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A trade-off between ligand and strain effects optimizes the oxygen reduction
activity of Pt alloys

Regina M. Kluge,t** Richard W. Haid,t? Alexander Riss,® Yang Bao,® Knud Seufert,® Thorsten O. Schmidt,® Sebastian A.
Watzele,® Johannes V. Barth,® Francesco Allegretti,° Willi Auwérter,® Federico Calle-Vallejo,%*®* and Aliaksandr S.
Bandarenka®"*

To optimize the performance of catalytic materials, it is paramount to elucidate the dependence of the chemical reactivity on the atomic arrangement of the
catalyst surface. Therefore, identifying the nature of the active sites that provide optimal binding of reaction intermediates is the first step toward a rational
catalyst design. In this work, we focus on the oxygen reduction reaction (ORR), an essential constituent of several energy provision and storage devices. Among
the state-of-the-art ORR catalysts are platinum (Pt) and its alloys. The latter benefit from the so-called ligand and strain effects, which influence the electronic
properties of the surface. Here, we “visualize” the active sites on Pt3sNi(111) in an acidic medium with a lateral resolution in the nanometer regime via an in-
situ technique based on electrochemical scanning tunnelling microscopy. In contrast to pure Pt, where the active sites are located at concave sites close to
steps, PtsNi(111) terraces contain the most active centres, while steps show activity to a comparable or lesser extent. We confirm the experimental findings
by a model based on alloy- and strain-sensitive generalized coordination numbers. With this model, we are also able to assess both the composition and the
geometric configuration of optimal catalytic active sites on various Pt alloy catalysts. In general, the interplay of ligand effects and lattice compression resulting
from the alloying of Pt with 3d transition metals (Ti, Co, Ni, Cu) gradually increases the generalized coordination number of surface Pt atoms, thereby making
(111) terraces highly active. This combination of theoretical and experimental tools provides clear strategies to design more efficient Pt alloy electrocatalysts
for oxygen reduction.

Introduction

On the route to an eco-conscious provision and storage of energy, electrochemical devices such as hydrogen fuel cells and metal-
air batteries are among the key technologies.?23 Despite their great promise, numerous electrochemical technologies are currently
not efficient enough to be massively commercialized and their optimization has proved incredibly challenging.*> In fact, the
growing consensus is that their optimization requires an in-depth understanding of the electrochemical processes at the electrified
solid/liquid interfaces. In-situ and operando techniques together with computational modelling are most suitable to assess the
nature of the active sites.

A stumbling block for hydrogen fuel cells and metal-air batteries is the sluggish kinetics of the oxygen reduction reaction (ORR
in acidic medium: O, + 4H* + 4e~ < 2H,0). Currently, the state-of-the-art ORR catalysts are mainly based on platinum (Pt). For
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the past two decades, trends in the catalytic activity of surface sites have often been extracted from activity measurements on
well-defined crystal planes and computational models hinging on the Sabatier principle.®’:8° For pure Pt, measurements on
stepped single-crystal surfaces%11 indicated highly-coordinated sites in the vicinity of undercoordinated sites as the most active
for the ORR.1213.14 These results are in line with the high activity of concave Pt nanoparticles.1%16.17.1819 Both experimental and
computational results have consistently shown that Pt(111) does not offer optimal binding conditions for adsorbed hydroxyl and
hydroperoxyl intermediates (*OH and *OOH).# In fact, an optimal ORR catalyst should bind *OH around 0.1-0.15 eV more weakly
than Pt(111).412,2021,22

A common approach to weaken the binding energy of the ORR intermediates is the alloying of Pt with early (e.g. Sc, Y) or late
(e.g. Fe, Co, Ni, Cu) transition metals (M).20:23.24.25,26,27 |nspired by the discovery of the exceptional ORR activity of Pt3Ni(111) in
acidic medium,1> several groups have synthesized PtxNi nanoparticles with high performance.282930.31 The type and amount of
alloying material have a considerable impact on the ORR activity (a detailed summary is given in reference 32). The improved
performance of Pt alloy catalysts compared to pure Pt is often explained by the presence of so-called ligand and strain effects.
Ligand effects arise from the combination of Pt atoms with dissimilar neighbouring atoms, which influence their electronic
structure and adsorption behaviour.3334 Strain effects originate from different interatomic distances at the surface compared to
the bulk of pure Pt.3>36:37

