated state presented different levels of “earliness” depending on alloy composition.
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Fig. 17. Adsorption and dissociation of N, on alloy surfaces. The initial state (IS) corresponds to the
adsorption of N, (with adsorption energy E.qs). The final state (FS) corresponds to the dissociated N2
(with reaction energy En). The transition state (TS) is illustrated along with the corresponding activation

energy (E.).[3]

We found that N binding in V alloys with Cr was stronger than in alloys with Fe, except for V¢.25Cro.7s and
VoasFeo7s. Contrary to the binding of interstitial N, we did not find an as clear correlation between
adsorption energy E.q and the amount of coordinating V in the adsorption site. Although roughly, reaction
and activation energies are linearly correlated (R? ~ 0.64) as expected from the Bronsted-Evans-Polanyi
(BEP) principle (Fig. 18). Deviations are likely due to geometric dissimilarities for the dissociation path in
the different alloys when considering, for example, the varied “earliness” of the transition states (as
evidenced by the corresponding N-N distance). Notably, the relationship with transition state “earliness’

and V content in the alloys was inverse between alloys with Cr and Fe. For alloys with Cr, the lateness of
the TS increases with V content, while the opposite was observed for alloys with Fe. Relevant to membrane
applications, the barrier for surface dissociation of N» into atomic N is in all instances lower than the
corresponding barrier for bulk diffusion in the alloy. Thus, N diffusivity is expected to be controlled by the
latter, with the relative N diffusivities between alloys corresponding to the ratios described in the previous

subsection.
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Fig. 18. Correlation between reaction (E,) and activation energies (E,) for N» dissociation on V alloys.

[3]

3.3. Insights on the link between hydrogen dissolution and mechanical properties of Pd, Pd:Au, and
Pd:Ag,. This work was performed during Year 2 and (first half of) Year 3, seeking to shed light on how
the dissolution of hydrogen in Pd and Pd alloys impact material properties, and potentially reveal
connections to hydrogen embrittlement (HE). HE is one of the fundamental challenges in material science,
but it is not fully understood, which hinders rational design of HE-resistant materials. In the context of
hydrogen separation membranes, Pd offers practical permeabilities but it is susceptible to HE-induced
failure. Thus, materials that are HE-resistant but present practical permeabilities are desired. On the other
hand, improvements in HE-resistance have been observed in Pd alloys with Au or Ag, but the reasons for
the improvement are not well understood. Accordingly, Pd, Pd;Au, Pd,Au,, PdAus, Pd;Ag, Pd,Ag, and
PdAgs; were selected as study cases, for which the binding of hydrogen in perfect and defected lattices was
interrogated at various loadings and loading sequences, while tracking associated deformations and changes
in mechanical properties.

Binding of interstitial H atoms. At the beginning of this work both tetrahedral (¢) and octahedral (o) sites
in the FCC lattice (Fig. 19) of Pd and Pd alloys were interrogated. The lattice constants of the alloys were
reasonably predicted (< 1% absolute error) using Vegard’s law. Since Ag (Au) is less (more)
electronegative than Pd, Ag (Au) atoms in the alloy lattice were found to lose (gain) electron density. Au
and Ag are known to bind H more weakly than Pd. Therefore, a noteworthy observation was that Pd;Au
and Pd;Ag alloys presented some interstitial sites binding H more strongly than in Pd (Table 1 (rn = 1)).
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Alloyed system nomenclature and atomic positions
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Fig. 19. Occupation of lattice sites in Pd and Pd alloys and interrogated interstitial sites for H binding. [2]

Interrogation of sequential H binding (Table 1) showed that while the strongest binding site in Pd;Au and
Pd;Ag alloys binds H more strongly than in Pd (-0.27 eV and -0.34 eV versus -0.25 e¢V), their remaining
interstitial sites in the lattice bind H significantly more weakly. While Pd can occupy interstitial sites with
relatively similar H binding strength up to the point where the M:H ratio (M = metal) is one, occupation of
interstitial sites in Pd;Au and Pd;Ag alloys after an M:H ratio of 0.25 presents an H binding 0.36 eV weaker
on average. Indeed, the lower number of “strong” H binding sites in Pd;Au and Pd;Ag is expected to lower
their hydrogen solubility relative to Pd. For Pd;Au,, Pd,Ag,, PdAus and PdAgs H binding at all M:H ratios
is weaker than Pd, so evidently they are expected to present lower hydrogen solubility as well.

