Zuschriften

4396

Surface Chemistry

Strain-Induced Formation of Subsurface Species
in Transition Metals**

Jeff Greeley, William P. Krekelberg, and
Manos Mavrikakis*

Surface strain has recently been shown to have a significant
effect on the reactivity of transition-metal surfaces,!! and
numerous examples of strain effects on both the thermo-
chemistry and kinetics of surface reactions have been
identified.”™ Several of these studies focused on strain
induced by epitaxial metal overlayers, but recently it has
been demonstrated that strain from another source, namely,
dislocations that intersect crystal surfaces, likewise causes
significant changes in surface reactivity.l’! This suggests that a
careful study on the effect of strain on catalytic processes
might yield substantial insights into the effect of defects on
these processes. Defects, in turn, have been shown to
dominate the reactivity of certain surface reactions.” In
particular, an analysis of the manner in which strain
influences the population of subsurface species in transition
metals could contribute to an understanding of the more
general problem of how dislocation-induced surface defects
mediate the transfer of adsorbates to subsurface regions. Such
an analysis could permit a comparison between the behavior
of subsurface species on single-crystal and polycrystalline
metals,"*" and it could have broad application to a number
of technologically important problems, including the catalytic
reactivity of subsurface oxygen and carbon in connection with
corrosion, oxidation, or carbonylation processes,'>!¥! subsur-
face hydrogen reactivity for hydrogenation and hydrogenol-
ysis reactions,'*'”) hydrogen storage in and embrittlement of
metals,!"?*?!l and the purification of hydrogen fuel streams
with Pd-alloy membranes.?>%!

Here we analyze the effect of strain on the creation of
subsurface species in metals by focusing on the hydrogen/
nickel system and using periodic, self-consistent density
functional theory (DFT) calculations. As recent atomically
resolved STM images of surface defects on Ru(0001) showed
regions with lattice stretching of up to 10 % in the immediate
vicinity of these defects,® we focused our studies on Ni(111)
slabs with 3 and 10% expansive strain. We show that, while
very high H, pressures are required to produce subsurface
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hydrogen on perfect, unstretched Ni(111) surfaces,?! only
modest pressures (on the order of tens of bar) are required for
subsurface hydrogen to form on the stretched Ni surfaces that
might exist in the vicinity of defects. We also demonstrate that
strain qualitatively changes both the site preferences of
subsurface hydrogen and the character of the stable surface
and subsurface phases of the H/Ni(111) system. We discuss
these results in the context of defect-mediated penetration of
hydrogen into subsurface regions of both single-crystal and
polycrystalline nickel catalysts, and we comment on the
implications of the results for other processes involving
various subsurface species in transition metals.

A summary of the low-coverage (§=025ML (ML=
monolayer), corresponding to one H atom per four surface
Ni atoms) data for the lowest energy sites of surface, first-
layer subsurface, and second-layer subsurface hydrogen at
three strain levels is given in Table 1. A modest strain effect

Table 1: Binding energies BE, for surface and subsurface hydrogen on
slabs with 0, 3, and 10% expansive lattice strain.?

Layer Strain [%] H sitel® BE,, [eV]“
Surface 0 fecd —2.89¢
Surface 3 fecld —2.91%
Surface 10 fecd —2.94H
1st subsurface octa —2.18k
1st subsurface 3 octa —2.28H
1st subsurface 10 tetra (under top) —2.321
2nd subsurface 0 octa —2.110
2nd subsurface 3 octa —2.2410
2nd subsurface 10 tetra (under top)* —2.43M0

[a] Total coverage of 0.25 ML on a 2x2 surface unit cell. [b] octa=
octahedral, tetra=tetrahedral. [c] The reference state for the hydrogen
binding energies is gas-phase atomic H and a clean nickel slab at infinite
separation. [d] One or more other sites have energies comparable to the
energies of the indicated sites. [e] Four-layer Ni(111) slabs with the top
two layers relaxed. [f] Five-layer Ni(111) slabs with the top three layers
relaxed.

on the binding energy (BEy) of surface hydrogen is found (an
increase of 0.05 eV in the magnitude of BEy is calculated
between the unstretched and the 10%-stretched slabs),
consistent with a calculated upshift of 0.24 eV in the nickel
d-band center (see Ruban et al.l’! for a discussion of the
relationship between this electronic structure parameter and
the surface reactivity). This effect becomes more pronounced
for hydrogen in the first and second subsurface layers (strain-
related stabilizations of 0.14 and 0.32 eV are calculated in
these cases), and this suggests that, at low hydrogen cover-
ages, stretched slabs appear to stabilize subsurface H to a
greater extent than surface H.