Although it is widely accepted that ligand and strain effects play a key role in the superior ORR performance of Pt alloys, the
nature of their active sites remains elusive. A plausible strategy to fill this void is the combination of an in-situ technique together
with computational modelling to assess the conditions for optimal performance. As the experimental approach, we chose
electrochemical scanning tunnelling microscopy (EC-STM) under reaction conditions as it can map the electrode surface with a
resolution down to the nanometre or even atomic scale while at the same time allowing potential control. The method can identify
active sites by noise features in the EC-STM signal.13.14,38,39,4041,42 By introducing a reaction at the electrode/electrolyte interface,
the tunnelling barrier experiences spatial and time-dependent changes. Since the tunnelling barrier and its properties mainly
govern the recorded STM signal and its stability, the noise arising under these conditions can be interpreted as a perturbation
induced by a catalytic event.*! In short, an increase in the noise level of the STM signal indicates the presence of active sites and
can even reveal quantitative information about the local activity.144! To illustrate the abilities of the “noise”-EC-STM (hereon
referred to as n-EC-STM) technique for the investigation of Pt alloys under ORR conditions, we used the high-performing model
system Pt3Ni(111) in an acidic medium. Here, we find (111) terraces as the most active sites for the ORR. Furthermore, we observe
sites of different coordination, such as step sites with either slightly inferior or comparable activity to the (111) terrace sites. In
order to support the experimental data and extend our conclusions to other alloys, a computational model based on alloy-sensitive
generalized coordination numbers was elaborated. According to this model, both “overcoordinated” and “undercoordinated”
defects lower the activity on Pt3Ni(111) terraces, in line with our experimental observations. The strength of the model is to
quantify strain and ligand effects in simple geometric terms and outline the strain-composition-coordination conditions for optimal
binding. To test the predictive power of the model, the approach based on alloy-sensitive generalized coordination numbers is
extended to a broader range of alloys, e.g., to PtsM bulk alloys (M = Ti, Co, Cu) and PtCu near-surface alloys and compared to
experiments.

Since the findings on the alloy materials deviate substantially from the case of pure Pt(111), we observe that to give rational
directions for optimal ORR electrocatalysts, it is vital to combine experimental in-situ scanning probe techniques and
computational models involving morphology- and composition-sensitive descriptors.

Methods

Experimental Details

Sample Preparation. Prior to the electrochemical measurements, the Pt3Ni(111) single-crystal disk electrode (@ 5 mm, MaTecK)
was repeatedly sputter-cleaned under ultra-high vacuum (UHV) conditions using an Ar*-beam of 10 pA ion current and 1 kV
voltage. It was annealed for 10 min after each sputtering step, and the temperature was stepwise increased up to 1050 K. After
the last annealing step, the sample was slowly cooled down to room temperature.

LEED. A commercial low-energy electron diffraction (LEED) apparatus (SPECTALEED, Omicron NanoTechnology GmbH) was
employed to assess the quality of the surface order in a dedicated UHV chamber operating at a base pressure of = 3 x 10-1° mbar.
The chamber contains all the necessary facilities for surface cleaning and sample preparation. Some artefacts in the LEED patterns
arising from a deterioration of the fluorescent screen were removed by computer software for ease of inspection.



LT-STM. Low-temperature scanning tunnelling microscopy (LT-STM) experiments were performed using a CreaTec instrument
under UHV conditions (p = 1019 mbar) at a temperature of 6 K. The sample was prepared by cycles of argon ion sputtering (at 1 kV)
and annealing at a maximal temperature of 1050 K. For selected preparations, CO was dosed onto the surface to aid tip formation.
Images were recorded in the constant-current mode; the respective imaging parameters are given in the figure captions. The
images were subjected to standard corrections, i.e., plane-subtraction, global brightness/contrast adjustments, and fast Fourier
transformation (FFT) filtering using the Nanonis image viewer software and the WSxM software?3.

Electrochemical Measurements. The quality of the crystal was probed by performing cyclic voltammetry (CV) experiments in Ar-
saturated (Argon 5.0, Westfalen, Germany) electrolytes at 50 mV s1scan rate. To study the ORR electrocatalytic activity,** rotating
disk electrode (RDE) (Pine Instrument Company, USA) experiments were performed in O,-saturated (Oxygen 4.5, Linde, Germany)
solutions at 1600 rpm rotational speed and 50 mV s'1scan rate. Results were iR-corrected for the electrolyte resistance obtained
from electrochemical impedance spectroscopy (EIS) measurements. The experiments were performed with a BioLogic VSP-300
potentiostat (BioLogic, France). The electrolyte was 0.1 M perchloric acid (HCIO4, Suprapur, Merck, Germany). The potentials were
recorded either against a mercury-mercurous sulphate electrode (MMS, Sl Analytics, Germany) or a reversible hydrogen electrode
(RHE, HydroFlex®, gaskatel, Germany). The potential values (U) are calibrated against each other via: Ugse = Upms + 0.66 V +
0.059 V * pH. The reference electrode is indicated in the indices. The electrochemical setup was completed by a Pt wire counter
electrode (99.9%, Goodfellow, Germany). The cell was regularly cleaned with “Caro’s acid”, i.e., a 3:1 ratio of H,SO4 (96%, Roth)
and H,0,(30%, Roth) and subsequently rinsed with boiling ultrapure water multiple times.

