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Abstract1

Platinum dissolution and restructuring due to surface oxidation are primary degradation2

mechanisms that limit the lifetime of Pt-based electrocatalysts for electrochemical energy3

conversion. Here, we studied well-defined Pt(100) and Pt(111) electrode surfaces by in situ4

high-energy surface X-ray diffraction, on-line inductively coupled plasma mass spectrome-5

try, and density functional theory calculations, to elucidate the atomic-scale mechanisms of6

these processes. The locations of the extracted Pt atoms after Pt(100) oxidation reveal distinct7

differences from the Pt(111) case, which explains the different surface stability. The evolu-8

tion of a specific stripe oxide structure on Pt(100) produces unstable surface atoms which are9

prone to dissolution and restructuring, leading to one order of magnitude higher dissolution10

rates.11

Introduction12

The degradation of Pt catalysts for the cathode reaction in fuel cells is linked to their electrooxida-13

tion and dissolution.1 Both these processes are arguably even more complex than the actual energy14

conversion via oxygen reduction and have been studied for a long time, mainly on polycrystalline15

and supported nanoparticle catalysts. Single-crystal studies offer the prospect of a more detailed16

understanding of these processes at the atomic level 2–11. Some such studies followed these pro-17

cesses with potential cycling, where it is known that the surface restructuring over many cycles18

leads to a roughened surface, and that dissolution is enhanced during oxide reduction.12–22 Expla-19

nation of this behaviour generally invokes a place exchange (PE) process, in which a Pt surface20
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atom leaves its lattice site and oxygen penetrates into the metal lattice. On Pt(111), pioneering21

studies demonstrated that PE can be directly observed by surface X-ray diffraction (SXRD).4, 5
22

More recent SXRD measurements confirmed this 18, 23–25 and allowed structural refinement, show-23

ing that the exchanged Pt atom lies 2.4 Å above its original lattice site,18 in good agreement with24

density functional theory (DFT) studies of this process.26–28 In contrast to Pt(111), other Pt crystal25

faces show distinct differences in the oxidation and dissolution behaviour.10, 12, 14, 29 This has been26

qualitatively explained by the more open arrangement of the surface atoms, but precise atomic27

level data are scarce. Thus, clear structure-reactivity relationships, which e.g. would guide the28

development of tailored Pt catalysts, are still lacking.29

We here present detailed structural studies, focussing on the precise atomic motions in these early30

stages of oxidation. By correlating in situ SXRD measurements, which reveal how the place-31

exchanged Pt atoms are arranged in the initial stages of surface oxidation, with detailed DFT32

studies of this process, a direct comparison of the elementary processes underlying Pt(111) and33

Pt(100) oxidation becomes possible. Our study reveals a sharply different mechanism for the34

oxidative extraction of Pt atoms out of the two surfaces, providing a detailed explanation for the35

enhanced dissolution on Pt(100), observed by on-line mass spectroscopy.36

Results37

Dissolution and surface restructuring by electrooxidation. According to cyclic voltammetry38

(CV) studies, the onset of Pt oxidation is marked on these two surfaces by a current peak above39
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1.0 V (labelled Oads in Fig. 1b, c and Extended Data Fig. 1). However, the CV of Pt(100)40

irreversibly changes in subsequent cycles, whereas that of Pt(111) remains stable for an upper41

potential limit (UPL) of / 1.15 V and thus can be mistaken for an oxidation process without42

surface restructuring.7, 12, 29 The (ir)reversibility of the CVs is mirrored in the Pt dissolution rates43

obtained by inductively coupled plasma mass spectrometry (ICP-MS) in a (capillary) scanning flow44

cell (CSFC and SFC) with results summarised in Fig. 1a,d. The facet dependent trends are readily45

apparent. At sweep rates of ' 10 mV/s, no dissolution is seen for either surface for CVs with46

an UPL of 1.0 V, in agreement with previous results.14, 16 When increasing the UPL, the onset of47

