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Site-specific reactivity of stepped Pt surfaces 
driven by stress release

Guangdong Liu1,5, Arthur J. Shih2,5, Huiqiu Deng1, Kasinath Ojha2, Xiaoting Chen2, 
Mingchuan Luo2, Ian T. McCrum3, Marc T. M. Koper2, Jeffrey Greeley4 ✉ & Zhenhua Zeng4 ✉

Heterogeneous catalysts are widely used to promote chemical reactions. Although it 
is known that chemical reactions usually happen on catalyst surfaces, only specific 
surface sites have high catalytic activity. Thus, identifying active sites and maximizing 
their presence lies at the heart of catalysis research1–4, in which the classic model is  
to categorize active sites in terms of distinct surface motifs, such as terraces and 
steps1,5–10. However, such a simple categorization often leads to orders of magnitude 
errors in catalyst activity predictions and qualitative uncertainties of active sites7,8,11,12, 
thus limiting opportunities for catalyst design. Here, using stepped Pt(111) surfaces 
and the electrochemical oxygen reduction reaction (ORR) as examples, we 
demonstrate that the root cause of larger errors and uncertainties is a simplified 
categorization that overlooks atomic site-specific reactivity driven by surface stress 
release. Specifically, surface stress release at steps introduces inhomogeneous strain 
fields, with up to 5.5% compression, leading to distinct electronic structures and 
reactivity for terrace atoms with identical local coordination, and resulting in atomic 
site-specific enhancement of ORR activity. For the terrace atoms flanking both sides  
of the step edge, the enhancement is up to 50 times higher than that of the atoms in 
the middle of the terrace, which permits control of ORR reactivity by either varying 
terrace widths or controlling external stress. Thus, the discovery of the above synergy 
provides a new perspective for both fundamental understanding of catalytically 
active atomic sites and design principles of heterogeneous catalysts.

Cleavage of bulk metal to create surfaces, which leads to a reduction 
in the coordination of surface atoms and consequent charge redis-
tribution, usually induces an attractive interaction between surface 
atoms. For Pt, the resulting tensile surface stress is about −5 N m−1 
on (111) surface (refs. 13,14), which implies a surface pressure of over 
2 × 105 atm on the surface atoms. This surface pressure, which is about 
10% of the bulk modulus14, provides a strong driving force for con-
traction of the surface. But this contraction is impossible on perfect 
Pt(111) because of the symmetry of the surface. However, as we dem-
onstrate, the presence of even small imperfections, such as step-type 
defects, can break the symmetry and lead to release of the surface 
stress, relaxation of surface atoms and generation of inhomogeneous 
strain fields that may span multiple nanometres on transition metal 
surfaces (Fig. 1). The associated electronic and geometric effects lead 
to orders of magnitude differences in atomic site-specific catalytic 
activity, even for atoms with identical local environments (Fig. 2). This 
phenomenon provides a succinct explanation for the large errors that 
are often present in catalytic reactivity predictions based on discrete 
active-site models, resolves longstanding puzzles about the nature 
of the active site and structure sensitivity of the ORR in the literature, 
and enables a more accurate prediction and computational design of 
heterogeneous catalysts.

To demonstrate the existence of surface stress release due to step-like 
imperfections on single-crystal surfaces, as well as the dependence 
of the resulting surface strain on the step density, we constructed a 
series of stepped Pt(111) surfaces, consisting of steps separated by 
(111) terraces with widths ranging from around 1 nm to around 10 nm 
(Fig. 1b–f, Extended Data Figs. 1 and 2 and Extended Data Table 1). As 
shown in Fig. 1f,g, surface stress release and surface strain generation 
are induced on all such surfaces, with both stress release and strain 
increasing in magnitude with decreasing terrace width. For example, 
for Pt(21 21 20) with a terrace width of 10.1 nm, surface stress release and 
average surface strain are only 9% (0.42 N m−1) and −0.7%, respectively. 
However, the corresponding values increase to 62% (3.0 N m−1) and 
−4.7%, respectively, for Pt(221) with a terrace width of 0.8 nm.

Next, we demonstrate that the surface strain driven by surface 
stress release is highly inhomogeneous. As shown in Fig. 1b–e, atomic 
site-resolved strain can vary dramatically across terrace sites between 
steps, in spite of the fact that the terrace atoms all have the same local 
coordination numbers. In general, the maxima of atomic site-resolved 
strain are found on both sides of the step edges, where stress release is 
triggered, and the minima are located far from the step edges, in the 
middle of the terraces (Fig. 1b–e and Extended Data Fig. 3). For exam-
ple, for Pt(21 21 20), the maximum strain and the minimum strain are 
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−3.7% and −0.3% on the Pt atoms at the step edge and in the middle of 
the terrace, respectively (Fig. 1e). These values are also dependent on 
the terrace width, with the maximum strain increasing to −5.5% and the 
minimum strain increasing to −3.8% on the Pt(221) surface (Fig. 1b–e 
and Extended Data Fig. 2).

