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The adsorption and dissociation of O, and the adsorption of O* adatoms over strained Pt(111) surfaces

have been systematically studied using density functional theory calculations. When the applied bilateral
strain ranges from compressive (—5%) to tensile (5%), the adsorption strengths of O and O, at various
sites can be varied substantially by 0.3 to 0.9 eV. Moreover, the preferred adsorption site of O, also
changes from tbt to tfb when tensile strain is larger than 3%. The activation barrier of O, dissociation
can be significantly varied by nearly 0.4 eV from —3% to 3% strain. Meanwhile, the combination of O*
adatoms and the applied strain can pull the Pt atom out of the surface and result in dramatic surface
buckling. The z direction shift of a Pt atom sandwiched by two fcc O* adatoms is over 0.45 A when
compressive strain goes beyond —2%. The abnormal non-linear responses of O adsorption strength and
the lateral O-O interaction to strain all arise from the up-buckled Pt atom. We show that strain is a very
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and surface bucking of metal surfaces, which are crucial for understanding the catalytic properties and
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1. Introduction

Utilizing strain to regulate the activity of heterogeneous catalysts
has been exemplified in a variety of single component or alloy
metal nanostructures.’™ Taking one of the most representative
catalysts, Pt, as an example, we can see that the recent advance-
ments of its application are largely in strained form. To illustrate
this in a more concrete context, examples of the oxygen
reduction reaction (ORR) are invoked. The ORR is a sluggish
reaction, but it is of great importance in fuel cells,"® and
it is most efficiently catalyzed by Pt based alloys. Li et al.’
synthesized jagged Pt nanowires, which exhibited ultrahigh
mass activity for the ORR, nearly doubling the previous
records. Their simulations suggested that the surface strain
(about —1.8%) in the jagged nanowires played a significant role
in enhancing the ORR activity (by decreasing the adsorption
strength of adsorbents). Wu et al® reported that the ORR
activity of icosahedral Pt;Ni catalysts was about 50% higher
than that of the octahedral ones. They found that the tensile
strain (average 1.6%) in the former increased the catalytic
performance by enhancing the adsorption strength of the key
adsorbate OH, while the compressive strain (average —1.6%) in
the latter lowered the reactivity.
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initial oxidation of transition metal based catalysts.

In the ORR and many other oxidation reactions that involve
oxygen, the behaviors of the O, molecule and its dissociation
product atomic O* adatoms on the Pt surfaces are crucial to
understand the whole reaction. O, molecules can adsorb onto
the Pt(111) surface easily and remain molecularly only at very
low temperature (<150 K).° Usually, O, sits over two Pt atoms
in a top-bridge-top fashion (binding energy of —0.65 eV), and it
also can tilt over to the pocket formed by three Pt atoms by
assuming two less stable configurations: top-fcc-bridge and
top-hcp-bridge (binding energy of —0.53 and —0.43 eV,
respectively).'® Higher temperature (> 150 K) leads to its dis-
sociation, which has been theoretically confirmed to go
through a few pathways with low barriers.'®** The direct
“stretch” or “rotate-then-stretch” transition states are sensitive
to the indirectly contacting Pt atoms in the second and even
lower layers."""** The atomic products, O* adatoms, are found
to dwell favorably in the three-fold hollow sites, and the
adatoms usually perturb the surface atoms.'® Several papers
have shown that chemisorbed O atoms, which induce the
surface buckled Pt oxide chain at moderate O coverage, are
the initial oxidation stage of the unstrained Pt(111)
surface.”’®™” Naturally, all these behaviors are highly depen-
dent on the substrates, which are subjected to various generic
strains, caused by the shape or size of the nanoparticles,
nanowires, etc. or due to the lattice mismatch in heterostruc-
tures. In fact, Grabow et al.'® have investigated the dissociation
of O, on strained Pt(111) surfaces and they found that strain
(+2% to —4%) evidently affects the energetics of one dissocia-
tion pathway. However, how do the other possible pathways
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vary over strained surfaces? Which pathway will be more
favorable under strain? More importantly, after O, dissociation,
the surface local environment will be oxygen-rich, so how do
the O* adatoms affect the deformation (oxidation) of surface
atoms under strain? All these questions call for a comprehen-
sive study of the O, dissociation kinetics over a strained Pt
surface.