Table 1. Site preference and binding energies (eV) as H sequentially fills interstitial sites in Pd and Pd

alloys. [2]
Dissolution step n

System n=1 n=2 n=3 n=4 n=>5
Pd,4 -0.25(02) -0.26(04) -0.26(03) -0.21(o1) 0.45(2)

Pd;Ag -0.34(02) 0.02(?) 0.11(03) -0.10(04) 0.52(o1)
Pd,Ag, -0.16(02) -0.17(04) 0.63(?) 0.67(o1) 0.40(03)
PdAg; 0.14(02) 0.57(04) 0.49(03) 0.31(9) 0.48(o1)
Pd;Au -0.27(¢) 0.09(02) 0.17(04) 0.06(03) 0.92(01)
Pd>Aus -0.01(04) 0.03(02) 0.60(7) 0.54(01) 0.24(03)
PdAus 0.39(04) 0.79(02) 0.52(03) -0.05(¢) 0.49(01)

There was some correlation (R ~0.72) between binding energies and lattice volumes. However, we
concluded this was reflection of the inherent affinity for H happening to follow the reverse order of atom
size (Au > Ag > Pd). On the other hand, we were able to obtain a stronger correlation (R? ~ 0.92) between
binding energy and electronic features of the studied materials. Specifically, between binding energy and
the corrected d-band center, ¢, at the local interstitial site (Fig. 20). The value of ¢’;is calculated as:

~Tij

&, =Ze?ix$d,jVj
J
where the index j runs over each metal atom making up the interstitial site. Thus, V; and &4, are the coupling

matrix element and d-band center of each metal atom j, and the exponential factor is a correction factor that
depends on what is the distance between H and metal atom j at the interstitial site (7;) relative to the metal
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Van der Waals radius 7,;. That the d-band center influences H binding is consistent with d-band theory,
while the exponential term accounts for the extent of Pauli repulsion felt by the binding H.
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Fig. 20. Correlation between H binding energy in Pd and Pd alloys and corrected local d-band center. [2]

Relationship between H binding and vacancy formation. Lattice vacancies are generally mentioned
among the culprits for the occurrence of HE. Often in the context of vacancy diffusion and agglomeration
into supervacancies. Accordingly, we interrogated the energy penalty, E,, to form a “mono-vacancy” by
removing a single metal atom from the supercell. We considered two scenarios in which the presence of
hydrogen could promote vacancy formation: i) the presence of H in regular interstitial sites makes the
removal of a metal atom easier, ii) a vacancy created by the removal of a metal atom is stabilized by the
diffusion of H to the vacancy and subsequent binding. To examine the first scenario, we simply removed
either a Pd or an Au/Ag atom from the pristine system (M:H = o) and the “hydride” system (M:H = 1).
Removal of Pd was found to be easier than Au/Ag. A clear observation was that the presence of hydrogen
in the lattice did make the formation of the vacancy easier in all systems (Table 2). However, considering
that the alloying with Au or Ag is experimentally reported to improve HE-resistance in Pd, an intriguing
finding was that the penalty to form vacancies was less in the Pd alloys.

Table 2. Vacancy formation energy in “pristine” and “hydride” Pd and Pd alloy systems

Ev (eV) Ev (eV)
System M:H = M:H=1

-Pd -X° -Pd -X?
Pd,4 .20 --- 0.31 -
Pd;Ag 1.04 1.32 -0.25  -0.27
PdrAg; 0.65 0.93 -1.32 -1.06
PdAg:; 096 0.94 -1.18  -0.82
Pd;Au 099 1.40 -0.37  -0.62
PdAu, 0.89 1.37 -0.40 -0.58

