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ABSTRACT: The binding strengths of reaction intermediates on a surface are often the
principal descriptors of the effectiveness of heterogeneous catalysts. Although strain is a
well-known theoretical strategy to modify binding strengths, and experimental methods
have been introduced to directly induce strain, there is comparatively little systematic
understanding of the binding energy susceptibilities of different adsorbates, materials, and
surface sites to strain. In this work, we employ electronic structure calculations to develop
such a systematic understanding. We utilize density functional theory calculations with 10
simple reaction intermediates adsorbed on four binding sites of five metal fcc(111)
surfaces under an in-plane biaxial strain of +2.0%. The responsiveness to strain is
quantified using a single parameter named strain susceptibility, which we define as the
slope of the adsorption energy versus strain. Typical values for this slope are in the tens of
meV per unit percent strain. Based on these calculations, several general trends are
identified. First, the material susceptibility order is found to be (Au, Pt) > Pd > (Ag, Cu),
which we show can be correlated with the relative changes in d-band widths with strain. Second, binding sites with a higher degree of
coordination to the adsorbate tend to exhibit a higher strain susceptibility. Third, adsorbates having higher valency tend to exhibit
larger susceptibilities, and among adsorbates having the same valency, N- and O-containing adsorbates exhibit similar susceptibilities,
but both show higher susceptibilities than that of C-containing adsorbates. The resulting changes in binding energy are compared to
the linear scaling relations of adsorption and are found not to follow the published slopes, but rather to scale more closely with
coordination number. This analysis can help to make predictions of which reactions are likely to respond favorably to strain and
which catalysts may exhibit enhanced activity. Finally, an eigenforce model is used to rationalize the strain trends. The model-
predicted susceptibilities show decent agreement with values by electronic structure calculations, differing by a mean absolute error
of 0.013 eV/% for a variety of adsorption systems.
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1. INTRODUCTION

Heterogeneous catalysts are the workhorses of industrial
chemical transformations, and much effort is dedicated to
enhancing the activity of such materials. Fundamentally, the
bonding between the surface and reaction intermediates—
including stable intermediates and transition states—dictates
the elementary kinetics of a heterogeneous catalyst. A
technique that is known for its ability to modify adsorption
strengths, and thus tailor catalytic and electrocatalytic activity,
is the application of strain. Pseudomorphic monolayer
formation has been a widely implemented process as the
inherent lattice mismatch between that of the deposited thin
catalytic metal layer and the underlying substrate naturally
brings about a strain effect.'™® It is now well accepted from
electronic structure calculations that the tensile or compressive
strain that the metal layer then feels leads to an upshift or a
downshift, respectively, of its d-band.”~"" The change in the d-
band, often expressed as the shift of its central moment (d-
band center, &;), leads to differences in binding strengths. Such
shifts (A &;) can also be estimated experimentally; for example,
A €4 can be measured in terms of surface core-level shifts from
X-ray photoelectron spectroscopy (XPS),"'~'* which can then
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be correlated to chemisorption energies."* Importantly, the
changes in the electronic structure of the pseudomorphic
overlayer relative to its bulk form are a result not just of the
strain effect but also of the ligand effect arising from its

interaction with the substrate.''>'¢

Recently an eigenstress
model derived from continuum mechanics by Khorshidi et al.
provides an intuitive understanding of strain effect.'’
According to the model, the coupling between adsorbate-
induced stress (eigenstress) and external strain determines the
trend of binding energy change due to strain. The eigenstress
model characterizes the strain effect in a qualitative manner. A
quantitative analysis of strain effect can be achieved using an
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eigenforce model.® The eigenforce model has demonstrated
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success in tuning Pt alloys for oxygen reduction reactions
(ORR) by engineering anisotropic strains."’