In this paper, we report our systematic study of the strain
effects on the O,/O/Pt(111) system. We focus on the behaviors
of both the adsorbates and the surface under biaxial strain
ranging from —5% to 5%. We first study the thermodynamic
properties of O,/O on strained Pt surfaces, including adsorption
and diffusion. Then, we compare the O, dissociation pathways
under compressive and tensile strain. Later, we analyze
adsorption-induced surface Pt atom buckling as a function of
strain. Finally, we summarize the strain effects on adsorbates as
well as metal surfaces.

2. Theoretical methods

Density functional theory (DFT) calculations were performed
using the Dmol3 program package.'®?° The generalized gradi-
ent approximation (GGA) with the Perdew-Wang-91 (PW91)>"?
functional was employed to account for the exchange-correlation
interaction. The atomic orbital basis set with double-numerical
plus d (DND) was used in the expansion of molecular orbitals. The
core electrons were treated using DFT Semi-core Pseudopots
(DSPP).>* The Brillouin zone was sampled using Monkhorst-Pack
grids of 10 x 10 x 10 and 5 x 5 x 1 for the bulk and slab
calculations, respectively. The orbital occupancy thermal
smearing was set to 0.005 Ha. The convergence criteria for
the maximum energy change, the maximum force and the
maximum displacement were set to 10~° Ha, 0.002 Ha A™*
and 0.005 A, respectively.

The Pt(111) surface was modeled using a four-layer sym-
metric periodic slab with a supercell size of 3 x 3. A vacuum
region of 15 A was added to diminish the interactions between
slab images. A test of a larger supercell with more layers of
atoms under strain verified that the current supercell model
can afford converged adsorption energies. The calculated lat-
tice constant of Pt was 3.99 A, which is in great agreement with
previous DFT calculations'®"** and also quite close to the
experimental value of 3.92 A. Biaxial strain ranging from —5%
to 5% was applied in parallel to the surface by changing the
lengths of the surface vectors accordingly. The oxygen species
were adsorbed on only one side of each slab. The adsorbates
and the upper two layers of the slab were allowed to relax
during all of the calculations, while the bottom two layers were
frozen at their bulk positions. The equilibrium bond length of
0, of 1.224 A agreed well with the experimental value of
1.210 A.*® A complete linear synchronous transit and quadratic
synchronous transit (LST/QST) method*®*” was adapted to
locate the saddle point roughly, and then the saddle point
confirmation and the eigenvector following (EF)>” methods
were employed to make sure that all of the reactions were
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elementary and every transition state obtained had only one
imaginary frequency.

The adsorption strength, ie., formation energy (Eform)
of an adsorbed molecule or atom using the slab model was
defined by:

Eform = [Eadsorbate/slab - (Eadsorbate + Eslab)]/N (1)

where Eaqsorbatessiab 15 the total energy of the adsorption system,
E.dsorbate 1 the energy of the adsorbates (referenced to gas-
phase O,), Eq.p is the energy of the clean slab, and N is the
number of adsorbates.

The activation barrier (E,) and reaction energy (AE) were
calculated as:

Ea = Eform,TS - Eform,IS; AE = Eform,FS - Eform,IS (2)

where Eform 15y Eform, s aNd Egorm rs are the formation energies of
the initial state (IS), the transition state (TS) and the final state
(FS), respectively.

The lateral O-O interaction energy (E;,,) was defined by:

Eine = Eadsorbate/slab - (Eadsorbate + Eslab) — N X Eo (3)

where Eq is the adsorption energy of a single O* adatom at the f
or h site.