It has been well established that surface strain modifies the electronic 
structures and reactivity of surface atoms14–20. The aforementioned 
atomic site-specific strain (Fig. 1b–e) suggests that electronic structures 
and reactivity of the stepped surfaces are also atomic site specific.  
To probe these effects, we calculate the d-band centre, a descriptor 
of surface electronic structures that correlates with catalytic proper-
ties, and the OH adsorption energy, a well-known descriptor of the 
ORR activity. Indeed, both the d-band centre and the OH adsorption 
energy are sensitive to the geometric location of the atomic site and 
the terrace width, as is the case for surface strain (Fig. 2 and Extended 
Data Fig. 3). For the d-band centres, there is generally a down-shift for 
all terrace atoms that is proportional to the local strain compared to 

that of Pt(111). For example, for Pt(21 21 20), the down-shift is ~0.1 eV 
for Pt atoms around the step edge, where the strain is large, but only 
0.01 eV for atoms in the middle of the terrace, where the strain is much 
smaller. The shifts in the d-band centre depend on the terrace width, 
with the maximum and minimum values of the down-shifting increas-
ing to 0.14 eV and 0.08 eV, respectively, for Pt(332) with a terrace width 
of 1.3 nm (Fig. 2a).

As a down-shift of the d-band centre generally indicates increasing 
inertness of surface atoms, the correlation between d-band centres 
and site-specific strain suggests that surface atomic sites with larger 
compressive strain interact less strongly with adsorbates. This is indeed 
observed for OH adsorption, which is weakened on all terrace sites of 
stepped surfaces in comparison to Pt(111), with the weakening being 
proportional to the local strain and the corresponding d-band centre 
(Fig. 2 and Extended Data Fig. 3). For example, the maximum reduction 
in binding strength, which is in the range of 0.06–0.11 eV, is on ter-
race sites near the step edges where large site-specific strain and large 
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Fig. 1 | The relationship between surface stress release and surface strain 
generation of stepped Pt(111) surfaces. These stepped Pt(111) surfaces with 
(110) type step facets can be expressed as n(111)–(110). n is the number of atomic 
rows on the (111) terrace, which is from 3 to 41 in the current work. a, Intrinsic 
tensile surface stress (τ), and the mechanism of spontaneous surface stress 
release by breaking symmetry constrain and simultaneous generation 
of compressive surface strain (ε). b–e, Side view (upper panels) and atomic 

site-resolved surface strain (lower panels) of Pt(332) (b), Pt(554) (c), Pt(998) (d) 
and Pt(21 21 20) (e) surfaces with terrace width from 1.3 nm (n = 5) to 10.1 nm 
(n = 41), as indicated by double arrow lines. Surface sites correspond to atoms 
in the top layer of the side views. f, The correlation of stress release and average 
strain with respect to the atomic row n. g, The relationship between stress 
release and average surface strain.
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downshifts of the d-band centre are found. It is worth noting that the 
above results can also explain the site-specific hydrogen adsorption 
on Pt monolayer island-modified Ru(0001) surfaces21.

The large inhomogeneities in surface electronic structures and 
adsorbate binding energies on terrace atoms with identical local coordi-
nation provide a compact explanation for the large errors in the quanti-
tative prediction of catalytic activity based on the classic categorization 
of discrete active sites7,8,11,12. The results additionally suggest that the 
catalytic activity of stepped surfaces is significantly more complex 
than that implied by the assumption that reactivity is identical for all 
terrace atoms. Specifically, as perfect Pt(111) single-crystal surfaces are 
well known to bind too strongly to reaction intermediates for common 
electrocatalytic reactions (such as the ORR22) compared with optimal 
catalysts on volcano plots, large compressive strain and notable weak-
ening of OH adsorption near the step edges leads to clusters of highly 
active atomic sites, as catalytic activity depends on the binding energy 
of reaction intermediates exponentially (see Methods for more details). 
Among them, the atoms on the upper and lower terraces that are two 
rows away from the step edges are the most active sites for ORR, with 
an enhancement factor of approximately 50 times compared to that of 
perfect Pt(111). The activity then decreases modestly for atomic sites 

that are further from the step edges. The resulting spatial distribution 
of atomic site-specific ORR activities has two maxima, with one maxi-
mum on each side of the step edge (Fig. 2), resembling a two-towered 
suspension bridge. This result provides an atomic-level, site-resolved 
interpretation of the high-activity zone around step-type defects that 
was previously observed through electrochemical scanning tunnelling 
microscopy1, and related hypotheses for the modified adsorption and 
catalysis near the step edges9,23.