One-dimensional potential energy surfaces (PESs) for
hydrogen diffusion from the surface to the first and second
subsurface nickel layers at various strain levels are given in
Figure 1. As the Ni(111) surface is stretched from 0 to 3 %, the
energy at all points along the PES is lowered, and the barriers
E* for hydrogen diffusion from the surface to the first
subsurface layer and from the first to the second subsurface
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Figure 1. One-dimensional potential energy surface for the sequential
diffusion of atomic hydrogen from the surface to the first and second
subsurface layers in Ni(111). 6, =0.25 ML. Diffusion coordinates on
slabs with 0, 3, and 10% lattice strain are denoted by black circles, red
triangles, and blue diamonds, respectively. z=0 signifies the position
of the first layer of nickel atoms on the respective clean, relaxed nickel
slabs, and the z coordinate denotes the distance of the hydrogen atom
from this reference point. For diffusion from the surface to the first
subsurface layer, four-layer slabs (top two layers relaxed) were used.
For diffusion from the first subsurface to the second subsurface layer,
five-layer slabs (top three layers relaxed) were used. Data for four-layer
slabs are given at the intersection of these regions. Tetra=tetrahedral,
octa = octahedral. Insets describe the various surface and subsurface
sites; the color of the Ni atoms indicates their location (gray =surface
layer, red =first subsurface layer, blue =second subsurface layer).
Numerical values represent E* [eV] values.

layer decrease from 0.88 and 0.52eV to 0.67 and 0.35¢V,
respectively. At the same time, the resurfacing barrier for
subsurface H (corresponding to movement of hydrogen
atoms from subsurface octahedral sites—the lowest energy
sites at these strain levels—to surface fcc sites) decreases from
0.17 to 0.04 eV. As the surface is stretched still further, the
resurfacing barrier drops to zero, and the octahedral sites
become unstable. Thus, for Ni(111) slabs with 10% strain,
hydrogen must diffuse to an under-top tetrahedral site to find
a stable subsurface configuration. This additional diffusional
requirement raises the surface-to-subsurface diffusion barrier
to 0.80 eV; this value is greater than the corresponding barrier
for 3 %-stretched slabs, in which subsurface octahedral sites
are still stable, but it is less than the corresponding value for
the unstretched surface (0.88 eV). Hydrogen diffusion deeper
into the 10 %-stretched slab is facile; a barrier of only 0.02 eV
exists between the first and second subsurface nickel layers.
These kinetic results, in combination with the thermochem-
ical comparison of the 0 %- and 10 %-stretched slabs descri-
bed above, suggest that both the thermochemistry and the
kinetics of subsurface hydrogen formation are enhanced by
expansive strain, which might be present in the vicinity of
surface defects.

Thermochemical data for hydrogen coverages up to
2.0 ML at various strain levels are given in Table 2 and
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Table 2: Binding energies BE, per hydrogen atom for low- and high-
coverage surface and subsurface hydrogen on and in Ni(111) slabs with
0, 3, and 10% lattice stretching.?!

Strain [%] Total hydro- ~ Hydrogen sur-  Average BE, Differential
gen face and per BE,, [eV]“
coverage [ML] subsurface hydrogen

sitest! atom [eV]“
0 0.25 fee(1) —2.89 —2.89
0 0.50 fcc(1) +hep(1)  —2.91 —2.93
0 075 fec(3) ~2.86 —2.77
0 1.00 fee(4) —2.86 ~2.86
0 1.25 hep(4) +octa(1) —2.73 —2.20
0 150 hcp(4) +octa(2) —2.65 ~2.26
0 175 hep(4) +octa(3) —2.60 —2.28
0 2.00 hep(4) +octa(4) —2.56 —2.29
3025 fee(1) ~2.91 —2.91
3 0.50 fec(2) ~2.90 —2.95
3 075 fee(3) —2.90 —2.85
3 1.00 fec(4) —2.91 —2.93
3 1.25 hep(4) +octa(l) —2.78 227
3 150 hcp(4) +octa(2) —2.71 —2.34
3175 hcp(4) +octa(3) —2.66 -2.36
3 2.00 hcp(4) +octa(4) —2.62 —2.38
10 0.25 fee(1) —2.94 —2.94
10 0.50 fec(2) —2.95 —2.96
10 0.75 fec(3) ~2.9% ~2.98
10 1.00 fec(4) ~2.97 ~3.02
10 1.25 foc(4) +tetra(l) —2.87 —2.44
10 1.50 fec(4) +tetra(2) —2.80 —2.46
10 1.75 fcc(4) +tetra(3) —2.75 —2.48
10 2.00 fcc(4) +tetra(4) —2.72 —2.50