3. Results and discussion
3.1 The adsorption of molecular O,

The adsorption of an O, molecule on unstrained Pt(111) has
been investigated extensively both experimentally**>' and
theoretically.'>'**?% Here, we take the three most energeti-
cally favorable adsorption configurations from the literature,
namely, the top-bridge-top (tbt), top-fcc-bridge (tfb) and top-
hep-bridge (thb) configurations (Fig. 1b-d), which are named
after their adsorption geometry. Other O, adsorption config-
urations that we tested are not as energetically favorable under
strain, and they all end up as the aforementioned three con-
figurations after geometry optimization (Fig. S1 and S2, ESI¥).
When assuming the tbt configuration (Fig. 1b), the O, molecule
centers over a bridge (b) site with its axis parallel to the surface
and each O atom locates near a top (t) site. In the tf(h)b
configurations (Fig. 1c and d), the O, molecule spans over
the f(h) site with two O atoms binding near the t and b site,
respectively. As a result, in both configurations, O, tilts by
about 10° relative to the surface, consistent with earlier
works.>>** The b, t, f, and h sites are the stable adsorption
sites of atomic O on the Pt(111) surface (Fig. 1a).

When no strain is applied, O, prefers to adsorb in the tbt
configuration (Egorm = —0.63 eV), while the O, adsorption is
slightly weaker in the tfb configuration (E¢m = —0.56 eV) and
weaker still in the thb configuration (E¢om = —0.48 eV), all
agreeing well with the results of Qi et al.'® and Kattel et al.*®

However, strain exerts an important influence over the O,
adsorption. Like in many previously published works for other
systems,>**® in general, tensile strain strengthens adsorption
whereas compressive strain weakens it, which has been well
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Fig. 1 Schematic illustration of adsorption sites for (a) atomic O and (b—d)
molecular O, on Pt(111). The bottom three panels are the side view and the
rest are the top view. Large circles represent Pt atoms and small red circles
represent oxygen atoms.
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Fig. 2 Effect of strain on the adsorption energy (E,qs) of O, molecule on
Pt(111). Solid and dashed lines are drawn as a guide to the eye. Dashed lines

indicate the shift of O, from tfb and thb configurations to the tbt
configuration when under over 3% or more compressive strain.
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explained by the d-band center model. Within the considered
strain range (£5%), the O, adsorption strength of all three
configurations varies significantly by 0.3 to 0.6 eV (Fig. 2), which
is much more significant than for the adsorption of O, on other
metal surfaces like Cu(111) or Au(111).*”* Tensile strain also
reduces the distance between the surface-bound O, molecule
and the surface Pt atoms, e.g. the shortest do_p; distances in the
tfb configuration are 2.177 and 2.042 A under 0 and 5% strain,
respectively. For the bond length of O, (do-o), its change induced
by strain varies among the configurations: do_o of a tbt O, barely
gets affected, while the do_ values of tfb and thb O, molecules
are stretched by tensile strain and shortened by compressive
strain, with a changing rate of about 0.004 A per 1% strain.
Subsequently, strain can change the order of their relative
adsorption strength. When tensile strain goes beyond 3%, the
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most energetically favorable adsorption configuration changes
from tbt to tfb (Fig. 2), which is in line with the result of Grabow
et al.'® wherein the preferred adsorption configuration changes
from tbt to tfb under 4% strain, and the thb configuration
always remains the weakest. Actually, the relative stability
of tbt and tfb is reversed in some calculations for unstrained
Pt(111)."""> We noticed that a rotation with a small barrier
(0.11 eV on unstrained Pt(111)) can transform a tbt O, into the
tfb configuration (Fig. S3 and Table S1, ESIT).

In addition, when compressive strain exceeds —3%, the tfb
and thb configurations are no longer stable, and O, moves into
the tbt configuration (dashed short lines in Fig. 2).