significant anodic dissolution due to Pt oxidation is observed for Pt(100) as soon as the Oads peak48

begins, while for Pt(111) the onset only occurs at potentials above 1.2 V. Cathodic dissolution49

during the oxide reduction is observed for both surfaces at UPLs≥ 1.1 V; however, the dissolution50

of Pt(100) exceeds that of Pt(111) by about one order of magnitude. The onset and amount of51

dissolution depends on the precise time-potential program, reflecting the slow oxidation kinetics,14
52

but the enhanced rates for Pt(100) as compared to Pt(111) are found in all experiments. It is noted53

that the amount of oxide formed in both cases is comparable, only about 20% higher for Pt(100)54

(as seen from the integral of the oxidation peaks in the CVs). Thus, the significant difference in55

dissolution rates points towards a fundamentally different oxidation behaviour of the two surfaces.56

Similar facet dependent trends have been found in previous comparative studies of the dissolution57

behaviour of Pt(100) and Pt(111)14, 16, but these do not link the difference to the oxide structure58

and also do not provide mechanistic explanations, due to the lack of knowledge on the structural59

changes during surface oxidation. Rev.
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Fig. 1. Dissolution and atomic-scale structural changes during Pt oxidation. (a) Pt dissolution
during cycles at 50 mV/s to increasingly positive potential limits (UPL) obtained using the capillary
scanning flow cell, illustrating that the cathodic dissolution during oxide reduction is significantly more
pronounced on Pt(100). X-ray intensity changes at the anti-Bragg positions of selected crystal trunca-
tion rods and simultaneously measured cyclic voltammograms of (b) Pt(111) (data taken from Ref. 23)
and (c) Pt(100) during potential cycles at 20 mV/s. Pt place exchange (PE), indicated by the intensity
drop at the Oads peak, is initially fully reversible on Pt(111), whereas for Pt(100) it always results in
irreversible surface restructuring. (d) Potential-dependent Pt dissolution rates during a positive sweep at
10 mV/s obtained with the scanning flow cell, showing the onset of anodic dissolution. (e) Reversibility
of the PE process, determined by potential step experiments, where the potential was changed for 20
s from 0.47 V in the double layer range to a potential in the oxidation regime and then moved back to
0.47 V (illustrated in inset). The relative changes in X-ray intensity indicate that irreversible Pt surface
restructuring starts at ≈ 150 mV higher potentials on Pt(111) than on Pt(100).
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The atomic scale origin of this difference was investigated by in situ surface X-ray diffraction61

(SXRD). This technique determines the exact positions of surface atoms during the initial stages62

of oxidation, which can then be linked to the dissolution and surface restructuring mechanisms. For63

a qualitative assessment of the influence of surface orientation, we first followed reflections near64

the anti-Bragg positions of the crystal truncation rods (CTRs). Those are sensitive to the distortion65

of the ideal Pt lattice and the extraction of Pt atoms out of the surface in the place exchange66

process.4, 5, 23 Performing such measurements during potential cycles revealed that on both surfaces67

the onset of PE coincides with the Oads peak maximum (0.98 V and 1.04 V on Pt(100) and Pt(111)68

respectively), but that the subsequent structural response is very different (Fig. 1b,c).69

PE on Pt(100) results in irreversible surface structural changes, as indicated by the irreversible70

decrease in X-ray intensity after completion of one potential cycle. In contrast, the PE process71

on Pt(111) is initially fully reversible 4, 23 and only results in irreversible surface restructuring, if72

the upper potential limit exceeds 1.15 V. Here, the onset of irreversibility occurs above a critical73

coverage of extracted Pt atoms 23, which depends on potential and time in the oxidation regime. A74

more quantitative comparison of the onset of irreversible intensity changes, obtained in potential75

step experiments (Fig. 1e), indicates that these occur on Pt(111) at about 150 mV more positive76