Experimental efforts have been made to minimize the ligand
effect, approaching a pure strain effect. Strasser et al.'” used a
dealloying technique on PtCu@Cu nanoparticles (NPs),
resulting in a dealloyed Pt shell with a thickness of 0.6—1.0
nm; ie, >3 monolayers were expected to be purely under a
strain effect. The induced compressive strain resulted in an
enhanced ORR activity. Sun et al.”’ showed that monodisperse
Au/CuPt core/shell NPs exhibited enhanced catalytic activity
for ORR and methanol oxidation relative to Pt NPs. As the
thickness of the CuPt shell was large enough (1.5 nm), the
ligand effect was presumed to be absent and the improved
behavior was attributed to strain effects along with the alloying
effect of Cu and Pt. Yang and co-workers demonstrated the
effect of an externally applied uniaxial mechanical strain on the
ORR activity of a PdCuSi metallic glass thin film."* The cyclic
voltammetry shifts for the metallic glass from experiments and
for Pd(111) surface from calculations due to strain were
consistent in direction and magnitude and showed that
compressive strain enhanced the ORR activity of the PdCuSi
system while expansive strain suppressed it. Yan et al. used
sputtered catalysts on a polymeric substrate, which could be
directly strained in a mechanical testing device during the
electrocatalytic hydrogen evolution, and showed strain effects
to closely match theoretical predictions from electronic
structure calculations—that is, compressive strain increases
hydrogen evolution reaction (HER) activity of metals left to
the volcano peak.”’ In another work by Yan et al, a similar
procedure was applied to tungsten carbide that could lead to
experimentally realizable strains up to 1.4%.”> The work by
Deng et al. demonstrated the effect of a cyclic elastic strain on
Au and Pt electrodes with respect to the hydrogen evolution
reaction (HER).” It was found that in agreement with the
positions of the two metals on the HER volcano curve, the
exchange current density of Au increased and of Pt decreased
under tensile strain. Johnson et al. built a novel device that
used static air pressure to allow direct strain tuning of nickel
thin films in a high-temperature reactor, and the experimental
design was tested on methanation reactions.”* Tsvetkov et al.*®
have experimentally examined the effect of tensile, compres-
sive, and no strain along the c-axis on the ORR kinetics of
nanoscale Nd,NiO,,s; (NNO) thin films. The corresponding
strain starts were obtained by depositing NNO on (111),
(110), and (100) Yo00sZro0020, (YSZ) single-crystal sub-
strates. The ORR reactivity enhancement by tensile strain and
reduction by compressive strain was correlated to the increase
in the concentration of oxygen interstitials (§) and the better
surface stability in the former case. The effect of strain
engineering on oxides in particular has been discussed by
Yildiz.*® The author expounds that in these systems, the strain
modifies both electrocatalysis and diffusion. This occurs by the
induced changes of the oxygen defect formation energy,
migration energy barrier, dissociation barrier, and charge
transfer barrier in addition to the tuning of the adsorption
energy.

Although many theoretical studies'”'®*"~*! have examined
the effect of strain on the binding energies of specific catalytic
intermediates, there has been little systematic description
developed regarding the susceptibilities of differing materials,
adsorption sites, and adsorbates to strain. In the present work,
we report on our use of electronic structure calculations to
develop such general guidelines, or rules of thumb, of the effect

of strain categorized by material, adsorbate, and adsorption
site, focusing on the case of in-plane biaxial strain. As many
catalytic reactions are often limited by the linear scaling
relations between adsorbates,®* " it is also an objective of this
study to identify those cases for which deviations from scaling
relations can be achieved by strain, which may lead to new
catalytic possibilities. We also apply the mechanic eigenforce
model to examine its effectiveness for diverse adsorption
systems.

2. COMPUTATIONAL METHODS

In this work, electronic structure calculations were performed
in density functional theory (DFT) with GPAW.*>** The
Atomic Simulation Environment,"" ASE, was used to perform
the atomistic manipulations, including constructing cells and
performing geometry optimizations. Both ASE and GPAW are
open-source codes. The revised Perdew—Burke—Ernzerhof
(RPBE) exchange—correlation functional of Hammer, Hansen,
and Norskov'” was utilized because RPBE is specifically
designed for adsorption processes, in particular for covalently
bonded molecules.””** No dispersion interactions were
included as van der Waals interactions contribute little to
adsorption energies for low-coverage strongly chemisorbed
adsorbates studied in this work. The wavefunctions were
expanded by plane wave bases with a cutoff energy of 450 eV
for the ionic relaxation. Atomic positions were optimized using
the quasi-Newton method, until the force on each atom was
below 0.05 eV/A. The one-electron Kohn—Sham states were
occupied according to the Fermi—Dirac distribution with a
smearing of kgT = 0.1 eV, and then the electronic energies
were extrapolated to kgT = 0 eV. A dipole correction was
added in the direction normal to the metal surfaces. No spin
polarization was included in this work. Bulk lattice constants of
Cu, Pd, Ag, Pt, and Au were calculated to be 3.69, 3.98, 4.20,
3.99, and 4.21 A, respectively. Metal surfaces of Cu, Pd, Ag, Pt,
and Au were modeled as 4 X 4 (surface atoms), simulating a
low coverage of adsorbates. The unit cells were orthogonal
periodic slabs in the fcc crystal structure with the fcc(111)
facet exposed; simulations used a thickness of four layers and
20 A of vacuum between slabs. For all surface calculations, we
fix the bottom layer while allowing the top three layers to relax.
A 3 X 3 X 1 Monkhorst—Pack k-point mesh was used to
sample the Brillouin zone. To generate the strained M(111)
surfaces, an in-plane uniform biaxial strain (e, = ¢,, denoted
hereafter as e,,) within +2% with a strain interval of 1% was
applied by appropriately varying the optimized lattice vectors
along the x and y directions. Since the atoms were
unconstrained in the z direction (except for the bottom fixed
layer), the Poisson response normal to the surface is included
automatically.

