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ABSTRACT: V diffusion is fund tal t terials sci . Hyd t Metal at

: acancy diffusion is fundamental to materials science. Hydrogen atoms et aogo_so ot .
bind strongly to vacancies and are often believed to retard vacancy diffusion. Here, we \ i /

4 o g o o000 00900
use a potential-of-mean-force method to study the diffusion of vacancies in Cu and Pd. rave u;_‘{\‘a_c‘a’nc\a VEP T\ VAN
We find H atoms, instead of dragging, enhance the diffusivity of vacancies due to a oo X O W
positive hydrogen Gibbs excess at the saddle-point: that is, the migration saddle attracts '°__¢_‘<Nﬂ>, & P l<N;.(migration)>
more H than the vacancy ground state, characterized by an activation excess I'f; & 1 H, Initial-state Saddle-state

together with also-positive migration activation volume Q™ and activation entropy S™.
Thus, according to the Gibbs adsorption isotherm generalized to the activation path, a
higher py; significantly lowers the migration free-energy barrier. This is verified by ab
initio grand canonical Monte Carlo simulations and direct molecular dynamics
simulations. This trend is believed to be generic for migrating dislocations, grain AG™ =~k T In(f, / /)"
boundaries, and so on that also have a higher capacity for attracting H atoms due to a  Reaction coordinate (/f: H, fugacity; /£, > /)
positive activation volume at the migration saddles.

Hydrogen Gibbs excess
I'y= <NH (migration)> - <N&> ~1H

Free energy

ydrogen can either be an intentional constituent or minimum energy pathway (MEP). A key question is how to

unwelcome impurity in materials.' As a deliberate treat hydrogen segregation, i.e., do we consider the number of
ingredient, a high concentration of H can cause the metal— hydrogen (Ny) in the activated complex to be constant during
H systems to function as energy-storage media,”” sensors,” or the migration process, or do we allow it to vary? A careful
catalysts.”® Hydrogen is also notorious for degrading the examination of TST in the statistical sense indicates that it
mechanical properties of metals, in the form of hydrogen should be the latter. That is, we should allow Ny to be adjusted
embrittlement’ ™ and hydrogen blistering/ bubbling.lo_12 also (in the statistical kinetics sense), giving rise to a migration
Hydrogen (tritium) is inevitably introduced into metals during activation excess I'fj = (ANji(migration)) in the notation of
forming, finishing operations, and radiation and environmental the Gibbs adsorption isotherm
exposures, in for example nuclear fission and fusion power dG™ = —TBdy, + QPP — S™dT @

plant components. Due to the high mobility even at room

temperature, H atoms can reach and achieve thermodynamig for the migration free-energy barrier G", parallel to the
equilibrium quickly around the structural defects in metals, definition of the migration activation volume Q™ = AV*-
such as vacancies, dislocations, and grain boundaries, changing (migration) = Veaao(T, P, pn) — Viwa(T, P, pt) and

their stability and mobility.H activation entropy S™ = AS*(migration) = Sqaqe(T, P, pu) —
Transition-state theory ° (TST), also referred to as Suiiad(T, P, py)
1nitial ) ) .

activated-complex theory, is used to model the rate of system
jumping from one free-energy minimum to another. The stress
and temperature dependence of the jump rate (R) are
characterized by the activation volume (AV*) and the
activation entropy (AS*), respectively, that is

Hydrogen atoms tend to segregate in the vacancy, often
offset from the site center. This behavior of the H—vacancy
complex has been explained by the effective medium theory,'
which indicates that the energy needed to introduce H atoms
into a background electron density, known as the embedding

energy, achieves an optimal value at a preferred background

R = yyexp| — AU *+ PAV *— TAS* electron density; thus, H atoms seek spots with such preferred
kgT (1) electron density on the outer surface and inner interstices of