n-EC-STM. All EC-STM experiments were performed using a MultiMode EC-STM/EC-AFM scanning probe microscope (Veeco
Instruments) connected to a NanoScope Il scan feedback controller and a Universal Bipotentiostat (Veeco Instruments). The STM
tips were mechanically ripped from a Ptgolryo wire (GoodFellow, @ 0.25 mm) and subsequently isolated using Apiezon wax.% The
crystal was clamped between a homemade stainless steel sample holder and a polytetrafluoroethylene (PTFE) ring. The PTFE ring
exposed a sample area of 0.126 cm?2 to the electrolyte. The reference and counter electrodes (Pt wires, MaTecK, @ 0.5 mm, 99.99
% purity) were immersed in the electrolyte next to the STM tip. Due to the small dimensions of the electrochemical cell in the STM
setup, a Pt wire as a quasi-reference electrode was required. Even though a direct transfer into, e.g., RHE-scale is not possible, its
use has proven reliable for n-EC-STM measurements.131438 All measurements were conducted at room temperature with the
electrolyte exposed to air. More details on the methodology of the n-EC-STM method can be found in reference 13, in the results
and discussion section of the main text of this article, and in section S3 of the Supplementary Information (Sl).

Density Functional Theory (DFT) Calculations

The spin-unrestricted DFT calculations were made with the Vienna ab initio simulation package (VASP)“® using the Perdew-Burke-
Ernzerhof (PBE) exchange-correlation functional4’ and the projector augmented-wave (PAW) method.*® The (111) surfaces of the
PtsM (M = Ni, Ti, Co, Cu) bulk alloys, and PtCu near-surface alloys (NSAs) were modelled with 2x2 supercells, whereas the (533)
and (221) surfaces were modelled with 2x1 supercells. These supercells are large enough to avoid artificial lateral interactions
between the adsorbates. For instance, the difference in the adsorption energy of *OH between the 2x2 (111) cell we used and a
3x3 (111) cell is only 0.01 eV for pure Pt. All slab models contained four metal layers and were modelled based on lattice constants
of 3.98, 3.90, 3.88, 3.89, and 3.95 A for PtCu NSAs, PtsCu, PtsNi, PtsCo, and PtsTi, respectively. The two topmost surface layers and
the adsorbates were allowed to relax in all directions, whereas the bottommost layers were fixed at the bulk equilibrium positions.
We used a plane-wave cut-off of 450 eV, kgT = 0.2 eV and subsequent extrapolation of the total energies to 0 K, and the conjugate-
gradient optimization scheme until the maximal force on any atom was less than 0.05 eV A-. Monkhorst-Pack meshes?*® of 6x6x1,
6x3x1 and 6x4x1 for the (111), (533) and (221) facets ensured the convergence of the adsorption energies within 0.05 eV. (111)
terraces were used to emulate experimental terrace sites, while (533) and (221) slabs (with (100) and (111) defects, respectively)
were used to emulate areas around steps. Both facets have long enough terraces of 4 atoms with converged generalized
coordination numbers for step-edge, terrace and bottom sites. The adsorption sites are illustrated in Figure S9. The vacuum layer
between periodically repeated images in the vertical direction was larger than 14 A and dipole corrections were applied. The data
for pure Pt were taken from previous studies.5® H,O and H, were calculated by sampling the T"-point only in cells of 15 A x 15 A x
15 A and using ksT = 0.001 eV. The computational hydrogen electrode (CHE) was used to describe the energetics of proton-electron
pairs. We modelled the ORR via an associative pathway, in which O, is sequentially transformed into *OOH, *O, *OH, and H,0,°
see section S5.1 in the SI. The free energies were approximated as AG = AEppr + AZPE — TAS + AEgo1vation, Where AEpgr is the
DFT-calculated energy of reaction, AZPE is the zero-point energy change (calculated also with DFT making use of the harmonic
oscillator approximation), and TAS is the entropy change at 298.15 K. As customary for ORR models based on the CHE, AS includes
no entropy for the adsorbates and all the contributions for H, and H,0.3¢ Solvent-adsorbate interactions were incorporated as an
external correction depending on the adsorbate and the alloy.5! The assessment of generalized coordination numbers, activity
enhancements, specific values of the gas-phase, liquid-phase, and solvent-adsorbate stabilization corrections, together with the
adsorption free energies and the converged Cartesian coordinates, can be found in the SI, section S5.