The adsorbates examined in the present study include the H
atom and O-, N-, and C-centered H-containing molecular
fragments, namely, OH,, (x = 0, 1), NH,, (x = 0—2), and CH,,
(x = 0—3). The adsorption energies (AE) for OH,, NH,, and
CH,, are reported using (H, and H,0), (H, and NH;), and
(H, and CH,), respectively, as reference energies E™. We
adopt the convention that stronger binding is given by more
negative numbers, that is, AE = E[A*] — E[*] — E™[A],
where the first two terms are the energies of the slab with and
without the adsorbate present, respectively. Four binding sites
were examined: the onefold ontop site, the twofold bridge site,
and the threefold fcc and hep sites. (The fcc site has no metal
atom in the second atomic layer and the hcp site contains a
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Figure 1. Variation of H, O, N, and C adsorption energies over fcc sites of Cu, Pd, Ag, Pt, and Au(111) surfaces as a function of in-plane uniform
biaxial strain. For clarity, all adsorption energies are referenced to the corresponding strain-zero adsorption energies. Lines are a guide to the eye.
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Figure 2. Strain susceptibility, quantified as slopes of the H, O, N, and C binding energy vs. strain plots in Figure 1 calculated between [—2:2]%

strain.

metal atom directly below the site; oxygen tends to prefer the
fcc site by 0.1—0.3 eV across many transition metals.**) To
choose a set of adsorbate probes with which to examine the
response of different metal (111) surfaces to strain, we first
tested the adsorption energy variation of the atoms H, C, N,
and O on the fcc site of metal surfaces involved. As will be

20894

presented later, when quantified by their susceptibilities (dAE/
dex,y), H adsorption provided the weakest response while C
provided the strongest, while O and N gave an intermediate
response. Accordingly H, O, N and C were employed for
deriving the material dependencies of strain to cover a range of
probe responses.
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Figure 3. Response of the d-band electronic states to biaxial strain. The top row shows the d-orbital atom-projected density of states (DOS) on a
surface atom of a clean fcc(111) surface of the specified metal allowed to relax in the direction orthogonal to the applied strain indicated in the
legend. All d-orbital energies ¢4 are reported with respect to the Fermi level &;. The middle and bottom rows show the calculated width (W) and
central moment (Z;) calculated from the DOS distributions above. The slope (dW,/ de,, or d g4/ dex/y) is reported in units of meV/(% strain) above

each line.

The electronic structure calculations used to create the
projected density of states figures were performed on a four-
layer 2 X 2-atom orthogonal unit cell with 10 A of vacuum
between cells, and a dipole correction was employed. A k-point
sampling of (8, 8, 1) was used with the RPBE exchange—
correlation functional.

3. RESULTS AND DISCUSSION

3.1. Material Dependencies. In this section, we examine
the susceptibility of different metals to biaxial strain, examining
the metals Cu, Pd, Ag, Pt, and Au with the fcc(111) facet
exposed. To characterize the strain response across this set of
metal surfaces, we use a reduced set of probe adsorbates: H, O,
N, and C. As described above, the choice is motivated by the
high response of C and the low response of H binding energies
to strain, relative to other adsorbates tested. To merely
examine the material dependencies, the adsorbates were
constrained to the threefold fcc site of the M(111) surfaces.
Figure 1 displays the variation of H, O, N, and C binding
energies (AE) on this set of metals as a function of the applied
in-plane uniform biaxial strain (ex/},). Within this figure, we can
broadly see the expected pattern that compression tends to
weaken the binding, while expansion tends to strengthen it.

To simplify the data presentation, we report the slope
(dAE/de,,) in Figure 2; we refer to these values as the strain
susceptibilities, denoted by yy,. It is clear from the bar graph
that irrespective of the adsorbate for these (111) surfaces, Au
and Pt exhibit the strongest variation in adsorption energies
with strain, while Cu and Ag show the least susceptibility to
strain, with Pd laying intermediate.