the metal. The mobility of H—vacancy complexes has been

where v is the attempt frequency, AU* is the potential energy
difference between the reactants (initial state) and the
activated transition-state complex (saddle state, often denoted
by the superscript *), P is the stress, T is the temperature, and
kg is Boltzmann’s constant. The diffusive transport of metal
atoms (M) in crystalline materials is dominated by the
vacancy-exchange mechanism'*"® and was studied based on
TST using computational techniques for searching the
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studied using the TST and first-principles calculations, often
adopting M—V? distance as the reaction coordinate, where V°
denotes the original vacancy site. Previous first-principles
calculations based on density functional theory (DFT) have
indicated that the H atoms trapped by vacancies can
substantially increase the energy barrier to metal—vacancy
exchange,'”'® if Ny is fixed. Particularly, the ratio of the
vacancy diffusion coefficient with and without H in a Ni-H
system, DYy/Dy;, decreases dramatically with increasing H-
concentration, and the ratio can be as low as 107 at ¢;; = 0.1
(H-concentration in atomic ratio) and 700 K based on the
DFT calculations.'” This is based on the argument that during
the rare but violent multiphonon-collisional atomic dynamics
of thermally activated processes at picosecond time scale, there
is sufficient time for the Ny hydrogens surrounding the
activated complex to adjust their positions but no time for
other hydrogens far way to arrive and have an effect during this
migration, which is certainly true. Such a fixed-Ny argument,
however, neglects the fact that there is not just one path but
many possible activation paths that could lead to vacancy
exchange. Indeed, the optimal N}(migration) that minimizes
the absolute Helmholtz free energy of the vacancy-exchange
saddle-point is unlikely to be the Ny that optimizes the
absolute Helmholtz free energy of the ground state, when this
vacancy is immersed in a large hydrogenated crystal bath. So
one can imagine the configuration having Njj instead of Ny
hydrogen prepositioned in the vacancy (which is certainly not
optimal and thus an excited configurational state), which then
undergoes multiphonon-collision actuated atomic dynamics.
By going through this excited precursor state with a chemical
excess different from the ground-state configuration, one can
then end up with the lowest absolute energy activated complex
and therefore the largest TST rate contribution, more than the
Ny = Ny; path, where superscript 0 is used to denote the
ground-state optimum. In above, N{; and N are integers. By
summing up all path contributions with various Ny, one can
derive a Gibbs free-energy barrier, with I'l} = T — ')} =
(N3 (migration)) — (N3), where [} and I')j are statistical
averages in the sense of the Gibbs adsorption isotherm'**’
(Figure 1), dG = —TI'ydpy + QdP — SdT for the ground- and
saddle-state respectively, and each can be a noninteger. Unlike
traditional surface/interfacial excess, here we choose not to
normalize mass excess versus an area (or length), because the
vacancy is not an extended defect.

We would like to show conceptually that I'fj is usually
positive, just like the migration activation volume QT
(symbolizing dilation or extra free volume™’ during migration)
and activation entropy S™ > 0 (symbolizing vibrational mode
softening, as indicated by the Meyer—Neldel compensation
rule®”** with positive Tyy). We can define a scalar reaction
coordinate £ based on the M—V° distance (d): £ =1 — d/d_,..
£ = 0, 1 denotes the initial and final states, both perfect
vacancies, while £ = 0.5 denotes the saddle-point state, which is
known both experimentally and from first-principles calcu-
lations to have a larger free volume and is vibrationally softer
on average even after the imaginary-frequency phonon mode
along the MEP is taken out. As illustrated in Figure 1, as M
moves half way between the V° and V' sites, there is crowding
between M and metal atoms, forcing an outward expansion of
those metal atoms, enlarging the total volume (Q™ > 0). But
also, both V® and V' site centers are effectively vacated, leaving
significantly larger “internal surface areas” for hydrogen atoms
to experience the optimal background electron density. It is
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Figure 1. Schematics of Gibbs free-energy changes of the vacancy
diffusion as a function of reaction coordinate in pure metals (black
line) and a metal-H system (dark red line) under a specific H-
concentration corresponding to a specific chemical potential of H
(uyg)- The blue balls in the insets are metal atoms on one (111) plane
with one vacancy. The small balls in the insets are H atoms in the
interstitial sites colored by the site occupying probability. The metal
atom, labeled by M, moves from the final vacancy site (V' at £ = 1) to
the initial vacancy site (V° at & = 0), while at the saddle-point state (&
=0.5), both V® and V" are effectively vacant and are able to trap more
H atoms overall.

therefore natural to suspect I'y > 0 due to the larger H-
trapping capacity of the activated complex. Thus, if the
activation excess I 1 H, for every 10X increase in
equivalent hydrogen gas partial pressure (fugacity) Py, we

would predict a (v/10 ~ 3.162X) increase in vacancy mobility,
regardless of temperature. Note that generally speaking, I'jj is
temperature-dependent (see Secs. S2 and S8 in the Supporting
Information). We term such hydrogen-dependent defect
mobility the “hydrogen lubrication” effect, which could be
operative for dislocations as well as grain boundaries.