Results and Discussion

In the following, we will provide a comprehensive approach consisting of high-resolution, in-situ experiments combined with DFT
calculations to elucidate active sites on Pt alloy catalysts for the ORR. We will use the experimental technique on the Pt3Ni(111)
surface, which is state-of-the-art for ORR catalysis. In order to assure a well-defined model system the Pt3Ni(111) single-crystal
surface was characterized using surface science and electrochemical techniques. Figure 1a shows a typical LEED pattern imaged
on the fluorescent screen. From the hexagonal arrangement of the diffraction spots, the (111) orientation of the surface is
confirmed, with no evidence of reconstructions altering the surface periodicity.21.52 In addition, Figure 1b recounts a typical LT-
STM measurement on the surface of the freshly prepared crystal, where the (111) surface can be distinguished with atomic
resolution. High-symmetry directions are marked in the image. Additional images are included in Figure S1. As a rough estimate,
the Pt-Pt interatomic distance was extracted from these images as 2.61 + 0.07 A. We note that the error accounts only for the
statistical deviation between the different LT-STM images made on Pt3Ni(111). In addition, systematic error sources can lead to a
larger deviation, which is not included in the error given here. More details on the determination of the lattice constant and the
consideration of errors are given in section S1 of the SI.

Assuming a literature value of 2.77 A for Pt(111),5° the decrease of the PtsNi(111) lattice constant compared to the unstrained
Pt(111) surface is 5.8 + 2.5 %. Given this substantial amount of compression, strain effects are bound to play a crucial role in ORR
electrocatalysis.

The electrochemical performance of the Pt3Ni(111) surfaces was tested in 0.1 M HCIO4. The voltammetric curve shown in Figure
1c is in agreement with the literature, where the typical peaks attributed to surface oxidation and reduction are present. At
potentials lower than ca. 0.3 Vrue, the features can be attributed to the ad-/desorption of hydrogen, whereas the features at
around 0.8 Vgue can be assigned to OH ad/desorption.?553 The ORR performance (Figure 1d) was evaluated in RDE experiments,
and a specific ORR activity of 7.6 mA cm2 (normalised to geometric area) was obtained at 0.9 Vgrue. This is slightly higher than the
activity reported at room temperature in previous works.>3 Table S1 provides a detailed comparison of ORR activities and shows
that the Pt3Ni(111) surface is the most active among PtM (M=Ni, Co, Cu) alloys of various crystal orientations. In the past, it was
observed that a pure Pt layer forms on the surface of a PtM bulk after electrochemical cycling in acidic media. The compressive
strain introduced thereby on the Pt surface leads to a downshift of the d-band centre,’> weaker average binding of the ORR
intermediates to the surface,>*°55 and better ORR performance. The dissolution of the other transition metal atom in the alloy
(known as de-alloying) can indeed induce significant changes in the activity of numerous Pt alloys, as recently reported.>”
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Figure 1. Surface science and electrochemical investigation of the freshly prepared Pt3Ni(111) surface. a) LEED image at a primary electron energy of 73 eV. b)
High-resolution LT-STM image confirming the (111) orientation (tip-sample bias: -10 mV; tip set-point: 3.0 nA). c) CV in Ar-saturated 0.1 M HCIO, at a scan rate
of 50 mV s'.. d) Anodic scan of the polarization curve in O,-saturated 0.1 M HCIO, recorded at 1600 rpm and a scan rate of 50 mV s'1, 85% iR-corrected.
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Figure 2. a) n-EC-STM measurement of a flat Pt3Ni(111) surface containing a single step edge marked by a white line. When the reaction is turned “on”, a
considerable increase in the noise level is detected. The extent of the noise level suggests that terrace sites are as active as step sites. b) Line scans across the
step edge in (a). The centre of the step is marked by a red diamond-shaped pin. c,d) Histograms of the signal derivatives for step and terrace sites (see main text
for details). From the FWHM of the Gaussian fit, it can be assumed that terrace and step sites contribute comparably to the overall activity. Colour code: “off”
(black), “on” (green). Note that the interatomic distance between Pt atoms is ca 0.27 nm.