[a] All calculations were performed on 2x2x4 slabs with the top two
layers relaxed. [b] octa=octahedral, tetra=tetrahedral under top
(directly under a Ni atom). The numbers in parenthesis indicate how
many of these sites are populated in the specific configuration. Only the
lowest energy configurations calculated at each coverage are shown.
[c] The reference state for the BE,; is gas-phase atomic H and a clean
nickel slab at infinite separation. [d] The differential binding energy is the
energy change for the reaction H(g) +nH/Ni(111)—(n+1)H/Ni(111).

Figure 2. For total coverages of 1.0 ML or less and for each
strain, the average BEy value per H atom remains practically
constant (only surface sites are occupied at these coverages);
the variations in the differential BEy values are slightly
larger. As subsurface sites become populated at higher
coverages, and for all strain levels, the magnitude of the
average BEy level per hydrogen atom decreases steadily. At
the same time, the magnitude of the differential BEy value
drops quickly (by 0.5-0.7 eV, characterizing the onset of
subsurface site occupation) and then increases again (by 0.05-
0.10 eV); the increase in the magnitude of the differential
BEjy value at higher subsurface coverages may be due to
substrate-mediated attraction between the subsurface H
atoms. Although these general trends exist for all strain
levels examined, certain features of the coverage dependence
of the BEy; value are strain-dependent. For example, between
0 and 10 % strain, the strength of hydrogen binding increases
for all coverages. Interestingly, however, the magnitude of the
increase is greater at higher coverages (both the average and
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Figure 2. a) Average BEy as a function of total hydrogen coverage.
Black circles, red triangles, and blue diamonds denote BE,, on slabs
with 0, 3, and 10% strain, respectively. b) Differential BE, (defined in
Table 2) as a function of total hydrogen coverage .

differential BEy magnitudes increase by 0.05 eV between 0
and 10% strain at §=0.25 ML, while the corresponding
increases at a total coverage of 2.0 ML are 0.16 and 0.21 eV,
respectively). This result demonstrates that the greater
expansive-strain-induced stabilization of subsurface H over
surface H, described above for hydrogen coverages of
025ML, is even more pronounced at higher coverages.
Thus, we suggest that expansive strain may facilitate the
thermochemistry of subsurface species formation more dra-
matically at higher coverages than at lower coverages.

Phase diagrams for H on/in Ni(111) surfaces with 0, 3, and
10% strain (including approximate zero-point energy correc-
tions) are given in Figure 3. The diagrams are constructed
under the assumption that an effective equilibrium condition
exists between the surface region (represented by our Ni(111)
slabs with ad(b)sorbed hydrogen; see Theoretical Section)
and both a gas-phase H, reservior and a bulk nickel reservoir.
We note that a suitable nickel reservoir will be present
provided that hydrogen is confined in a local energy minimum
near the surface (this will be the case if the timescale for
hydrogen transfer from the gas phase to the surface region is
much shorter than that for hydrogen population of the bulk
nickel reservoir; see Christensen etal.” for analogous
discussions).**?**"1 Although no experimental data are avail-
able with which to compare the stretched-slab results, the
phase diagram on the unstretched slab has been shown to give
good agreement with experiment.?*?>! The broad trends in
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Figure 3. Phase diagrams for surface and subsurface hydrogen on
Ni(117) slabs at a) 0, b) 3, and c) 10% lattice strain. See Table 2 for
details of the corresponding configurations. Zero-point energy correc-
tions are included for all coverages. The lines between different phases
represent, in an approximate manner, the corresponding phase transi-
tions. H* = surface hydrogen, H*® = subsurface hydrogen.

each of the phase diagrams are similar; increasing pressure
and decreasing temperature favor higher total coverages of
hydrogen. Also, we note that, in each diagram, the phases that
are present correspond to the minima in the differential
BE values versus coverage graph (Figure 2b; the minima in
the graph indicate stronger binding). However, the relative
sizes of the various coverage regimes on the phase diagrams
change significantly as a function of strain. As the surface is
stretched, the 1.0 ML H phase (surface hydrogen only) and
the clean surface phase become smaller, while the 0.5 ML H
phase (surface only) is completely absent for the 10%-
stretched slab. In contrast, as the surface is stretched, the
2.0 ML phase, where 1.0 ML of subsurface H is present,
increases substantially in size. In consequence, whereas
pressures on the order of thousands of bar are required to
produce subsurface hydrogen from H,(g) at room temper-
ature on an unstretched Ni(111) surface, pressures of only
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tens of bar are required for production of subsurface H on
slabs with 10 % strain.