20895

To probe the electronic origins of materials’ adsorption-
strength susceptibility to strain, we conducted electronic
structure calculations on adsorbate-free fcc(111) surfaces to
examine how the d-band energy levels change with strain.
Specifically, we applied biaxial strain of +1% to periodic slabs
and allowed for full relaxation in the direction orthogonal to
the applied strain. The response of the electronic structure is
shown in Figure 3.

The electronic response can be seen most clearly in the
changes to the d-band density of states (DOS) for Cu. Here,
we see that under tension (+1%) the DOS becomes more
narrow, which is typically attributed to a reduction in the
overlap in the d orbitals of adjacent atoms. Because the
number of filling d electrons is unchanged, the fractional filling
(f) of the d-band can be considered to be constant with strain
perturbations; indeed, the largest change to the fractional
filling that we observed with strain among the five metals
studied in Figure 3 was less than 0.0016 for +1% strain. Since
the d-band is centered below the Fermi energy, to maintain a
constant f, the d-band center (£;) must shift up, which can be
seen to occur on the Cu DOS plot. With compression, we
observe just the opposite effect.

Although subtle changes to the shapes of the distributions
are observable for the remaining metals, the overall trends are
the same as for Cu. This can be seen most clearly in the figures
below each DOS, which show how Wy and €; change with
applied strain. In these plots, we can see a systematic
narrowing of the d-band with tension, accompanied by an
upshift in the central moment. The slopes of the response
(dwy/ de,, or d 4/ dex‘y) for each metal are shown above each
line.
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Figure 4. (Left) Correlation between the susceptibility of the d-band width to strain (dWy/de,,,) and the average strain susceptibility of all single-
atom adsorbates involved at their most stable sites. The line is a best-fit proportionality, that is, linear regression with zero intercept. (Right)
Correlation between the width susceptibility and the extent of d orbitals and interatomic distances, (2v, — 7)r3/a’. The values of ry are taken from
the Solid State Tables.*> The line is also a best-fit proportionality. The horizontal error bars indicate the error of Poisson’s ratios.

If we compare the strain susceptibility of the d-band width
with the strain susceptibility of the average binding energies of
four single-atom adsorbates at their most stable sites, we see a
strong correlation for all metals: Pt has high susceptibilities on
both metrics, while Cu and Ag have weak susceptibilities. This
is shown in Figure 4, in which the average strain susceptibility
is plotted versus the d-band width susceptibility. Overall we
note that the adsorption energy changes with strain correlate
much more strongly with the d-band width susceptibility than
with the d-band center susceptibility; this can be traced to a
weak correlation between the dWy/de,, and d g4/de,, (see
Figure S1 in the SI), which may in turn be due to the low
density of states near the Fermi level for some metals. Next, we
will focus on how strain can be related to the change of d-band
width.

The tight-binding model is a standard approach to
understand the formation of the d-band in transition
metals.' >34 According to the tight-binding model, the d-
band width of a surface atom i is proportional to the
interatomic matrix element between the d orbitals. The d—d
orbital coupling matrix element reads as

hz NN [rgi)rsj)]fa/Z

rlm
V= dd Z d;

m =1

where m is the mass of an electron, r§ is the spatial extent of
the d orbitals of that metal, 7 is the reduced Planck constant,
d;; is the interatomic distance between atom i and atom j, “NN”
indicates that only interactions between nearest neighbors of
atom i are included, and #,;, is a dimensionless constant
dependent on the type of d—d orbital interaction. The strain
effect enters the denominator by changing the interatomic
distance. For simplicity, 744, is set as unity for all surfaces.
With algebraic manipulation detailed in the Supporting
Information, we find the derivative of the d-band width with
respect to strain, dW;/de,,, to be proportional to Qu, — 7)ry/
a®, where a is the bulk lattice constant and v, is the Poisson’s
ratio in the z axis when we apply an in-plane equi-biaxial strain.
The values of ry are retrieved from the Solid State Table of
Harrison.””> When we plot the change in the d-band width
versus (2v, — 7)r3/a’, as shown in Figure 4(right), we see that
this proportionality holds very well. Here, we can see that Pt

and Pd, with their large extended d orbitals and small
interatomic distance, have larger susceptibilities to changes in
the d-band width (and, by correlation, to adsorption energies),
compared to metals like Cu and Ag that have less extended d
orbitals and thus smaller susceptibilities. This rationalizes the
differences we see in the strain susceptibility of binding
energies among these metals and provides a first-order
expectation that this behavior may be more universal. Although
five late-transition metals were chosen in this study, we expect
the conclusions to be general among transition metals.