As a consequence of this highly inhomogeneous activity distribution, 
a small fraction of the terrace atoms, near the step edges, dominate 
the total activity. For example, for Pt(21 21 20), four rows of platinum 
atoms near step edges, corresponding to less than 10% of the terrace 
area, contribute over 50% of the overall ORR activity. This enhance-
ment is, however, counterbalanced by the remaining >90% of the ter-
race, which exhibits much smaller activity enhancements compared 
to Pt(111), leading to only modest enhancements when averaged over 
the entire surface. In turn, the presence of high-activity sites near steps, 
and low-activity sites in the middle of terraces, suggests that reducing 
the terrace width is a plausible strategy to enhance the overall ORR 
activity. This is because narrow terraces not only increase the fraction 
of the high-activity sites, but also increase the minimum enhancement 
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Fig. 2 | Atomic site-resolved electronic structure, surface reactivity and 
ORR activity of stepped Pt(111) surfaces. a–d, Side view (upper panels) and 
atomic site-resolved d-band centre shift (dεd), OH adsorption energy shift 

(dEad(OH)) and predicted ORR improvement factors of Pt(332) (a), Pt(554) (b), 
Pt(998) (c) and Pt(21 21 20) (d) with respect to that of the Pt(111) surface. Surface 
sites correspond to atoms in the top layer of the side views.
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of the low-activity sites. For example, on Pt(998), with a terrace width 
of 4.2 nm, the entire terrace maintains an enhancement factor of over 
150% (Fig. 2c) compared to perfect Pt(111), whereas for Pt(554) and 
Pt(332), with terrace widths of 2.3 nm and 1.3 nm, the minimum enhance-
ment factors on the terraces increase to 300% and 500%, respectively 
(Fig. 2a,b). As a consequence, the average activity increases with 
decreasing terrace width until the terraces become so small that the step 
edges with lower activity begin to affect the overall activity (Extended 
Data Fig. 5). Such a trend is in excellent agreement with the terrace 
width-dependent ORR activities reported in the literature9,24,25, except 
for that preceded by the hydrogen peroxide reduction reaction26. We 
suspect this latter may have undergone surface reconstruction, as indi-
cated by the similar activity to that of much wider terraces25. We find that 
the above correlation between terrace width-dependent stress release, 
atomic site-specific strain and ORR activity is applicable to stepped 

Pt(111) surfaces with (100)-type steps, although the magnitude is smaller 
in comparison to surfaces with (110)-type steps (Extended Data Figs. 6, 
7 and 8). Such a dependence on the symmetry of the steps is consistent 
with that observed in a previous experiment9, which further confirms 
the crucial role played by stress release and atomic site-specific strain 
in the enhancement of ORR activity.

To demonstrate the flexibility and generality of using surface stress 
release, inhomogeneous strain fields and atomic site-specific reactivity 
enhancement to tune catalytic properties, we further discuss how such 
an effect can be achieved via external stress, by the selective deposition 
of heteroatoms at Pt step edges. Here, we chose heteroatomic Au as 
an example. Au has a larger lattice constant than Pt, and so depositing 
Au at the step edge exerts compressive surface stress on terrace Pt 
atoms, which can serve as the driving force for the release of residual 
tensile stress (Fig. 3a). In addition, Au is relatively inert for the ORR in 
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acidic solutions27–29, and thus its effect on Pt surface stress and catalytic 
activity can be investigated without any direct contribution of the Au 
itself to the ORR activity.

Deposition of Au occurs preferentially along the step edge, as dem-
onstrated by the favourable formation energy of −0.3 eV per Au. The 
magnitude of the induced surface stress and strain fields depends on 
the number of rows of Au that are deposited parallel to the edge. For 
example, on a Pt(554) surface with a terrace width of  9 atoms, a sin-
gle row of Au atoms has little impact on the strain (Fig. 3b). However, 
the stress release and compressive surface strain of exposed Pt atoms 
increase as additional rows of Au atoms are deposited. Although the 
exact distribution of strain is complex, there is generally an increase 
in strain with increasing Au coverage, leading to a maximum average 
compressive strain of −4.3% at a coverage of 7/9 monolayers (ML) of Au 
(Fig. 3b). There are similarly complex profiles for the electronic struc-
ture and adsorption energies, but the general trends are consistent, 
with larger compressive strain induced by larger releases of residual 
stress leading to larger downshifts of the d-band centre and weaker OH 
binding energies (Fig. 3d). Analogous trends are seen for the ORR activ-
ity of exposed surface Pt atoms, which is relatively constant at low Au 
coverage and gradually increases with increasing Au coverage (Fig. 3c). 
A notable activity increase is observed when the Au coverage increases 
to 4/9 ML and higher, due to increasing strain in exposed Pt sites and the 
disappearance of terrace sites with small strain. The latter is similar to 
the effect of decreasing the terrace width of the stepped surface, that 
is, there is more substantial activity enhancement at a terrace width 
of n ≤ 8 (Extended Data Fig. 5). The ORR activity decreases at 7/9 ML, 
probably because the strain effects are convoluted with the electronic 
effects, and then increases again before the terrace is fully covered by Au.