PdAu; 0.73 0.86 0.06  0.00
¢ X is either a Ag or Au atom
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To examine the second scenario for vacancy stabilization, we interrogated the binding of H atom upon
vacancy formation (Fig. 21). This exercise produced another intriguing result in that it was in Pd3;Au and
Pd;Ag where the binding of H at the vacancy was strong enough (-1.24 eV and -1.06 eV in Pd;Ag and
Pd;Au, respectively) to compensate for the penalty to form the vacancy (1.04 eV and 0.99 eV in Pd3;Ag and
Pd;Au, respectively). In contrast, the binding of H at the vacancy in Pd (-0.20 eV) was not enough to
compensate the vacancy formation penalty (1.20 eV). Although a distinctive feature of vacancies in Pd is
that they can accommodate up to 6 H atoms, keeping an average binding energy of -0.05 eV, this is still far
from compensating the removal of a Pd atom.
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5 [
7}
S 00 feenes NS S L
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®
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el o o o ke el °
a a a. o a a a

Fig. 21. Binding energy of H at various sites in defected (with vacancies) Pd and Pd alloy lattices. [2]

Deformation during H loading/unloading. In aiming to improve materials for hydrogen separation
membranes, another factor to consider is how the material responds to hydrogen loading/unloading cycles
as plastic deformation induced by these processes could be potentially linked to hydrogen-induced failure.
One of our first observations during this endeavor was that the rate at which hydrogen was introduced to
the lattice impacted the shape and volume of the studied supercells (Fig. 22). A fast rate, as mimicked by
the simultaneous addition of four H to the supercell to “instantaneously” form a hydride, tended to result in
isotropic material expansion. On the other hand, a slower rate, as mimicked by the stepwise addition of H
until a hydride is formed, tended to result in pronounced anisotropic material changes. Notably, this
anisotropy arised only in the Pd alloys (specially with higher Au or Ag content) but not on pure Pd.
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Fig. 22. Deformation of lattice constants in “hydride” relative to “pristine” system depending on the rate
of loading. Hashed and solid bars are for instantaneous loading (all four H atom added simultaneously to
the supercell) and stepwise loading (each H atom added one at a time followed by optimization),
respectively. [2]

While during a full (stepwise) H loading/unloading cycle on pure Pd the material lattice returns to the
original state, this is not the case with the alloys (Fig. 23). For instance, in Pd;Ag, a distinct anisotropic
expansion exists, predominantly along the a lattice vector. This deformation is permanent through one cycle
as evidenced by a -30 to +25% change in lattice constants relative to the pre-absorption system. The
significant differences in lattice distortion introduced by the different kinetics of loading were considered
harbingers of hysteresis (changes in H solubility depending on cycling characteristics) occurring upon
hydrogen unloading, which was important to examine considering that it might influence H dissolution in
subsequent cycles beyond the first loading/unloading loop in the alloys.
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Fig. 23. Expansion and contraction in lattice constants during a H loading/unloading cycle in Pd;Ag. [2]
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Calculation of H binding energies during H loading/unloading provided further evidence to support the
occurrence of hysteresis (Fig. 24). The plastic deformations during H loading/unloading change the lattice
geometry across different cycles in such a way that at the same M:H ratio an added H sees a somewhat
different binding environment. For instance, following up with the Pd;Ag system, H added to the pristine
lattice after a first cycle experiences a weaker binding energy than the hydrogen added to the pristine lattice
before any cycling. On subsequent steps, however, the trend is inverted. Overall, it seems that an increase

in ductility in the Pd alloys facilitate plastic deformations that would ultimately result in hysteresis in these
alloys (but not in pure Pd).
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0.25 0.50 0.75 1.00
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Fig. 25. H binding energies in a Pd3Ag alloy before and after a hydrogen loading/unloading cycle. [2]

Impact of H dissolution on mechanical properties. The tendency for ductility to increase due to alloying
was confirmed by the calculation of the Pugh’s ratio (bulk modulus over shear modulus) in the studied
systems at various M:H ratios (Fig. 26). It is believed that an increase in Pugh’s ratio beyond ~1.75 indicates
a material transition from brittle to ductile. Accordingly, all systems at all hydrogen loadings can be
considered ductile. However, the increase in ductility in the alloys relative to pure Pd is remarkably
pronounced for hydrogen to metal ratios in the 0.5 — 0.75 range.
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Fig. 26. Pugh’s ratio calculated in Pd and alloys as a function of hydrogen to metal ratio. [2]