3.2. Site Dependencies. To understand how the type of
adsorption site drives the adsorption energy response to biaxial
strain, the adsorption of OH, (x = 0, 1), NH, (x = 0—2), and
CH, (x = 0—3) was considered on three fcc(111) adsorption
sites (i.e, ontop, bridge, and hcp) for biaxially strained
surfaces. Figure S shows the strain susceptibility plotted as a
function of the coordination number of the adsorption site for
this variety of adsorbates and surfaces. (When no data is shown
for a particular configuration, it is because that adsorbate does
not bind stably at that site.) A strong trend can be observed
with coordination number: in general, the higher the
coordination number of the adsorption site, the stronger the
susceptibility to strain. This makes intuitive sense—for
example, on the twofold sites, we need to consider the d—d
orbital coupling matrix element with two surface atoms instead
of one for ontop site adsorption. Therefore, the strain
susceptibility of binding energies for a twofold site is larger
because of the corresponding larger d—d orbital coupling
matrix element. Alternatively, we can simply explain the higher
susceptibility for a site with a larger coordination number by
considering the more significant bond geometry changes.
Nevertheless, a few cases show trends against the above
conclusion, such as OH on Cu and O on Pt. We applied an
eigenforce analysis to understand the unexpected trends for an
example system (O on Pt). The eigenforce model is
introduced and discussed in a subsequent section. The
eigenforces on the most impactful surface atoms for both
sites are shown in Figure S2. As a first-order approximation, we
use only the largest eigenforces to compare the susceptibilities
on the two sites. Let the shortest distance between two surface
atoms be ay, the biaxial strain be &, the largest in-plane
eigenforce be F*, the number of surface atoms with the largest
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Figure S. Strain susceptibility as a function of adsorption site coordination number. OH, (x = 0, 1), NH, (x = 0-2), and CH, (x = 0-3)
adsorption is considered on ontop (t), bridge (b), and hcp (h) sites. Dashed lines are a guide to the eye.

eigenforce be n, and the in-plane distance between adsorbate hep adsorption, we have I, = ay/ \/ 3, n=23,and Ff = 0.64 eV/
and the interested surface atoms be I,. Therefore, for an ontop

adsorption, we have [, = ag, n = 6, and F* = 0.33 eV/A. For a A. The strain-induced binding energy change is thus
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surface.

Table 1. Susceptibilities in Units of meV/% between [—2:2]% Strain of Variation of Adsorption Energies of AH, and A with
Strain and Slopes (Dimensionless) of Variation of Adsorption Energy of AH, vs A from the Present Work of +2.0% Biaxially
Strained Cu, Pd, and Pt(111) and the Latter Also for Unstrained M(111) Surfaces and Retrieved from Ref 32

Cu(111) Pd(111) Pe(111) AH, vs A

relation AH, A AH, vs A AH, A AH, vs A AH, A AH, vs A (ref 32)
OH vs O —57.2 -50.6 1.13 —41.4 —53.1 0.78 —26.5 —86.7 0.31 0.50
NH vs N —47.1 —45.1 1.04 —-57.5 —58.6 0.98 —84.8 —88.0 0.96 0.71
NH, vs N -30.3 —45.1 0.67 —35.5 —58.6 0.61 —58.1 —88.0 0.66 0.41
CH vs C -17.0 —43.8 0.39 —-36.4 —10S5.1 0.35 —-34.2 —159.9 0.21 0.76
CH, vs C -19.7 —43.8 0.45 -16.5 —10S.1 0.16 —-8.0 —159.9 0.05 0.49
CH; vs C —6.8 —43.8 0.16 —6.4 —10S5.1 0.06 1.6 —159.9 —0.01 0.26

“Each adsorbate is adsorbed at its most favored site in the corresponding unstrained surface.

AE,(¢) = Flelyn (1)
The resultant susceptibility is given by y = F'lgn. Plugging
eigenforces and geometric parameters for both sites into the
susceptibility formula, we can show Y,uop > ¥new as found in
Figure S.