To verify the predicted ORR activity trends induced by Au adsorp-
tion, we performed electrochemical experiments on Pt(554) with Au 
atoms at the step edge (Fig. 4 and Extended Data Figs. 9 and 10). Au 
atoms with coverages ranging from 0.1 ML to 0.9 ML were introduced 
through Au electrodeposition, and evaluated on the basis of cyclic 
voltammetry. The preferential deposition at the step edge is evidenced 
by the disappearance of the (110) step edge feature at approximately 
0.12 VRHE (RHE, reversible hydrogen electrode, Fig. 4a)30–32, which is 
fully consistent with the computational predictions. ORR polariza-
tion curves indicate that the variation of specific activities at cover-
ages <0.5 ML is within measurement error, and there is no substantial 
increase until the coverage is higher than 0.5 ML (Fig. 4b). The spe-
cific activity decreases slightly at 0.8 ML Au before increasing again 
(Fig. 4b). These activity trends are in remarkable agreement with our 
computational predictions (Fig. 3c). The results confirm the precision 
and flexibility that can be achieved in controlling surface reactivity by 
manipulating surface stress.

In this work, we have demonstrated that surface stress release, caused 
by surface defects or heteroatom deposition, can lead to highly inho-
mogeneous surface strain fields. These inhomogeneities lead to highly 
localized changes in surface electronic structure and adsorption ener-
gies, which modify site-specific activity by orders of magnitude, and 
consequently impact the overall activity. These phenomena succinctly 
explain the trends in ORR activity on stepped Pt(111) surfaces, which 
have been intensively debated in the literature, and which increase 
with decreasing terrace width8,9,24,33, leading to high ORR activity of 
jagged Pt nanowires with rich terraces of 3–4 atoms wide34. In addi-
tion to ORR, general trends in catalytic activity in response to surface 
strain have been observed for many other chemical reactions20,35,36. 
Thus, manipulation of surface stress and strain fields is a flexible and 
effective strategy to tune the catalytic activity of chemical reactions 
that are sensitive to surface strain.
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Methods

Computational method details
Density functional theory calculation parameters. Periodic density 
functional theory (DFT) calculations are performed with the Vienna 
Ab-initio Simulation Package (VASP)37,38, using the projector-augmented 
wave method39. Exchange-correlation energies are evaluated using the 
generalized gradient approximation with the Perdew–Burke–Ernzerhof 
functional40. A cutoff energy of 400 eV is used for the plane wave basis. 
The geometries are optimized until the maximum atomic forces are 
smaller than 0.01 eV Å−1, and the convergence criteria for the total ener-
gies are set as 10−5 eV. The calculated lattice constant of face-centred 
cubic Pt is 3.977 Å through minimizing the stress tensor.

For surface stress and surface strain calculations, Pt(111) and stepped 
Pt(111) surfaces with notation of n(111)–(110) and n(111)–(100), which 
consist of (111) terraces with a terrace width of n atomic rows separated 
by monoatomic (110) and (100) step facets, respectively, are modelled 
by slabs with a thickness of 7 ML in [111]. The slabs and their images are 
separated by 14 Å of vacuum along the z direction. The k-point meshes 
(k1, k2, k3) are selected for those surfaces so that their product with the 
norms of the lattice vectors (a1, a2, a3) in Å is (a1k1, a2k2, a3k3) > (30 Å, 
30 Å, 30 Å). All atoms are allowed to relax in the calculation of surface 
stress. For OH adsorption calculations, stepped Pt surfaces with a terrace 
width <17 atoms are also modelled by slabs with a thickness of 7 ML in 
[111]. The topmost three layers and the adsorbates are allowed to relax, 
whereas the remaining layers are fixed in their optimized configura-
tion from surface stress calculations. However, for Pt(998) and Pt(21 21 
20) with a terrace width of 17 and 41 atom rows, respectively, surfaces 
are modelled by 4 ML slabs, with the bottom two layers fixed in their 
optimized configuration. The (2 × 1) and (1 × 2) supercells are used for 
n(111)–(110) and n(111)–(100) surfaces, respectively. For accurate calcu-
lations of relative adsorption energy, Pt(111) surfaces are modelled by 
c(4 × n) and c(4 × (n + 1)) supercells with the same thickness as that of 
n(111)–(110) surfaces, when n is an even and odd number, respectively. 
The reaction intermediates are adsorbed onto the top side of the slab. An 
orthorhombic box (14 × 15 × 16 Å3) and a single k-point (0.25, 0.25, 0.25) 
for the Brillouin zone sampling are used for the calculation of gas-phase 
H2O and H2. For OH and OOH adsorption on Pt surfaces, top sites are 
considered, as they are the most favourable sites at water/Pt interfaces. 
The OH energies on all surface sites are calculated on stepped Pt surfaces.

Au deposition. For Au atoms deposited at the step edge of the Pt(554) 
surface, the formation energy (Ef) of the Au atom row is calculated 
using,

E
E N E NE

N
=

[ Au/Pt(554)] − [Pt(554)] − [Au]
(1)f

tot tot tot

E [Au]tot , E [Pt(554)]tot  and E N[ Au/Pt(554)]tot  are the total energies 
of Au bulk, Pt(554)-(1 × 1) and Pt(554)-(1 × 1) with N rows of Au atoms 
deposited at the step edge, respectively.