Here, we performed the potential-of-mean-force®* (PMF)
calculations, ab initio grand canonical Monte Carlo (GCMC)
simulations, and direct molecular dynamics (MD) simulations,
to study the vacancy diffusivity under different H-concen-
trations, exploring the correlation between the diffusivity of the
vacancy and the chemical composition variation of H along the
vacancy diffusion pathway. Moreover, we choose Cu—H and
Pd—H as prototype systems, since a large amount of H can be
incorporated in the metals via high H, pressure” or an
electrodeposition process.26 For example, the H fraction in Pd
(H to metal atomic ratio) can reach 0.7 under a H, pressure of
2 GPa,”’ and 0.02 through electrodeposition.””

To clarify the effect of chemical composition variation along
the vacancy diffusion pathway, we computed the free-energy
barrier by the integral of the time-averaged force on the
jumping metal atom over the reaction coordinates of the
vacancy diffusion from the initial energy minimum to the
saddle state based on the PMF method with the embedded-
atom-method (EAM) potentials® " (see Secs. S3 and S9 in
the Supporting Information). On the basis of the TST, the
jump frequency (R) is given by R = voexp(—G™/kT), where
vy is the attempt frequency, and G™ is the free-energy barrier
for the vacancy jump as computed using the PMF simulations.
The uncorrelated diffusion coeflicient of vacancy is estimated
by32 DV = alR, where a, is the lattice constant. Assuming the
same 0, for the pure metal and metal—H systems, the vacancy

https://dx.doi.org/10.1021/acs.jpclett.0c01798
J. Phys. Chem. Lett. 2020, 11, 7015—7020
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diffusion coeflicient ratios with and without H at 870 K from
the PMF simulation are computed using Dyy/Dy
exp(—AG™/kgT) and shown in Figure 2(ab), where M

(a) (b)
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Figure 2. Vacancy diffusivity and the chemical composition variation
of H along the vacancy diffusion pathway in a metal-H system. (a)
and (b) manifest the ratio of the vacancy diffusion coefficient in the
metal—H system to that in the pure metal system at 870 K computed
from the potential-of-mean-force (PMF) method, an analytic
expression under a mean field approximation (MFA) and direct
MD method. (c) and (d) show the number of adsorbed H atoms at
the initial and the saddle states as computed from the PMF method.
The error bars in (a—d) are standard error of the data.

Cu or Pd, and AG™ = G™ — Gy' is the difference of free-energy
barrier between the M—H system (G™) and pure M system
(G§). From Figure 2(a,b), for ¢y > 0.01, the PMF surprisingly
predicts a diffusivity substantially greater than that in pure Cu
and Pd (e.g, D¢u/D¢, ~ 12 at ¢q = 0.2). Next, we computed
the number of H atoms adsorbed in the initial (T = (N%))
and the saddle (I'}] = (N%(migration))) states. In an FCC
lattice with a single vacancy, eight first-nearest-neighbor
tetragonal [INN(T)] and six second-nearest-neighbor octahe-
dral [2NN(O)] interstitial sites are located near the vacancy
center of V° and V'. According to the interaction energy
between the H atom and the vacancy, the H atoms within
2NN(O) from the vacancy center of V° are counted as I'Y in
the initial state (see Sec. S4 and Figures S7 and S8 in the
Supporting Information). Whereas, in the saddle-point state,
the H atoms within 2NN(O) from the vacancy centers of both
V? and V! can be counted as I'%. The results of [y and I'% are
shown in Figure 2(c,d), respectively. We can see that '} is
more than I'Y} but less than the twice of that (2I'% > T'% > T')).
This means that while the additional H atoms are adsorbed
near V' at the saddle-point state, some H atoms are also
squeezed out from V°. But, the total number of the adsorbed H
in the saddle state is more than that in the initial state.

Ab initio GCMC simulation is a reliable method to explore
the surface structures and compositions.”” To further validate
the generally positive activation excess [T} = — 'j ~# 1 Hin
vacancy migration, we performed ab initio GCMC simulations

7017

in the Cu—H and the Pd—H systems to compute ['jand I} in
the ground and the saddle states of vacancy migration,
respectively (see Sec. SS in Supporting Information). To
reduce the computational cost, the thermal movements of
metal atoms and the thermal expansion of the lattice are
ignored in most of the simulations, while the H atoms are only
moved and inserted/deleted in the region of the “internal
surface” of the vacancy (Figure 3(a)) under a specific yy; and a

(a) (b)

o000 A A 0 __no
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/ \ - —®—Saddle (I" ,;=<N (migration)>)
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Figure 3. (a) Schematics of the initial and the saddle states used in ab
initio GCMC simulations. The blue balls are metal atoms on one
(111) plane with one vacancy. The small balls are H atoms, which are
inserted in the “internal surface” regions of the vacancy (spherical,
yellow regions). (b) and (c) show the averaged number of adsorbed
H atoms at the initial and the saddle states at 870 K in Cu—H and
Pd—H systems, respectively. (d) manifests the hydrogen Gibbs excess
as computed. The error bars in (b—d) are the standard error of the
data.