3.2 The dissociation of O,

After adsorption, molecular O, tends to dissociate on Pt(111)
when the temperature exceeds about 150 K. There are a number
of O, dissociation pathways on Pt(111) that have been identified by
computations.’®™® The most representative two start from the tbt
configuration but end as two O* adatoms at two neighboring f
(pathway I in Fig. 3) or h sites (pathway II in Fig. 4). The two
pathways were studied under three circumstances (0%, +3%
strain) and the corresponding energies and geometrical parameters
of the key states (IS, TS, and FS) are listed in Tables 1 and 2.

For pathway I, on the unstrained surface, the tbt O, mole-
cule rotates into the thb configuration, maintaining its mole-
cular state with a slight bond elongation (Ado_o = 0.03 A).
Afterwards, the O-O bond begins to stretch with one O atom
staying near the t site and the other O atom reaching out to the
b site to form the TS (t-h-b, Fig. 3a). Finally, the two O atoms
slip into the two respective neighboring f sites. The pathway

(a) t-h-b 2fcc

tbt
0000000

)" 9'¢'0'0'0
9000000
(b) 0.8F 0
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24} e
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Reaction Coordinate

Fig. 3 O, dissociation pathway | on the strained Pt(111) surface. (a)
Schematic illustration of the IS (tbt), TS (t—h—b) and FS (2fcc), and (b) key
state energies.

Phys. Chem. Chem. Phys., 2018, 20, 17927-17933 | 17929


http://dx.doi.org/10.1039/c8cp01966e

Published on 21 June 2018. Downloaded by Xian Jiaotong University on 2/21/2019 7:47:47 AM.

Paper

(@) t-f-b 2hcp

tbt
00'00' 000

X% X % XXX
90090000
(b) o6F — ~
0.3} - 0
0.0} T = 3%
& -09f By e
12k %
15} o
=l IS TS FS

Reaction Coordinate

Fig. 4 O, dissociation pathway Il on the strained Pt(111). (a) Schematic
illustration of the IS (tbt), TS (t-f-b) and FS (2hcp), and (b) key state
energies.

and barrier (E, = 0.77 eV) agree well with the results of Xu et al.®
(E, = 0.77 €V) and Eichler et al.*® (E, = 0.72 €V).

Then, the same process was evaluated under £3% strain.
Consistent with the d-band theory, tensile strain stabilizes all
the states along the dissociation pathway, and the activation
energy (E,) decreases slightly by 0.11 eV to 0.66 eV under 3%
tensile strain (Table 1), which is caused by different degrees of
stability enhancement for the IS and TS. In contrast, compres-
sive strain exhibits the opposite influence but to a much bigger
extent: E, increases by 0.25 eV to 1.02 eV under —3% strain.
This value is bigger than the result of Kattel et al.,>® wherein the
authors found that —3% strain would increase the E, of O,
dissociation by 0.14 eV. This difference may come from the
different size of the model we use. The strain effects on
dissociation pathway I are consistent with the results of Grabow
et al.,"® who reported that a +4% stain could decrease E, by 0.06
eV and a —2% strain could increase E, by 0.12 eV. However, the
change of E, under +4% stain is much smaller than the value
we got under +3% strain, which is probably because the
dissociation pathway under +4% stain is slightly different from
ours, with a tfb IS instead of the tbt IS. Compressive strain
beyond 2% results in a large change of energetics for O,
dissociation for pathway 1. The much bigger change in E, under