The above results demonstrate that subsurface hydrogen
will form more readily in stretched regions of Ni surfaces than
in unstretched regions. The kinetics of subsurface H forma-
tion are improved, as evidenced by the lower barrier for
surface-to-subsurface diffusion on stretched surfaces, and this
suggests that population of subsurface sites will occur more
rapidly in stretched regions. For example, if differences in
preexponential factors are neglected, the 0.21 eV difference
in diffusion barriers between surface and first subsurface
layers (Figure 1) suggests that the rate constant for hydrogen
penetration to the first subsurface layer will be about 3500
times higher on 3 %-stretched than on unstretched slabs at
room temperature. Further, and more significantly, subsur-
face hydrogen will be thermodynamically stable at much
lower pressures and/or at higher temperatures in stretched
areas than in unstretched regions. This information, when
combined with insights from recent work showing that large
stretched areas are induced in crystal surfaces by dislocations
that originate in the bulk,® implies that nickel crystals with
such defects will absorb hydrogen more readily than perfect
Ni(111) surfaces. This mechanism for strain-mediated forma-
tion of subsurface hydrogen around defects, possibly com-
bined with previous proposals for subsurface H formation by
grain-boundary diffusion and/or direct hydrogen penetration
through steps and kinks,"* could explain the observed
higher solubility of hydrogen in polycrystalline, as opposed to
single-crystal, nickel samples.’!! In turn, we suggest that, if
subsurface species play a special role in catalytic surface
chemistry, that role might be more pronounced on real
catalytic particles, where defect density is much higher than
on single crystal surfaces. We note that, for extremely small
catalytic nanoparticles, bulk-induced defects will be less
common, and compressive strain (a general characteristic of
such small nanoparticles),”>*! as opposed to the stretching
described above, may dominate the characteristics of the
particle. Thus, the changes in absorptive and catalytic proper-
ties of nickel described here will not apply to the very smallest
nickel nanoparticles.

The relationship between strain and formation of subsur-
face species, described above for the particular case of
subsurface hydrogen in nickel, may have important implica-
tions for other systems in which subsurface heteroatoms play
a significant role. Corrosion, embrittlement, hydrogenation,
hydrogen storage, and hydrogen purification processes may
all be influenced by such effects. As such, in addition to
providing insights into the differences between these proc-
esses on single-crystal and polycrystalline metals, a careful
study of the effect of strain on these systems could provide
novel, as-yet unanticipated, insights into the basic chemical
and physical processes that underlie them.

Theoretical Section

To study the effect of strain on formation of subsurface hydrogen, we
used DFT calculations. Many of the details of both the DFT
calculations and the construction of the phase diagrams have been
described previously,*! and here we give only a brief summary.
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DACAPQO, the periodic, self-consistent, DFT-based total energy code,
was used for all calculations.®**! The GGA-PW91 functional was
employed,**” and four- or five-layer slabs (with the top two or three
layers relaxed, respectively) with a 2 x 2 surface unit cell were used.
Zero-point energies were included in the results only where explicitly
specified. Both gas-phase atomic H and Ni(111) slabs (clean and
hydrogen-covered) were treated with fully spin-polarized calcula-
tions. To simulate stretched nickel surfaces, the lattice constant d of
the unit cell was increased from the unstretched value of 3.52 A to
3.62 A and then t0 3.87 A, corresponding to relative strain values Ad/
d., of about 3 and 10%, respectively, a range suggested by recent
atomically resolved STM measurements on single-crystal transition
metal surfaces.® For all calculations on stretched slabs, the Ni—Ni
interlayer distance was kept at its unstretched value (although the top
two or three layers were still allowed to relax according to the
Hellman-Feynman forces) to simulate strain in directions parallel to
the surface only. Phase diagrams for surface and subsurface hydrogen
were constructed by determining the state with the lowest grand
canonical potential (we note that the periodic boundary conditions
employed in the calculations prevent the analysis of disordered
phases); the temperature and pressure behavior was calculated by
assuming chemical equilibrium between hydrogen on the surface and
in the gas phase.
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