constant temperature of 870 K. Figure 3(b,c) reveals that the
[’} in the saddle-state is larger than the I'}; in the ground-state
for the Cu—H and Pd—H systems, that is, I'j > 0 (Figure
3(d)), which is consistent with the results of PMF method
with EAM potentials. We have confirmed that ignoring the
thermal expansion of lattice and the thermal movements of
metal atoms does not change the above conclusion, by
performing additional simulations considering these effects
(see also Figure S1 and Sec. SS in the Supporting
Information).

In order to more directly demonstrate the dynamical process
of diffusion of vacancies, we performed a series of MD
simulations with EAM potentials at 870 K and at different H
fractions ranging from 0 to 0.3 for Cu—H and Pd—H systems
(see Sec. S6 in Supporting Information). The results of the
vacancy diffusion coefficient ratios with and without H, D¢/
DY, and Dpgy/Dyg are also shown in Figure 2(ab),
respectively. We can see that the H-enhanced vacancy diffusion
from the direct MD simulations is in good agreement with
those from the PMF method. A direct comparison of the
vacancy diffusion under the higher and the lower H-
concentrations is shown in the Supporting Information,

https://dx.doi.org/10.1021/acs.jpclett.0c01798
J. Phys. Chem. Lett. 2020, 11, 7015—7020
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Video S1. The scenario of chemical composition variation 1.0

along the vacancy diffusion pathway is also observed in the =

direct MD simulations. A single vacancy diffusion event in the < 05

Cu—H system at 870 K and ¢y = 0.1 is shown in the 2 00

Supporting Information, Video S2, as an example. We can see @

from the animation that two H atoms are adsorbed near the E 05

vacancy center of the initial state before the vacancy jump. 8

After two additional H atoms appear near the vacancy center of o 10

the final state accidentally, the vacancy diffusion occurs. When

approaching the saddle state, one of the H atoms escapes from
the vacancy center of the initial state. Thus, a total of three H
atoms are adsorbed near the vacancy in the saddle-point state.

Here, we apply the Gibbs adsorption isotherm>* in the H-
vacancy system to illuminate the relationship between the H-
enhanced vacancy diffusivity and the chemical composition
excess in H at the initial and the saddle-point states. Following
the Gibbsian concept, integrating eq 2 at constant P and T
gives AG™ —f‘it’,orgdﬂH = — (" (T§ — TY)duy, where the
chemical potential of H at —co corresponds to pure metals
with T} sy 0. Based on TST and a mean field
approximation in lattice gas models™ (see Sec. S7 in the
Supporting Information), the vacancy diffusion coefficient ratio
can be written as Dyyy/Dy; = exp(—AG™/ksT) and

r* 2 r*
AGm = —F;kat W(—*H] + kBTln *—sat*
1—‘sat sat 1—‘H)
0 \? e
+ Fgat W(—OH] + kBTlIl 0—sat0
sat sat FH) (3)

where W is an effective H—H interaction parameter, and I'o;

and I'%, are, respectively, the saturation values of '}y and ['};.
The values of W, ', and I'%, can be determined by fitting the
measured values of 'Yy, I'#, and AG™ in the PMF calculations.
These fitted results gives a comparable result of Dyy;/Dy; with
those from PMF, as shown in Figure 2(a)b). When py; > u;
and py; > pf, where pdy and pf are, respectively, the standard
values of the chemical potential at the ground and the saddle-
point states, d(AG™)/duy = -I'y — —(I%, — T'Y,), which
means that AG™ decreases linearly with increasing py;. Thus,
AG™ ~ —(T%, — T° )Apyy and an activation excess, I'S = ¥,

I'), can be defined to characterize the “hydrogen
lubrication” effect at high ;. The values of I'fj are estimated
to be 1.2 and 1.1 for Cu and Pd, respectively, based on the
EAM potentials. Compared to the values of I'fj at high H-
concentrations using the ab initio GCMC (Figure 3(d)), we
can approximately determine the I'f; & 1 H at high uy; for Cu
and Pd.