Table 1 Characteristic parameters of the O, dissociation pathway |
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compressive strain is due to its greater destabilization effect on
the TS. When 3% compressive strain is applied, the TS O-O
distance increases evidently from 1.95 to 1.99 A and the
corresponding O-Pt distance increases from 1.90 to 2.08 A,
which leads to a large energy increase of about 0.4 eV for the TS.
On the other hand, the IS (tbt) state is only changed slightly
(0.14 eV variation in energy), thus E, is much higher compared
to the unstrained case. Apart from E,, strain can also tune the
reaction energy (AE) of O, dissociation (Table 1). Because of the
much bigger change of the FS’s E¢,m, tensile strain results in
more exothermic dissociation with a smaller AE (more nega-
tive), while compressive strain results in a bigger AE (less
negative), which is in line with the results of Kattel et al.’®
Considering E, and AE, we can say that the dissociation of O, is
thermodynamically and kinetically favored on the stretched
Pt(111) surface, which is consistent with the results published
by Grabow et al.™®

In pathway II, unlike in pathway I, the IS tbt O, molecule rotates
oppositely towards the neighboring f site rather than the h site,
forming a different TS (t-f-b, Fig. 4a). Both bigger do o values and
smaller values of imaginary vibration frequency suggest a stronger
interaction between O-O and the Pt atoms nearby, which differs
substantially from the TS centering at the h site in pathway I
(Table 1). Eventually, the two O atoms slip into their respective h
sites. Strain essentially has the same effect on pathway II as on
pathway I: +3% strain stabilizes the entire pathway and reduces E,
and AE by 0.22 eV and 0.28 eV, respectively, while —3% strain
destabilizes the energetics and increases E, and AE by 0.14 eV and
0.17 eV, respectively (Table 2). AE in pathway II are bigger than
those in pathway I, which is because the FS in pathway II (2hcp O*
atoms) is less stable than that in pathway I (2fcc O* atoms).

The change of energetics of the two pathways under strain
suggests that the catalytic performance of the Pt(111) surface can
be significantly (AE, about 0.4 eV) tuned by a relatively small
strain (about +3%), either to be more active (tensile) or more inert
(compressive) for O, dissociation. Strain makes pathway II more
competitive kinetically by having much lower barriers than in
pathway I, in spite of their close barriers when no strain is applied.
However, in pathway II, the dissociated two O* atoms are at h
sites, rather than at the more stable f sites, which will be
eventually occupied via diffusion (Fig. S4 and S5, ESIt). It is also
worth noting that do_o and the imaginary frequency of the TS do
not show consistent trends with strain, which reflects the complex
interactions between the TS O-O and the surface Pt atoms.

3.3 The adsorption of O* adatoms

Atomic O adsorption on Pt(111) has been widely
investigated,*~** but the strain effects on adsorption induced

do-o (&)
Strain (eV) IS TS FS Imaginary frequency (cm™") Eform,1s (€V) Eform,1s (€V) Eform,rs (€V) E, (eV) AE (eV)
-3 1.34 1.99 3.00 324.00 —0.49 0.53 —1.25 1.02 —0.76
0 1.34 1.95 2.98 334.86 —0.63 0.14 —1.86 0.77 —1.23
+3 1.35 1.92 3.01 328.57 —0.78 —0.12 —2.44 0.66 —1.66
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Table 2 Characteristic parameters of the O, dissociation pathway Il

do-o (&)
Strain (eV) IS TS FS Imaginary frequency (cm™") Eform,1s (€V) Eform,1s (€V) Eform,rs (€V) E, (eV) AE (eV)
-3 1.34 2.13 3.17 196.37 —0.49 0.37 —0.90 0.86 —0.41
0 1.34 2.15 3.09 187.55 —0.63 0.09 —1.21 0.72 —0.58
+3 1.35 2.16 3.02 119.65 —0.78 —0.28 —1.64 0.50 —0.86

surface buckling and the subsequent influences on the lateral
0O-0 interaction energy have not been reported. In this sec-
tion, we studied one, two, and three O* adatoms in different
configurations on Pt(111) under —5% to 5% strain (Fig. 5a).
For a single O* adatom, two three-fold stable O adsorption
sites (the more stable f and less stable h sites) were con-
sidered. For two O* adatoms, in addition to the configurations
right after the O, dissociation, namely, O* adatoms are located
at the two first nearest neighboring f or h sites (denoted as 20
1NN (fcc) and 20 1NN (hep), respectively), we also considered
two O* adatoms located at the second nearest neighboring f
sites (denoted as 20 2NN). For three O* adatoms, the configu-
ration of O atoms at the three first nearest neighboring f
sites (denoted as 30 1NN) was taken into consideration. We
analyzed the formation energy (Eform), the lateral O-O inter-
action energy (Ei,;) and the Pt(111) surface buckling under
strain conditions.