Surface stress and surface strain. Surface stress (σxx and σyy) is cal-
culated using the stress theorem developed by Nielsen and Martin41, 
which is obtained by

σ
c

τ=
2

(2)ij ij

where c is the supercell height in the z direction and τij is the diagonal 
component of the stress tensor, for which τxx and τyy are the x and y 
direction of the supercell, respectively.

We find the surface stress in the direction along the steps (σxx of 
n(111)–(110) and σyy of n(111)–(100)) is similar to that of (111), but surface 
stresses in the direction perpendicular to the steps (σyy of n(111)–(110) 
and σxx of n(111)–(100)) are smaller than that of (111) due to surface 

stress release (Extended Data Fig. 1 and Extended Data Table 1). Stress 
release is calculated as Δσ:

σ σ σΔ = − (3)kkl kllPt (111) Pt ( ) /Pt ( )

where σPt(111) and σPt(kkl)/Pt(kll) are surface stress of Pt(111) and surface 
stresses of Pt(kkl) (or Pt(kll)) in the direction perpendicular to the 
steps, respectively. For the Pt(554) surface with Au deposition, stress 
release is calculated as follows

σ σ σΔ = − (4)yy yy yy−Pt (554) −Au/Pt (554)

where σyy−Au/Pt (554) and σyy−Pt (554) are the surface stresses σyy of Pt(554) 
with and without Au deposition.

Surface stress release of stepped Pt(111) surfaces is accompanied by 
contraction of the surface atoms, that is, the generation of compres-
sive strain. In our DFT calculations, average surface strain is calculated 
using:

l l
l

ε =
−

× 100%, (5)0

0

where l0 and l are the terrace width of a stepped (111) surface with an n 
atomic row terrace before and after surface relaxation, respectively.

The atomic site-specific strain is calculated as:

ε
d d

d
=

−
× 100%, (6)0

0

where d0 and d are the distance of an atom from the nearest-neighbour 
atoms of the adjacent row before and after surface relaxation, respec-
tively.

Surface ORR reactivity. For ORR, a well-established association mecha-
nism proceeds through four steps, as below:

O + 4H + 4e +* → OOH* + 3H + 3e (7)2
+ − + −

OOH* + 3H + 3e → O* + H O + 2H + 2e (8)+ −
2

+ −

O* + H O + 2H + 2e → OH* + H O + H + e (9)2
+ −

2
+ −

OH* + H O + H + e → 2H O+* (10)2
+ −

2

where the asterisk (*) denotes a free adsorption site on the surface. The 
adsorption energies of reaction intermediates (OOH*, O* and OH*) are 
calculated with H2O and H2 as references:

2H O +* → OOH* +
3
2

H (11)2 2

H O +* → O* + H (12)2 2

H O +* → OH* +
1
2

H (13)2 2

The free energies of adsorption are obtained by correcting the DFT 
energies for zero point energy (ZPE), integrated heat capacities (δH), 
entropy (S) and solvation energy (Esol) via

G E δH TS E= + ZPE + − + (14)DFT sol

For gas-phase species (H2O and H2), ZPE, δH and S are obtained 
from standard thermodynamic tables42. For adsorption of reaction 
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intermediates (O*, OH* and OOH*), the corresponding data are esti-
mated from the vibrational frequencies within the harmonic oscillation. 
Solvation energies of OH* and OOH* are calculated on the basis of the 
adsorption energy difference between an OH/OOH and the OH/OOH in 
the H2O layer43,44. For O* and OH*, the free energies are further corrected 
to match experimental values on Pt(111). The correction of OOH* is 
estimated on the basis of the formation energy of H2O2 and H2O (ref. 44).  
All corrections are listed in Extended Data Table 2.

The free energies of reactions (7)–(10) are calculated as follows:

G GΔ = Δ (OOH) − 4.92 (15)1 ad

G G GΔ = Δ (O) − Δ (OOH) (16)2 ad ad

G G GΔ = Δ (OH) − Δ (O) (17)3 ad ad

G GΔ = − Δ (OH) (18)4 ad

where ΔGi is the reaction free energy at U = 0 V. The reaction free ener-
gies at potential U are written as:

G U G eU G eUΔ ( ) = Δ + = Δ (OOH) − 4.92 + (19)1 1 ad

G U G eU G G eUΔ ( ) = Δ + = Δ (O) − Δ (OOH) + (20)2 2 ad ad

G U G eU G G eUΔ ( ) = Δ + = Δ (OH) − Δ (O) + (21)3 3 ad ad

G U G eU G eUΔ ( ) = Δ + = − Δ (OH) + (22)4 4 ad

If we define U = min(U1, U2, U3, U4) as the maximum potential at which 
the forward reaction has no thermodynamic barrier (ΔGi(Ui) = 0), then 
the minimum overpotential is 1.23 U. This, 1.23 V is the maximum cell 
voltage. For the Pt(111) surface, the potential-determining step is OH* 
protonation to produce H2O, in which U4 (ΔG4(U4) = 0) is the maximum 
potential14,43–49.