We further demonstrated that the strong dragging effect of
H on the vacancy diffusion given by the previous DFT
calculations'”"® can be avoided using the Cu—H system as an
example through introducing the chemical composition
variation of H along the diffusion pathway. At 0 K, the
vacancy adsorbs H atoms from the H-environments as much as
possible given that the Gibbs free-energy decreases (see Sec.
S8 in the Supporting Information). Figure 4 shows the Gibbs
free-energy along the diffusion pathway of a few H—vacancies
complex in Cu computed from DFT using the Gibbs free-
energy of a vacancy in pure Cu as a reference value. From
Figure 4, we can see that the energy barrier for a vacancy

without H (Vy ) is about 0.72 eV. After minimization of the
Gibbs free-energy of the vacancy, six H atoms occupy all the
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Figure 4. Gibbs free-energy as a function of reaction coordinate of the
vacancy complex diffusion in Cu at 0 K computed using DFT. The
below insets show the configurations of the fixed H-position, and the
arrows show the jump direction of one Cu atom. The black line
indicates the diffusion pathway considering the chemical composition
variation of H along the vacancy diffusion pathway.

2NN(O) sites near the vacancy. When we fix the distribution
of H over the diffusion process (VHg), the energy barrier is as
high as 1.58 eV. In contrast, the energy barrier can decrease to
0.69 eV only if the saddle state evolves to the atomic
configurations that eight H atoms are adsorbed near the
vacancy of both the initial and the final states (VH,—H,) to
minimize the Gibbs free energy. Notably, although the
chemical composition variation is demonstrated using the
initial and the saddle states, the composition variation along
the diffusion pathway is continuous (as qualitatively indicated
by the black line in Figure 4).

The “hydrogen lubrication” effect on vacancy becomes more
significant in higher H-concentration environments (e.g., ¢y >
0.01, see Figure 2(a,b)). The H-concentration in metals (cyy =
[H]/[M]) can reach as high as 0.1~1.0 in the high H, pressure
and high temperature experiments, e.g., Pd, Ni, and Co with an
FCC structure at Py, = 2.4—7.4 GPa and T = 930—1350 K¢

However, the vacancy concentration (¢y = [V]/[M]) in metals
can be also as high as 0.1 through forming superabundant
vacancies,”” so whether there are still a sufficient number of H
atoms that can be adsorbed by individual vacancies under
experimental conditions needed to be considered. In the Pd—
H system, ¢y is very small for ¢y < 0.6 and increases linearly
with increasing ¢y until ¢; = 0.12 at ¢y = 1 based on lattice
contraction measurements, and cy/cy > 8.3 in the whole ¢y
range.36 In the Nb—H system, c;y/cy was found to be about 78
for ¢y < 0.5 by electric resistivity measurement.”” Since the
maximum number of H atoms trapped in vacancy””*’ is about
6, and the I';; & 1 H, every vacancy in the Pd—H and the Nb—
H systems can easily access sufficient H atoms so that
“hydrogen lubrication” can take effect. In the Ni—H, Co—H,
and Fe—H systems, cy/cy were found to be 2.4, 2.6, and 3.4,
respectively, for ¢y < 0.8 through measuring the lattice
contraction.’®*' Thus, we expect there is sufficient hydrogen
to drive the “hydrogen lubrication” effect under many
experimental circumstances.

The activation excess caused by the chemical composition
variation along the transition pathway should also affect the
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kinetics of other defect motion under the H-environment, such
as dislocation sliding by kink migration, grain boundary
migration, and crack propagation, which also have higher
capacity for attracting H due to positive activation volume
(excess free volume) at the migration saddle-point. In addition
to the above-mentioned classical mechanics treatment of H
atoms, the quantum-dynamics effect of H** should be
considered to determine the distribution of H along the
vacancy diffusion pathway at an extremely low temperature,
which is beyond the scope of this paper.

In conclusion, the present work addresses the effect of H on
the vacancy diffusivity in FCC metals. We find that H atoms
can enhance the diffusivity of vacancy due to a chemical
composition variation along the vacancy diffusion pathway. An
additional activation parameter beyond the well-known
activation volume and activation entropy, the activation excess,
is derived and can be used to characterize the migration
frequency of lattice defects embedded in H-environments. If
the activation excess I'f; = 1 H, for every 10X increase in
equivalent hydrogen gas partial pressure (fugacity) Py, we
would predict a 3.162X increase in vacancy mobility, regardless
of temperature. We term such hydrogen-dependent defect
mobility the “hydrogen lubrication” effect. The concept of a
hydrogen Gibbs excess on the saddle state can be applied to
other interstitial or substitutional solutes and to the other
thermally activated processes of materials in environments
containing O, He, N, C, and so on. This triplet of
thermodynamic quantities, the Gibbsian activation excess,
along with the more well-known activation volume and
activation entropy (Meyer—Neldel compensation rule) form
the complete characterization of mobile defects and shed light
on the fundamental kinetics of defects of materials in service in
complex chemical environments.
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