HE is a highly complex phenomenon whose underlying mechanism continues under debate. Proposed
mechanisms include the decohesion model, the H-enhanced local plasticity (HELP), and the H-enhanced
strain-induced vacancy (HESIV). By comparing the effect of H on studied properties in Pd and alloys, we
postulate a tentative explanation for the apparent (experimentally observed) higher resistance of the alloys
to HE. A fair comparison of calculated properties, however, must be done at similar operating conditions
(e.g. temperature and hydrogen pressure) rather than at similar H loading. To this end, we applied ab-initio
thermodynamics (AT) to obtain phase/solubility diagrams (Fig. 27), with particular focus on Pd;Ag and
Pd;Au. Notice that regions calculated to have zero H solubility are likely regions in the dilute solution
regime, which cannot be quantitatively described by AT as it would require intractable supercell sizes.
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Fig. 27. Phase/solubility diagrams for hydride formation/hydrogen dissolution in Pd and Pd alloys
predicted from ab initio thermodynamics. Typical membrane operating conditions on the retentate side
are enclosed by the red box. [2]

Although the addition of the first H to the supercell is more stable in Pd;Ag and Pd;Au than in Pd, ultimately
the larger number of strong binding sites in the latter results in Pd having a solubility two to three times
higher than the alloys at the relevant operating conditions (600700 K and 2—8 atm). Whereas Pd;Ag and
Pd;Au seem to dissolve H with a 0.25 hydrogen to metal ratio, Pd does it with a ratio in the 0.5-0.75 range.
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With this baseline, we proceeded to compare the calculated Pughs’ ratio (Fig. 26), Young’s modulus (Fig.
28) and Shear modulus (Fig. 28) at the relevant ratios
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Fig. 28. Elastic properties of Pd and Pd-alloyed systems as a function of hydrogen to metal ratio. [2]

We observed that both the Young’s and shear moduli follow the trend Pd;AuH > PdsH3 > Pd;AgH. As
some reports have associated a decrease in elastic constants with hydrogen embrittlement failure, this would
suggest Pd;Ag to be less robust than Pd, which would contradict experimental findings. It is possible that
the reported reduction in elastic constants was actually capturing an increase in ductility that may facilitate
local ductile process leading to failure as in the HELP and HESIV models. From the Pugh’s ratio, the
ductility of Pd4sH3 is slightly higher than for Pd;AgH and PdsAu. The opposite would have been observed

at the same H loading. Thus, our calculations point to the difference in hydrogen solubility as the key to
prevent HE.

The more pronounced H-stabilization of vacancies in Pd;Ag and PdsAu than in Pd further supports that,
ultimately, is the lower presence of hydrogen in the lattice what makes the alloys more resistant to HE than
pure Pd. Additionally, only in pure Pd a formed vacancy can syphon up to 6 H to further boost hydrogen
availability to stabilize formation of other vacancies.
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IV. RECOMMENDATIONS

Based on the findings obtained through the course of this project, the following recommendations are
presented for future research.

¢ Given the energetic heterogeneity of interstitial binding sites for nitrogen, along with strong dependence
of binding energies on number and distribution of nitrogen in the lattice, it is recommended that a multiscale
approach such as kinetic Monte Carlo be used to directly model macroscopic N diffusion. This will allow
understanding better both diffusion in nitrogen separation membranes and early stage of nitriding processes.

¢ Kinetic Monte Carlo models to model macroscopic diffusion will need for fast, effective ways to predict
changes in diffusion barriers due to the presence of lattice defects and changes in lattice occupation. A
potential way forward is to use scaling relationships relating the energy difference between adjacent lattice
sites to the energy barrier for diffusion between those sites. For effective ways to calculate the energy
difference, developing cluster expansion and/or machine learning models could provide useful.

o Ab-initio thermodynamics was found useful to evaluate the stability of nitrides, and in turn the tendency
for their formation in V and V alloys. However, only one nitride composition/structure (rocksalt, MN) was
considered. As other metals can form other nitrides, future studies should consider more possibilities for
nitride composition/structure that could potentially form.

o It was possible to find some correlations between N and H binding and properties of the lattice. However,
for different adsorbates and metal systems the correlations were with different properties. This suggests
that there could be a fundamental, but more general connection between chemistry and geometric and
electronic structure of binding sites and binding energies. It could be possible to gain further fundamental
insights on the binding of atomic species in metal lattices from the analysis of large amounts of data
generated by simulation and subsequently trained machine learning models.
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