(@) 201NN 20 2NN

30 1NN

(c)
0.60} . e
0.45¢ # g —a—20 1NN (fcc)
L —+— 20 1NN (hcp)
/ —<—20 2NN
0301/ »—30 1NN

0.15¢ m

0.00}

T

_0.15 1 1 1 1 1 1 1 1 1 1
2 3456

6-5-4-3-2-10 1
Strain (%)

Surface geometric changes induced by O* adatoms have
been observed previously, and they are always seen as the first
step of Pt oxidation.”>*” The surface Pt atoms may have lateral
and/or vertical displacements during oxygen adsorption. The
lateral displacements are in general negligible compared with
the vertical ones, so we use the vertical displacement (AZ) of the
Pt atom sandwiched or surrounded by O* adatoms to measure
the surface buckling quantitatively (Fig. 5a, the side view panel
is exaggerated for clearer illustration).

The O* adatom preferentially binds to the f site with an E¢ym,
of —1.03 eV, whereas the h site binding is 0.41 eV less stable on
an unstrained Pt(111) surface, which is consistent with the
previous DFT calculations.>***® Furthermore, the Egopy, values
of 20 1NN (fcc) (Fig. 5b, blue line), 20 2NN (Fig. 5b, magenta
line) and 30 1NN (Fig. 5b, orange line) fall in between those of
the f and h adsorption sites, as the repulsion among the O*
adatoms reduces their adsorption strength. Thus, the order of

(b)

-04+
-0.6+
S -0.81
9
E-1.0 [ —=— 10 (fcc)
L —e—10 (hcp)
W -1.2F —+—20 1NN (fcc)
—v— 20 1NN (hcp)
-1.4}F —«— 202NN
1 6 |‘jz :|3O 1|NN| 1 i} 1 1 1 1 1
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»
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Fig. 5 Lateral interaction and surface buckling. (a) Adsorption configurations of O atoms on the Pt(111) surface, (b) effect of strain on the formation
energy (Etorm) Of O atoms, (c) effect of strain on the lateral interaction energy (E;n) of O atoms, (d) effect of strain on the displacement of the specific Pt
atom in the z direction (AZ). Solid lines in (a, b and c) are drawn as a guide to the eye. The dashed segments in (b and d) denote that the h site O atom

slides to the f site under —5% strain.
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adsorption strength in terms of E¢,, on the unstrained Pt(111)
surface is 20 2NN > 20 1NN (fcc) > 30 1NN > 20 1NN (hcp)
(Fig. 5b).

Within the considered strain range (+5%), 10 h exhibits the
narrowest variation in Egym (AEform about 0.5 eV), while 10 f
presents a much wider variation range (AE¢,m about 0.9 eV).
This suggests that strain is powerful in tuning the binding
strength of O, especially for the most stable O adsorbing fcc
site. At —5% strain, hcp is no longer stable for O adsorption,
and it moves to an fcc like site (dashed line, Fig. 5b).