Experiments on copper underpotential deposition and stripping (Figure S2) indicate that the surface of PtsNi(111) in contact with
the electrolyte indeed contains only Pt, as the charge of Cu stripping is close to the expected value for a Cu pseudomorphic
overlayer on Pt (we note that Cu deposition is not possible on Ni atoms under these conditions for thermodynamic reasons).>85°

In the next step, n-EC-STM measurements were performed to determine the location of the active sites responsible for the
enhanced ORR performance compared to pure Pt(111). Figure S3 illustrates the working principle of this technique.’314 In n-EC-
STM, the electrolyte serves as a tunnelling medium. The sample potential can be varied such that a reaction at the electrode-
electrolyte interface is enabled (reaction “on”) or hindered (reaction “off”). When the reaction is turned “on”, the noise level of
the STM signal increases compared to reaction “off” if the tip is scanning over an active site. This is because the stability of the
STM signal depends on the tunnelling barrier, which is governed by changes in the electrolyte,® species being adsorbed on the
electrode surface,®! and the movement of various species within the tunnelling gap.52 We note that in this context “STM signal”
refers either to tip-sample distance (height) or to the tunnelling current, depending on the chosen STM imaging mode. The distinct
and confined noise level increase of the STM signal over the active sites can be exploited to in-situ locate them. An example of the
high resolution of the technique is given in Figure S4, along with further details. To determine the sample potentials that can be assigned
to reaction “on” and “off” conditions, a CV is recorded in the EC-STM setup versus the Pt quasi-reference electrode (Figure S3c). A
potential of 0 mVp: is chosen to correspond to the reaction “off” conditions as the respective measured overall sample current is
approximately zero. For reaction “on”, a negative potential was applied to the sample. Experimental parameters such as the
potential for reaction “on”, current set-point and tip potential are given in Table S2.

Figure 2a depicts an n-EC-STM measurement across the flat (111) surface containing a single step (marked with a white line).
During the scan, the sample potential was alternated between 0 mVp: (“off”) and -100 mVp: (ORR “on”). When the reaction is
turned “on”, a considerable increase in the noise level is observed compared to when no reaction takes place. The noise manifests
itself as irregularly occurring values of high intensity in the STM signal, which can be seen as white dots in the STM image and
spikes in the corresponding profile (line scans as given in Figure 2b). On the (111) terrace, the noise is homogeneously distributed,



indicating that the surface consists of equally active sites. Additional confirmation that terrace sites are homogenously active and
show comparable noise levels, and thus similar activity, is included in Figure S5, where an n-EC-STM measurement was performed
across a flat surface. In the region of the step edge, the noise seems to have the same extent as for terrace sites. In Figure 2b, line
scans (height profile in scan direction) across the step are given for both reaction “on” and reaction “off”. A diamond-shaped red
pin marks the position of the step. It seems that the noise level (height and density of the spikes) is similar at step and terrace
sites.

A semiquantitative approach helps strengthen the qualitative indications provided by the STM images.* First, the data were
divided into step and terrace sites. The data points assigned to step sites were extracted from the centre of the step to a scan size
of 5 nm in each direction. In the corresponding waterfall plot (Figure 2b), the position of the step is marked by the red diamond-
shaped pin, and the arrow around the pin indicates the data attributed to the step sites. Another arrow marks the dataset for
terrace sites, which was also confined to a width of 10 nm. Second, the STM signal (height z) was derived with respect to adjacent
data points (in scan/x-direction) recorded during the scan (6z/6x). Third, histograms of these signal derivatives were rendered
using a bin size (intervals in 6z/6x-direction) of 0.2 for all images. To account for different sizes of datasets, the histograms are
normalized to the number of data points taken for the respective dataset (“normalized counts”). Following the quantification
approach reported previously,14 the histograms were fitted by a Gaussian distribution, and the full width at half maximum (FWHM)
was extracted to quantify the noise level.

The correlation between the FWHM and the noise level is the following: at low noise levels, there is not much signal distortion,
and the corresponding histogram shows a narrow distribution with a small FWHM. Analogously, at high noise levels, the signal
experiences distinct fluctuations and shows a broad histogram with a large FWHM. Figure 2c-d give the histograms for step and
terrace sites, respectively, and compare reaction “off” (black) and “on” (green). If no reaction takes place, the histogram is narrow,
which is indicative of a low noise level. Conversely, when the ORR is ongoing, the histogram broadens, corresponding to a high
noise level. The FWHM and height of the Gaussian fit curve, which serve as a measure for the noise level, are listed in Table S3 for
all n-EC-STM measurements. Interestingly, there is no significant difference in the noise level of steps and terraces under reaction
conditions, suggesting that these sites are equally active.