3.3. Adsorbate Dependencies. To examine the effect of
the chemical identity, e.g, C-, O-, or N-centered adsorbates,
we first considered adsorbates that have the same valency. We
defined the valency of an adsorbate AH, following Abild-
Pedersen et al.,** as x,,,, — «, where the central atom can bond
to a maximum of x,,,, H atoms (e.g., the valency of CH is 3,
and it can be represented as HC=.) To mitigate any site
effects in this analysis, we positioned all of the adsorbates at
their most favorable sites. The susceptibilities to strain for the
above adsorbates are shown in Figure 6. We can see the
general trend that, irrespective of the valency, C-centered
adsorbates are the least responsive to strain, while O- and N-
centered adsorbates respond similarly to one another, with O-
centered adsorbates tending to be slightly more susceptible.
The susceptibility order of C < N & O is probably related to
the electronegativity order in Pauling scale, with C (2.55) < N
(3.04) < O (3.44)."7* 1t is likely that a larger electronegativity
difference between the adsorbate and metal implies a larger
susceptibility, which however requires detailed investigation
regarding the strain-induced changes of surface states and
corresponding interactions with adsorbates.*”°

The effect of valency is also apparent from this data set. For
consistency, we consider valency changes within a series of
adsorbates that have the same central atom (e.g., 3, 2, 1 for
HC=, H,C =, and H;C—). We found that mostly A atoms,
which have the highest valency in a given set, respond more to
strain than the AH, molecules (x > 0). However, the response

20898

order of N= and HN= was found to be different on different
metals although the most preferred sites for both on all
surfaces were fcc sites. A comparison of the CH, (x = 0—3)
series on Cu, Pd, and Pt showed that the trend was very clear:
CH (valency = 3) > CH, (valency = 2) > CH; (valency = 1).
Thus, we see a weak trend that higher valency adsorbates are
more susceptible to strain.

3.4. Linear Scaling Relationships. Perhaps the most
significant insight in recent catalysis theory is the development
of the “scaling relations”, formalized by Abild-Pedersen et al,*
which have led to a more systematic understanding of
heterogeneous catalyst reactivity. These relations link the
adsorption energies of, for example, CH, adsorbates to those of
C adsorbates across surfaces in a linear manner. The scaling
constant ¥ was found to be a simple function of x: y(x) = (%,
— x)/%pew where x,., — x is the valency, as described in
Section 3.3. Similar relations were shown for central atoms
other than C, including O, N, and S. Such scaling relationships
have revolutionized our understanding of catalysis, but also put
apparent limits on the improvement of catalysts as adsorption
energies of key intermediates are inherently linked by these
correlations.”" It is an interesting question whether the changes
in binding energies associated with the application of biaxial
strain can cause deviations from these scaling relations. To
examine this, in Table 1 for each pair of AH, and A (A= O, N,
and C), we list the values for (a) susceptibilities of binding
energy versus strain variation for the involved entities and (b)
slopes of binding energy of AH, versus binding energy of A
variation over the biaxially strained Cu, Pd, and Pt(111)
surfaces. Additionally, the scaling constants relating each AH,
and A pair binding energies over a variety of unstrained
M(111) surface as taken from ref 32 are also provided. Each
binding energy corresponds to the most preferred adsorption
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site over the surface under consideration, as in the work by
Abild-Pedersen et al—so AH, and A are not necessarily
adsorbed at the same position. If the slope of AH, vs A is close
to the corresponding scaling constant, the strain effect will not
result in a deviation from the scaling relationship and vice
versa.

Some deviations from the scaling relations are suggested in
Table 1. We can understand these deviations in the context of
our previous analyses, taking the scaling between O and OH as
an example. The slope of this scaling relation from the
literature™” is 0.5; however, slopes of 1.13, 0.78, and 0.31 are
observed for Cu, Pd, and Pt, respectively. In all three of these
metals, O atoms are found to adsorb most favorably on the fcc
site. OH, however, binds at different sites on each metal: on
Cu at an fcc site in a vertical orientation, on Pd at a bridge site
in an angular orientation, and on Pt at the ontop site in an
angular orientation. Recall from Section 3.2 that an fcc site
responds more to strain than a bridge site, which in turn
responds more than an ontop site. We can use this binding-site
variability to explain the observations: the calculated linear
scaling constant under strain is much greater for Cu, greater for
Pd, and less for Pt than the value (0.5) for a series of
unstrained metal (111) surfaces.

In the case of N, NH, and NH,, adsorption takes place
vertically on an fcc, fcc, and bridge site for all surfaces,
respectively. Due to the site and adsorbate dependencies, in
general, the response of NH and N binding energies to strain is
more than that of NH,. But among NH and N, the response of
NH to strain is stronger than that of N on Cu, as reflected by
the AEyy, vs strain susceptibility values in Table 1. Overall,

slopes of the NH vs N and NH, vs N binding energy variation
under strain are much larger than the respective known scaling
constants 0.71 and 0.41.