The rate constant of the Pt(111) surface at maximum potential U(111) 
can be written as

k U k( ) = e (23)G U k TPt (111) (111)
0

−Δ ( ) /(111)
b

The prefactor, k0, includes all of the details of the proton transfer to 
the surface and recombination with the electron. For stepped surfaces, 
the rate constant of the stepped Pt(hkl) surface on the atomic site i is

k U k( ) = e (24)i
hkl

i
hkl G U k TPt ( ) ( )

0
−Δ ( ) / bi

hkl( )

In this work, we focus on atomic site-specific ORR activity versus 
that on the Pt(111) surface. The improvement factor (N) of the atomic 
site i on stepped surfaces is obtained by calculating

N
k U

k U
=

( )

( )
= e (25)i

hkl
i

hkl
U U k T

Pt( ) ( )

Pt(111) (111)
( − )/(111)

bi
hkl( )

In units of current density, the rate constant of Pt(111) is

j U
A

k( ) =
4e

e (26)k
G U k TPt (111) (111)

0
−Δ ( ) /(111)

b

where A is the surface area per site. For the stepped surface, the current 
density is weighted based on the calculated rate on all atomic sites.

∑j U
nA

k( ) =
4e

e (27)k
hkl hkl

i

n
G U k TPt ( ) ( )

0
=1

−Δ ( ) / bi
hkl( )

The relative current density of the stepped surface versus that on 
Pt(111) is,

∑
j

j n
=

1
e (28)k

hkl

k i

n
U U k T

Pt( )

Pt(111)
=1

− G( − )/(111)
bi

hkl( )△

Details of experimental method
Cleaning and preparation of electrochemical cells. Glassware 
and PTFE parts used in the electrochemical cell setup and electrolyte 
preparation were first soaked in a 0.5 M H2SO4 solution (Sigma-Aldrich, 
95.0–97.0%) containing 1 g L−1 KMnO4 (Sigma-Aldrich, ≥99.0%) for at 
least 48 h at 298 K to oxidize organic compounds. The glassware was 
then removed from the H2SO4/KMnO4 solution, rinsed three times 
with ultrahigh purity (UHP) water (Merck Milli-Q IQ 7000, <5 ppb total 
organic content, 18.2 MΩ cm at 298 K), then submerged in piranha 
solution (approximately 1 M H2SO4 (Sigma-Aldrich, 95.0–97.0%) and 
approximately 6% H2O2 (Merck, 35%)) at 298 K to dissolve traces of 
KMnO4, MnO2 and other oxidized products for at least 30 min. The 
glassware was then rinsed three times with UHP water and an additional 
5–10 times with boiling UHP water at 373 K.

Electrochemical cell and electrode preparation. The disk-type 
and bead-type Pt single crystals (purchased from MaTeck and Sur-
face Preparation Laboratory) were flame annealed at the tip of the 
blue flame from two butane torches (Toolcraft MT-770S with flame 
classics universal gas lighter refill) for at least 3 min. The disk was then 
quickly transferred (<2 s) to a cooling cell purged with 1:4 v/v H2:Ar at 
approximately 500 sccm bubbled through UHP H2O to cool50,51. After 
cooling to room temperature (approximately 3–10 min), the Pt(111) 
was protected by a droplet of UHP H2O from the cooling cell before 
removal and transfer (<10 s) in ambient air to the electrochemical cell, 
with efforts to minimize the transfer time.

Two electrochemical cells were prepared for all Au deposition and 
ORR experiments: one dedicated for Au deposition, and a second dedi-
cated for ORR measurements. A 0.1 M HClO4 electrolyte was prepared in 
both cells and saturated with approximately 100–200 sccm Ar (Linde, 
5.0 Grade 99.999%) for 30 min through two apertures in the electro-
chemical cell: one through the electrolyte and another into the chamber 
above the electrolyte. When saturated, argon bubbling through the 
electrolyte was shut off to ensure an unperturbed electrolyte surface, 
as argon continued to purge the chamber above the electrolyte. The 
working electrode potential was set to 0.1 VRHE and a hanging-meniscus 
contact between the working electrode and electrolyte was carefully 
formed to ensure no undesired currents from edge wetting. When the 
current reached steady state (typically between 10 s to 4 min), several 
(typically 6 to 10) cyclic voltammograms were collected between 0.06 
and 0.85 VRHE with a scan rate of 50 mV s−1. After completion, the poten-
tial was set to 0.1 VRHE before breaking the meniscus between the elec-
trode and the electrolyte solution. This validation was performed with 
both cells to ensure a quality Pt single crystal and clean 0.1 M HClO4 elec-
trolyte before proceeding with Au deposition and ORR measurements.