To further relate the nature of active sites to the applied potential, additional n-EC-STM images were recorded. In Figure 3,
two regular step edges of the (111) surface are visible. In the first part of the image, the reaction was switched “off”, while the
second part, recorded at -50 mVp;, marks the onset of the reaction (see CV in Figure S3c). In the following, the potential was
lowered stepwise to -200 mVp:, which is equivalent to an increase in the ORR current. In the last part, the reaction was switched
“off” to confirm the “reversibility” of the noise. We observe that the overall extent of the noise level is stronger with increasing
“overpotential” in Figure 3a. The extent of the noise level is linked to the activity, which is comparable for step and terrace sites.
This can be seen more easily in the corresponding line scans in Figure 3b, taken for the step on the left side. Line scans across the
left step edge exclude the potential of -200 mVp: as it drifted out of the scan range.

Additionally, quantitative confirmation is given in the histograms in Figure 3c-d. For each applied potential, the FWHMs of step
and terrace sites are comparable. Besides, it becomes apparent that the overall noise level increases with decreasing potential.
This is understandable since an increased reaction rate leads to stronger fluctuations in the tunnelling medium and, thus, more
signal noise.1* Additional measurements are included in Figures S6 and S7. In Figure S6, step and terrace sites are comparably
active, whereas in Figure S7 step sites are less active than terrace sites.

Itis important to note that the appearance of a homogenous noise level on the Pt3Ni(111) terraces, and the similar/equal noise
level at the step sites are indeed due to a similar/equal activity and not caused by an insufficient resolution of the technique. In
fact, the n-EC-STM method benefits from resolution in the nanometer regime. This was shown in previous works for active Pt step
sites on a Pt(111) surface for the ORR (see also Figure S4),13.14 studies of transition metal nanoislands on a support material,13.42
and by the atomic resolution of active step and defect sites on carbon-based catalysts.3941 We emphasize again that the noise level
in the measurements, which can be quantified in histograms as shown before, is directly proportional to the local activity. This
correlation can be harnessed to extract useful electrocatalytic properties such as turnover frequencies and local onset potentials,
capitalizing on a nanometre-scale resolution of n-EC-STM.14.41,42
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Figure 3. a) n-EC-STM measurement of two regular step edges on the Pt3Ni(111) surface. During the recording of the image, the potential was varied according
to the colour code. With decreasing potential (i.e. increasing ORR current), the noise features get more pronounced and a higher density of high-intensity spots
is observed. The noise level of step and terrace sites seems comparable. b) Waterfall plot comprising the high profile in scan direction across the step marked in
(a). From the data, histograms for the (c) step and (d) terrace sites were compiled. The histograms broaden and lose intensity with increasingly negative potential,
suggesting a higher noise level. For each potential, the curves for step and terrace sites are comparable, suggesting their similar ORR activity.



Therefore, we conclude that the Pt3Ni(111) surface consists solely of active sites, which is deduced from the homogeneous
appearance of the recorded noise. The observation that the (111) facet is the most active among the low-index PtsNi(hkl) surfaces
was stated beforel> and used to synthesise high-performance octahedral PtsNi particles.®® It was explained by comparing the
binding energy of *OH on Pt3Ni(111) to Pt(111). Calculations show that an optimal ORR catalyst should bind *OH ~0.10 to 0.15 eV
more weakly than Pt(111).2922 From experimental data (see also Tables $9-510),15 it was extracted that PtsNi(111) binds *OH ~0.13-
0.14 eV weaker than Pt(111).57 This shows that the binding of intermediates is almost optimal on Pt3Ni(111) surfaces, explaining
why they are the most active areas.

Experimentally, the role of step sites in the catalytic process is difficult to evaluate. Hoshi et al. studied stepped Pt3Ni(111)
single crystals to probe the role of (111) and (100) step sites on the ORR activity.>3 They concluded that sites at or close to (100)
steps are more active than (111) steps or regular (111) terraces. However, the authors concluded that from a macroscopic activity
study of stepped single crystals, such that the role of the (111) terrace sites contributing to the overall measured activity can by
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Figure 4. Computational modelling of the ORR on Pt-based electrocatalysts. a) DFT-calculated binding energies of *OH on a wide variety of pure Pt sites. The linear fit together with
its associated mean and maximum absolute errors (MAE, MAX) are provided. The gray band around the linear fit corresponds to + 2MAE. Top inset: assessment of the generalized
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site, B: step-bottom site, s: strained site. The subsurface coverage of Cu in ML is provided for PtCu near-surface alloys. c) Activity enhancement (AEps) with respect to Pt(111) as a
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Lattice strain (%) is provided in each case. Bottom inset: comparison between experimental and calculated activity enhancements. Scaling the DFT-calculated enhancements by
0.72 renders a MAE of 0.12.