Among the CH, adsorbate series, C and CH both bind to
fcc sites on all of the three metals. CH; on Cu tends to adsorb
on an fcc site, while on Au and P4, it favors ontop sites. CH, on
Cu prefers an fcc site, but on Au and P, it sits over a bridge
site. Due to the site dependencies, the slopes of CH, vs C
(0.45) and CH; vs C (0.16) on Cu are close to known
constants of 0.49 and 0.26, respectively, while on Pt, significant
departures from the linear scaling relationships are observed. In
fact, a deviation to the scaling constant is also obvious for the
CH vs C pair on Pt in that the responsiveness to the strain of C
on Pt is strong, while that of CH,, is relatively much weaker.

To visualize the deviation from the linear scaling relation-
ships on application of strain, in Figure 7 we have showcased
the AEyy, vs AEy variation over strained Cu, Pd, Ag, Pt, and

Au. From both Table 1 and Figure 7, it can be seen the slopes
of NH, vs N under strain show a departure, in the same
manner, from the linear scaling relationships. The strain-
induced slopes of NH vs N are all close to 1, whereas the
slopes of NH, vs N are around 0.66 excluding the case of Au. It
follows a simple logic based on the site preference of the
adsorbate pairs. The site coordination numbers for NH,, NH,
and N on all surfaces are 2, 3, and 3, respectively. In that sense,
the slopes of susceptibilities can be estimated by the slopes of
site coordination numbers, leading to predictions of 2/3 for
NH, vs N, and 3/3 for NH vs N. Interestingly, this intuitive
trend is also observed for OH vs O. Although the quantitative
feature does not hold for CH, vs C pairs, it is qualitatively
testable that CH, adsorbed on sites with high coordination
numbers exhibit larger slopes of susceptibilities. It suggests a

pubs.acs.org/JPCC
Fit of AEN" vs AEN: y =0.61x + 0.33 NH
Fit of AENHz vs AEN: y = 0.27x + 0.81
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Figure 7. AENH:vs AEN variation for +2.0% biaxially strained Cu, Pd,
Ag, Pt, and Au(111) surfaces and the slopes or linear scaling constants
fitted using the results without strain depicted as gray lines. The data
points corresponding to pair adsorbates of (NH,, N), and (NH, N)
are represented by red circles and black squares, respectively. The
strain-induced changes for (NH,, N), and (NH, N) are plotted by red
dashed and black solid lines, respectively. The arrows give the sign
and direction of applied biaxial strain.

unique and perhaps general scaling relationship for strain itself,
mainly due to the site dependencies of susceptibilities to strain.
Results for scaling relations of OH vs O and CH, vs C are
shown in Figure S3 and Figure S4 in the SI. We are careful to
note that while the slopes may offer a path off of the
constraints of the scaling relations, in reality, the magnitude of
deviation away from the scaling lines is limited, as is shown for
the case of high +2% strains shown in Figure 7. However, we
might expect that this will lead to strain having unique
influences over catalytic activity for catalytic reactions in which
the adsorbates studied herein are important, such as methane
dehydrogenation, ammonia synthesis, and the oxygen reduc-
tion reaction.

3.5. Simplified Eigenforce Model to Describe the
Strain Effect. It is widely acknowledged that the d-band
model provides a reliable route to describe the strain-induced
bindin% energy change for adsorption on late-transition
metals.””” Tt justifies the strain effect across various metal
surfaces for the same adsorbate with a similar adsorption
configuration. However, exceptions to the strain predictions of
a simple d-band model have been reported.'” A more detailed
description of electronic structure changes upon adsorption
may be necessary to elucidate the deviations from the d-band
model predictions.sz_54 In this section, a mechanic eigenforce
model is used to describe pure strain effect on the binding
change for a variety of adsorbate—surface-site combinations.
The eigenforce model is adapted from the eigenstress model,
introduced by Khorshidi et al,'” in which the binding energy
change due to an external strain is described by the interaction
energy between the adsorbate-induced stresses and the
external strain. Since in atomistic systems strain/stress fields
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Figure 8. Eigenforce model-predicted strain susceptibilities. (a) Schematic illustration of the eigenforce model. (b) Eigenforce-predicted
susceptibilities versus DFT-calculated values for fully relaxed systems. (c) Eigenforce-predicted susceptibilities versus DFT-calculated values for
rigid systems. Marker colors and shapes represent respective surfaces and adsorption sites. More details of the comparisons are shown in Figures S5
and S6 in the SI, in the form of three separate plots for each metal surface.

are not well defined, a more realistic approach is to use forces
and displacements. The resulting interaction energy is given by