Au deposition. For Au deposition, 0.25 × 10−6 M HAuCl4 was prepared 
by adding a calculated volume of 10−4 M HAuCl4 (prepared from HAuCl4 
(Sigma-Aldrich, 99.995% trace metals basis) and UHP water) to the 
Ar-saturated 0.1 M HClO4 in the electrochemical cell dedicated for 
Au deposition, then allowed to saturate with Ar for at least 30 min. 
To deposit Au, a hanging-meniscus contact with the electrode was 
formed using a freshly annealed single crystal at 0.1 VRHE and cycling in 
the HUPD region between 0.06 and 0.45 VRHE at 50 mV s−1 was performed 
(typically between 10 and 600 cycles). This procedure enabled us to 
visually monitor the Au deposition in real time. When the desired Au 
coverage was achieved, the meniscus was broken during cycling and 
transferred to the ORR cell for kinetic measurements.



ORR measurements. For hanging-meniscus rotating disk electrode 
ORR measurements, O2 (Linde HiQ Oxygen 5.0, zero grade, ≥99.999%) 
was bubbled at a rate of approximately 100 sccm through the 0.1 M 
HClO4 solution for at least 40 min before kinetic measurement. The 
electrode was protected with a droplet (either UHP water saturated 
with H2/Ar for Au-free Pt single crystals after the typical annealing pro-
cedure, or a droplet with the Ar-saturated HAuCl4/HClO4 electrolyte 
after Au deposition for Au/Pt single crystals) and installed onto a rotator 
(Pine Research modulated speed rotator (MSR)). The entire installation 
process in ambient air took between 5 and 10 min depending on the 
time required to ensure the axis of the electrode was in line with the 
rotational axis of the rotator, and that the face of the electrode was hori-
zontal. Once installed onto the MSR, the potential was set to 0.05 VRHE, 
the hanging meniscus was formed and the MSR was set to a predeter-
mined rotation rate (typically 1,600 rpm). Once the current was stable 
(approximately 5 s), the potential was cycled between 0.05 and 1.0 VRHE 
at a scan rate of 10 mV s−1. The ORR limiting current at 0.5 VRHE was used 
as an indicator for the quality of the rotating meniscus. The limiting 
current was calculated using the Levich equation52 (equation (29) and 
Extended Data Fig. 9), and for an O2-saturated 0.1 M HClO4 solution, a 
limiting current of 6.02 mA cm−2 is predicted (O2-saturated 0.1 M HClO4 
at 23 °C, 1,600 rpm, cycled between 0.05 and 1.0 VRHE at 10 mV s−1).

i A nFD v ω c/ = 0.2 (29)2
3 0

− 1
6

1
2 b

where i and A are the limiting current and geometric surface area, 
respectively; n is the number of electrons transferred (n = 4 for ORR); 
F is Faraday’s constant (96485.336521 C mol−1); D is the diffusion coef-
ficient of reactant (1.93 × 10−5 cm2 s−1); v0 is the kinetic viscosity of the 
electrolyte (1.009 × 10−2 cm2 s−1); cb is the bulk concentration of the 
reactant in electrolyte (1.26 × 10−6 mol cm−3); and ω is electrode rotation 
rate in rotations per minute.

However, instead of the geometric surface area, all reported ORR 
currents are normalized to the ECSA, given by equation (30), which 
is calculated on the basis of the cyclic voltammograms from 0.05 to 
0.45 VRHE. Note that for an Au-free electrode, ECSA is equal to the geo-
metric surface area of the single crystal.

( )
∫

A
i i t

p
=

( − )d
(30)

F

ρ

N

electrochemical

1

0.05V

0.45V
Pt Au/Pt

Pt(111)

A

RHE

RHE

where Aelectrochemical is the electrochemical surface area; i and t are the 
current (in amperes) and time (in seconds), respectively; ρPt (111)

 is  
the density of surface Pt(111) atoms (1.503 × 1015 atoms cm−2); NA is 
Avogadro’s constant (6.02214086 × 1023 atoms mol−1). Based off the 
projection and angle of the (111) terraces relative to the single crystal cut, 

p = n

n

2 − 1

4 + (2 − 1) 2
, where n is the length of the (111) terrace length in atoms.

Au removal from single crystal after ORR measurements. Au was 
removed from Au/Pt electrodes after ORR via etching in concen-
trated HNO3 (Merck Millipore, ≥65% Suprapur). The Au/Pt was first 
submerged for 30 min in HNO3 then rinsed with UHP water. The elec-
trode was then flame annealed for 15 s, quickly transferred to (<1 s) and 
quenched in concentrated HNO3 (Merck Millipore, ≥65% Suprapur), 
then rinsed with UHP H2O; this process was repeated a total of about 
five times. The Au-free Pt single crystal was then confirmed via cyclic 
voltammetry in Ar-saturated 0.1 M HClO4. This HNO3 etching pro-
cess produces a visible mustard-coloured cloud of toxic NO and NO2 
vapours via thermal decomposition of HNO3 and must be performed 
where toxic vapours can be safely vented away without exposure 
to the experimenter (for example, in a fume hood). Recommended 

maximum exposure levels documented by the Occupational Safety 
and Health Administration (OSHA), National Institute for Occupational 
Safety and Health (NIOSH) and American Conference of Governmental  
Industrial Hygienists (ACGIH) for NO and NO2 are of the order of 25 
and 5 ppm, respectively.