no means be neglected. In our study, which benefits from high resolution and is performed under reaction conditions, we observed
step sites of less (Figure S6) and equal (Figure 2, Figure 3, and Figure S5) activity compared to terrace sites. Unfortunately, n-EC-
STM is unable to ascertain the orientation of the step edges. With these observations in mind, we assume that the highly active
step edges are presumably oriented in a (100) fashion, whereas the less active steps may be (111)-oriented. To compensate for
this inherent drawback of the technique and reach a more thorough assessment of the nature of active sites on Pt3Ni(111) and
akin alloys, we resort to a structure-sensitive computational electrocatalysis model, which is introduced in the following.

The simplest geometric descriptor for active sites at pure metal surfaces is the coordination number (cn), which is a count of
the nearest neighbours around the active site, assuming that all neighbours are identical and equivalent to those in the bulk of the
material. A first-order extension called “generalized coordination number” (CN) allows distinguishing between inequivalent
nearest neighbours by considering the second-nearest neighbours in the count.2264 In doing so, it is feasible to capture finite-size
effects and directly compare sites at nanoparticles and extended surfaces, and make activity predictions.®>%¢ Moreover,
compressive and tensile strain can be incorporated in simple terms into generalized coordination numbers (denoted as CN*).50
However, neither the conventional nor the generalized coordination numbers are suitable for alloys, in which ligand effects are
present, often in combination with strain effects. So far, this has prevented the elaboration of a unified geometric picture for alloys
and pure metals and motivated the elaboration of more sophisticated analyses.67.6869

A step forward is taken in Figure 4a, which provides a simple method for incorporating alloying effects into CN*. First, a
calibration curve with mean and maximum absolute errors close to chemical accuracy (MAE = 0.03 eV, MAX = 0.10 eV) is made
based on *OH binding energies and CN* for pure Pt sites. Subsequently, the curve is used to estimate the CN* of sites at PtsM
alloys (M = Cu, Ni, Co, Ti), as shown in the top inset of Figure 4a. From the difference between those numbers and the values
obtained for analogous pure Pt sites, it is possible to calculate the equivalence of an M neighbour in terms of Pt neighbours
(denoted ny in the bottom inset of Figure 4a, see section S6.3). On average, we find that Cu, Ni, Co and Ti atoms are equivalent to
1.70+£0.12,1.59 £ 0.25,1.48 £ 0.05, 1.42 £ 0.17 Pt atoms, respectively (ny in Figure 4a, bottom inset, see also Table S5. The ranges
include in each case at least 85% of the analysed data). These values can be used to assess the CN* on all sorts of geometric sites
on Pt3M alloys with the topmost layer consisting only of Pt atoms.

To illustrate the assessment of the alloy-sensitive CN*, we consider the example of PtsNi(111) terraces. Their *OH binding
energy is 1.10 eV which, according to the regression in Figure 4a, corresponds to CN* = 8.05. This differs from the value of pristine
Pt(111) terraces (CN* = 7.5) by 0.55 coordination units, such that a Ni neighbour in the second layer is equivalent to 1.55 Pt
neighbours (see Table S5). By averaging over several different sites, we arrived at the value of 1 Ni =1.59 + 0.25 Pt atoms for Pt3Ni
(Figure 4a, bottom inset). In the SI, section S6.3, the procedure is shown in detail, and the values are tabulated for all PtsM sites
under study. For PtCu NSAs, the procedure is analogous, except that the subsurface Cu coverage and the number of Cu neighbours
around the active sites need to be considered. Once the CN* of the alloy sites are known, their ORR activities can be predicted
with the coordination-activity plot in Figure 4b, which correlates the ORR limiting potential (AU) and the generalized coordination
of the active sites.?2:50

The findings listed below support our experimental results and past activity measurements on bulk single crystals.26:53,70
Furthermore, they provide insight that goes beyond such reports:

e Pt3Ni(111) terraces (blue (111)-T in Figure 4b) are the most active sites, while some terrace sites near step edges are close
in activity (e.g. blue (221)-T), and step-bottom sites are less active (e.g. blue (221)-B).

e Although Pt3Co(111) terraces (red (111)-T) are considerably more active than Pt(111), they are less active than Pt3Ni(111)
terraces.