AEy(e) = - ). fFf-de. ~ =) FHAR,

iin$S iin$

where AEj(€) is the binding energy change due to strain €, F;
is the eigenforce vector on a surface atom i induced by relaxing
the adsorbate on a geometry-fixed unstrained surface cell, and
dR; is the displacement vector of the corresponding atom due
to the external strain, as depicted in Figure 8a. In the fully
rigorous form, F/ is a function of the displacement; for
simplicity here we assume it to be a constant (denoted F}),
resulting in the simplified form to the right. We refer to this as
the simplified eigenforce model; this model also ignores surface
relaxation effects. Although a more rigorous form could, for
example, allow the forces to vary harmonically, as we will show,
we can achieve a reasonably quantitative prediction with just
the simple approach. In the equation, we only perform DFT
calculations to obtain the eigenforces F¥, whereas the
displacement vector is a simple linear function of the external
strain. Thus, it simplifies the pure strain effect to calculate the
eigenforces on an unstrained surface cell, without any
additional DFT calculations on the strained systems. For
more details on the eigenforce model, we refer the readers to
our previous works."*"”

We apply the eigenforce model to predict the strain
susceptibilities of 9 AH, (A = O, N, and C) molecular
fragments at their most preferred adsorption sites on Cu, Pd,
and Pt surfaces. We compare the strain susceptibilities
obtained by the electronic structure calculator (DFT) to the
model predictions. The results are shown in Figure 8b. We see
that this simple model can capture the trends in the
susceptibility quite well; the MAE across diverse adsorption
systems is 0.013 eV/%. Figure 8b shows that the eigenforce
predictions tend to overestimate the DFT-calculated values, in
particular for CH,, adsorbates on the Pt(111) surface. When
one uses the simplified eigenforce model, the prediction
deviations mainly originate from three effects, including the
variation of eigenforces with strain, strain-induced surface
relaxations, and changes of hybridization states within
multiatom adsorbates due to strain. Using the outlier example
of CH at an fcc site of Pt, we found that the bond length
between C and H remains almost constant, irrespective of

strains, hence excluding the third effect. Moreover, usually the
variation of eigenforces cancels out for strain susceptibilities.
Therefore, the large prediction error is mainly attributed to
unaccounted surface relaxations. To further confirm the surface
relaxation as the main error origin for Pt, in Figure 8c and
Figure S6, we compared the eigenforce predictions to the DFT
results for rigid systems, excluding the influences of surface
relaxations. The overall MAE for unrelaxed systems decreased
to 0.009 eV/%. Also, the prediction MAE for Pt went down
significantly from 0.024 to 0.009 eV/%. Trends of material,
adsorbate, and site dependencies represented by the model
predictions are also consistent with DFT calculations.

4. CONCLUSIONS

We have presented a systematic study, based on a large set of
electronic structure calculations, of the susceptibilities of
materials, adsorption sites, and adsorbates to in-plane biaxial
strain. DFT calculations were performed on a series of AH, (A
= O, N, and C) molecular fragments on fcc(111) facets of the
common late-transition metals of significance to catalysis. The
strain susceptibility was quantified as the slope of plots of
adsorption energies versus strain within a narrow range of
+2.0% strain. This uncovered certain trends on these (111)
surfaces:

1. Pt is most affected by strain, followed by Pd and Au,
then finally Ag and Cu. This correlates with the response
of the d-band width to strain. The d-band width
susceptibility is proportional to the susceptibility of d—d
coupling matrix element to strain, which, based on the
tight-binding model, can be simply evaluated as a
function of the extent of d orbitals and lattice constants
(see Figure 4).

2. Threefold binding sites are typically more susceptible to
strain than twofold sites, and twofold sites are more
susceptible than ontop sites. That is, sites with higher
coordination numbers exhibit higher susceptibilities (see
Figure ).

3. Adsorbates having the larger valency tend to display
higher susceptibilities to strain, and among adsorbates of
the same valency, N-centered adsorbates exhibit similar
susceptibilities compared to O-centered adsorbates,
while both adsorbates show stronger responsiveness to
strain than C-centered adsorbates (see Figure 6).
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4. A unique scaling relation induced by strain is identified
and can cause a departure from known scaling relations,
and a simple analysis using coordination numbers is
proposed to explain the observation (see Figure 7).

S. Moreover, a mechanical model is used to rationalize the
strain trends for diverse model systems. The model
predictions are in good agreement with values by
electron structure calculations. The eigenforce model
offers a simple and unique approach to predict the pure
strain effect for a specific adsorbate—surface-site
combination, without performing additional calculations
on strained systems (see Figure 8).
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