Data availability
Other data supporting the findings of this study are available in the main 
text and the extended data. Source data are provided with this paper.
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Extended Data Fig. 1 | Surface stress σxx and σyy of stepped Pt(111) surfaces 
with respect to the terrace width. Surface stress of Pt[n(111)-(110)] (a) and 
Pt[n(111)-(100)] (b) with respect to the terrace width n, and the inverse of 
terrace width, i.e. 1/n, which corresponds to the step density. As a comparison 
surface stress of Pt(111) is also given. nis the number of atomic rows on the  

(111) terrace. The presence of steps leads surface stress release in the 
direction perpendicular to the step edges, which is in the y direction (σyy)  
for Pt[n(111)-(110)] and x direction (σxx) for Pt[n(111)-(100)], respectively.  
It is worth noting that surface stress release is proportional to the inverse of 
terrace width, i.e., step density.



Extended Data Fig. 2 | Atomic site-resolved surface strain of Pt(221) surface 
with a terrace width of 0.8 nm (n = 3). Surface sites correspond to atoms in the 
top layer of the side view (upper panel). τ is intrinsic tensile surface stress, 
which is spontaneously released by introducing step to break symmetry, 
accompanied by the simultaneous generation of compressive surface strain. 
The terrace width is indicated by double arrow lines.
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Extended Data Fig. 3 | Atomic site-resolved strain, electronic structure and 
surface reactivity as a function of the terrace width (n) and the inverse of 
terrace width (1/n), i.e., the step density. Shown are strain (a), d-band centre 
shift dεd (b) and OH adsorption energy shift dEad(OH) (c) values, all evaluated 
with respect to that of Pt(111) for step edge atoms, atoms in the middle of 
terrace, and terrace atoms located immediately above (upper) and below 
(lower) the step edge, as indicated in the side view (upper panel).



Extended Data Fig. 4 | Atomic site-resolved electronic structure, surface 
reactivity and ORR activity of Pt(221) with respect to that of Pt(111) 
surface. Shown are d-band centre shift dεd (a), OH adsorption energy shift 
dEad(OH) (b), and ORR improvement factor (c). Surface sites correspond to 
atoms in the top layer of the side view (upper panel). The terrace width is 
indicated by double arrow lines.
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Extended Data Fig. 5 | The relationship between the predicted ORR activity 
enhancement and the terrace width n of Pt[n(111)-(110)]. (a) the enhancement 
factors (with respect to Pt(111)) versus the inverse of the terrace width, i.e. 1/n, 

which corresponds to the step density, (b) the enhancement factors versus the 
terrace width n. It is worth noting that the main reason of showing enhancement 
factors versus step density is to compare with previous experiments9,24,25.



Extended Data Fig. 6 | Stress release and average surface strain of 
Pt[n(111)-(100)]. (a) Stress release and average strain as a function of the 
terrace width n and the inverse of terrace with, i.e., 1/n, which corresponds to 

the step density, (b) illustrating the linear relationship between the two 
parameters.
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Extended Data Fig. 7 | Atomic site-resolved surface strain of Pt[n(111)-(100)] 
surfaces. (a) Pt(322) surface and (b) Pt(544) surface with a terrace width  
of 1.1 nm (n = 5) and 2.1 nm (n = 9), respectively. The terrace width is indicated 
by double arrow lines. Surface sites correspond to atoms in the top layer of  

the side views (upper panels). τ is intrinsic tensile surface stress, which is 
spontaneously released by introducing step to break symmetry, accompanied 
by the simultaneous generation of compressive surface strain.



Extended Data Fig. 8 | The relationship between the predicted ORR activity 
enhancement and the terrace width n of Pt[n(111)-(100)]. (a) The enhancement 
factors (with respect to Pt(111)) versus the inverse of the terrace width, i.e., 1/n, 

which corresponds to the step density, (b) the enhancement factors versus the 
terrace width n. It is worth noting that the main reason of showing enhancement 
factors versus step density is to compare with previous experiments9,24.
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Extended Data Fig. 9 | Experimentally measured ORR limiting current as a 
function of predicted ORR limiting current. Experimental data for ORR on 
Pt(111) are taken from ref. 53; and for ORR on Pt(111) and Pt(554) from this work. 
ORR reaction conditions: O2-saturated 0.1 M HClO4 at 23 °C at 0.5 VRHE with a 
scan rate of 10 mV s−1 and varying rotation rates.



Extended Data Fig. 10 | ORR polarization curves for Pt(554) surface with 0 ML to 0.9 ML Au deposited at the step edge. (a) The full polarization curves in the 
potential region from 0.05 to 1 VRHE. (b) The polarization curves in the potential region from 0.85 to 0.95 VRHE.
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Extended Data Table 1 | Calculated surface stress of n(111)-(110) and n(111)-(100) stepped surfaces with different terrace 
width n

n is the number of atomic row on (111) terraces.



Extended Data Table 2 | Thermodynamic data used in the free energy analysis
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