e  Ptsites strained as much as in Pt3Ni (s = -2.31%) but with no Ni neighbours are more active than Pt(111); depending on
the geometry of the active site, they can be more or less active than sites with Ni neighbours. In particular, the limiting
potential of step-bottom sites at strained Pt(533) (s-(533)-B) is similar to that of Pt3Ni(111) terraces (blue (111)-T),
suggesting that strained step-bottom areas with low or no Ni content can be rather active for the ORR.

e NSAs of Pt and submonolayer amounts of Cu are more active than Pt(111), and 0.5 ML Cu in the subsurface render (111)
terrace sites more active than Pt3Ni(111) terraces because of ligand effects.

e Asa general trend, step-edge sites on pure and alloyed Pt surfaces are rather undercoordinated (CN* = 6.0), bind *OH
strongly, and hence display low ORR activities, see section S5.3.

It is possible to go beyond the coordination-activity plot to predict the relative activity of the catalysts by virtue of the individual
contributions of their active sites. This is done in Figure 4c, where we correlate the Boltzmann-weighted CN* of several Pt-based
electrocatalysts and their activity enhancement (AE) with respect to Pt(111) using a simplified version of the Butler-Volmer
equation, see section S6.4 of the SI. Figure 4c confirms that Pt3Ni(111) is close to the top of the volcano and that step edges (as



found in Pt3Ni(221) and Pt3Ni(533)) lower the activity. Nonetheless, the enhancement of all Pt3Ni alloys compared to Pt(111) is
substantial. Pt3Co(111) is less active than PtsNi(111) and (100) steps render slightly less active alloy surfaces. Pt3Ti is less active
than Pt3Co and Pt3Ni, which has been verified experimentally for polycrystalline electrodes.?! Finally, steps do not seem to modify
the activity of PtsCu, but ligand effects substantially modify the activity of PtCu NSA electrodes. In particular, PtCu(111) NSAs with
a subsurface coverage of 0.5 ML Cu surpass the activity of PtsNi(111), in line with experiments.26

The top inset of Figure 4c shows how the interplay of ligand and strain effects (described by ny and the percentage of lattice
compression) grant PtsNi(111) the largest activity enhancement among the analysed PtsM(111) alloys. Finally, the results are
compared to experimental data in the bottom inset of Figure 4c. We note that DFT models tend to overestimate electrocatalytic
activities, in particular around the volcano apex.3¢ For instance, the highest reported activity enhancement in our dataset is that
of PtCu NSAs with 0.5 ML Cu (AE.x, = 2.08),%6 which is equivalent to 72% of the calculated one. We used that number as a scale
factor for all other electrodes, including data for pure Pt, PtsNi, PtsCo and PtCu NSAs, and found that the mean absolute error is
only 0.12. The agreement between theory and experiments upon scaling suggests that the terms neglected in our simplified Butler-
Volmer model do not alter the trends and are relatively constant among Pt-based alloys. One such term might be the solvent
reorganization energy. Details on the assessment of AEpsr and specific values can be found in sections S6.4 and S6.5.

In sum, Figure 4 explains that a suitable interplay of strain and ligand effects can push a Pt-based material toward the ORR
activity optimum, and opens the path toward the computational design of electrocatalytically active sites with both structural and
compositional predictiveness.

Conclusion

We applied n-EC-STM on a Pt3Ni(111) single-crystal electrode to identify the active sites towards the ORR in acid. We found that
the most active sites are located on the basal plane of PtsNi(111), in contrast to pure Pt, where they are located at concave sites
close to the steps. Here, a homogenously increased noise level suggests that all sites are equally active. Step sites were found to
be either slightly less or similarly active compared to terraces. Furthermore, we devised alloy-sensitive generalized coordination
numbers and created site-specific and material-specific ORR activity plots. We were able to assess how much Co, Niand Cu increase
the generalized coordination of Pt surface sites by virtue of strain and/or ligand effects. We observed that the combination of such
effects is nearly optimal in Pt3Ni(111), insufficient to reach the top of the activity plot for Pt3Co(111) and Pt3Ti(111), and
unnecessarily large for Pt3Cu. Ligand effects in PtCu NSAs also enhance the activity with respect to pure Pt depending on the
subsurface Cu coverage. With this report, we expand the current knowledge and design principles of active sites for the ORR from
pure Pt to Pt alloys in acidic medium. We anticipate that the interplay of experimental and computational tools shown here is
useful to outline the structure and composition of the active sites for numerous other alloys and electrocatalytic reactions.
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