For multi-oxygen configurations, 20 2NN shows the same
strain response as 10 f adsorption, with its E,, nearly parallel
to that of 10 f. This is because the O-O lateral repulsion at 2NN
remains almost constant (about 0.1 eV) throughout the strain
range (Fig. 5c, magenta line). For the other multi-oxygen
configurations, however, the Ef,, show obvious non-linear
changes when compressive strain goes beyond certain values
(Fig. 5b, cyan line, orange line and blue line in the compressive
strain region), which is because of the decrease of O-O repul-
sion in the same compressive strain range (Fig. 5c, cyan line,
orange line and blue line in the compressive strain region). It is
also worth noting that the Eg,., of 20 1NN (hcp) (Fig. 5b, cyan
line) almost overlaps with that of 10 at the h site (Fig. 5b, red line)
when strain ranges from —3% to 5%. This means that the O-O
lateral interaction is pretty small (Fig. 5c, cyan line), which is
counterintuitive because the O-O distance here is close to that of
20 INN (fcc) and much smaller than that of 20 2NN. These
abnormal phenomena (the non-linear changes of Eg,.,, and Ejy,
under compressive strain and the pretty small O-O lateral inter-
action for 20 1NN (hcp)) all arise from the shift of the Pt atom’s
position, particularly in the z direction under strain conditions.

Fig. 5d shows that the buckling of the Pt atom in 20 1NN
(fcc) (Fig. 5d, blue line) and 30 INN (Fig. 5d, orange line)
increases sharply from less than 0.25 A at —2% and —1% strain
up to about 0.85 A under —5% strain, respectively. The buckled
Pt atom leads to larger distances between O atoms (the O atoms
do not sit exactly in the hollow sites anymore), which weaken
the repulsive interaction. For 20 1NN (hcp) (Fig. 5d, cyan line),
the AZ of the O-sandwiched Pt atom is always larger than
0.3 A in the entire strain range, so the obvious outward buckling
of the Pt atom screens the O-O repulsion efficiently, sometimes it
even turns the repulsion into slight attraction (Fig. 5¢, cyan line).
In contrast, the 10 and 20 2NN adsorptions do not cause obvious
surface buckling under the given strain range. Overall, when
under compressive strain, the Pt(111) surface tends to reconstruct
more easily, which probably helps oxidization, while tensile strain
tends to enhance adsorption but not facilitate its oxidation.

4. Conclusion

In this study, we have systematically investigated the adsorption
behaviors of O, and O* adatoms, as well as O, dissociation, on the
Pt(111) surface under strain utilizing DFT calculations. We find
that for molecular O, and atomic O, the change in formation
energy (AEgm) caused by (£5%) strain is substantial: 0.3-0.6 €V
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for the former and 0.5-0.9 eV for the latter. The most favorable
molecular adsorption site changes from tbt to tfb when tensile
strain reaches over 3%. As for the dissociation of O,, compressive
strain hinders the process by increasing the barrier (E,) and
reaction energy (AE) while tensile strain does the opposite.
Significant AE, (0.36 eV) is induced by strains of —3% and +3%
for both dissociation pathways, and the AE is changed by 0.9 eV
and 0.45 eV for the two dissociation pathways, respectively.
The lateral repulsive interactions between O-O are much less
sensitive to strain than the O, and O adsorptions. Yet, the
geometric changes of Pt(111) induced by compressive strain of
two or three O* adatoms at 1NN configurations are significant,
which leads to evident surface buckling (e.g. AZ of the most
buckling Pt atom is over 0.50 A under —3% strain for 20 1NN),
which is also the cause of the non-linear responses of E¢yp,, and
Ejp¢ to strain.

All the behaviors of atomic and molecular oxygen on Pt(111)
suggest that strain can serve as a handle to widely tune the
thermodynamic and kinetic properties of the adsorbates, and it
can greatly influence the catalyst surface structure during
oxidation reactions, particularly when the catalysts are nano-
particles or heterostructure materials, where strain exists natively.

The strain effects on the behaviors of O,/O over the Pt(111)
surface have been discussed in detail, however, if O,-related
real reactions, such as the ORR, are considered, the impact of
strain on the whole reaction requires similar investigations
into each elementary reaction step involved, which will be our
future work.
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