potentials than on Pt(100), closely mirroring the onset of Pt dissolution (Fig. 1d). This unambigu-77

ously demonstrates that on single crystal surfaces dissolution and irreversible surface structural78

changes are linked. Although the latter was already stated in the work of Lopes et al.,14, 15 here the79

dissolution behavior was attributed to irreversible Pt oxide formation at the peak around 1 V, where80

on Pt(111) oxidation is still largely reversible. Furthermore, our observations resemble the in situ81
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Raman spectroscopy data by Huang et al.,10 who reported that bands associated with the formation82

of 3D α-PtO2 oxide phase occur at 200 mV more negative potentials on Pt(100) than on Pt(111).83

However, PE on Pt(111) was here proposed to occur only at ≥ 1.3 V, which is at variance with the84

SXRD results. Therefore, a clear correlation between the precise oxide structure of different Pt85

surfaces, its reversibility, and its effect on the dissolution is still lacking.86

Atomic-scale structure of the Pt oxide. To assess the difference between the reversible and irre-87

versible structural processes, we performed a detailed potential-dependent surface crystallographic88

analysis of an extended set of CTRs. An overview of all measured data sets is given in Supplemen-89

tary Note 1. For Pt(111) the surface atom arrangement was determined in our previous study.18, 23
90

At low coverage the PE was found to result only in an≈ 2 Å vertical displacement of the extracted91

Pt atom (Ptex), whereas the in-plane position remains the same. The Ptex thus is located directly92

above its original site, which is now vacated or filled with oxygen. Previous density functional93

theory (DFT) studies also found this unusual geometry and indicated that it is stabilised by three94

neighbouring oxygen adsorbates on the Pt(111) surface.27
95

Similar structural characterisation of the initial stages of Pt(100) oxidation is more difficult, be-96

cause unlike on Pt(111), the surface oxide continuously evolves over timescales of hours. This97

strongly impedes conventional SXRD measurements, which typically require 1 - 2 h recording98

time. We therefore performed in situ measurements by the novel technique of high-energy sur-99

face X-ray diffraction (HESXRD)30, which allows collection of many CTRs in just a few minutes,100

i.e., in a time period over which the structural changes in the oxide are negligible. Examples101
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Fig. 2. Atomic structure of the place exchange site on Pt(100). (a) Two of the 11 measured crystal
truncation rods (CTR) of Pt(100), obtained by in situ high energy surface x-ray diffraction measure-
ments (68 keV) at a potential slightly negative (0.95 V) and three potentials positive (1.07, 1.12 and
1.17 V) of the Oads peak in the cyclic voltammogram (Fig. 1b, Extended Data Fig. 1). The latter
exhibit significantly decreased intensities and correspond to surfaces in which 20 to 60 % of the Pt
atoms underwent place exchange. Each set of CTRs was recorded within 550 s, starting 300 s after
the potential was established. The full CTR sets are given in Extended Data Fig. 3. In addition to the
experimental data, which are offset by a factor of 10 with respect to each other, the best fit (coloured
lines) and the CTR fits for the smooth surface at 0.95 V (grey line) are shown. (b) Electron density
profile along the surface normal, obtained from the quantitative modelling of the CTRs. The bulk Pt
lattice positions are indicated by dashed vertical lines. (c) Side and (d) top view of the atomic arrange-
ment of the extracted Pt atoms (the labels correspond to the parameters in Supplementary Table 2).
(e) Potential-dependent Ptex coverage on Pt(100), obtained from the crystal truncation rod analysis,
compared with the Ptex coverage on Pt(111) (taken from Ref. 18).
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of the CTRs measured on Pt(100) are shown in Fig. 2a (see Extended Data Fig. 3 for the full102

data set). Measurements at 0.12 V (Extended Data Fig. 2 and Supplementary Figure 2, see also103

Supplementary Note 2 for further details on the data analysis) confirm that the initial surface is104

unreconstructed and exhibits negligible roughness. At potentials slightly negative of the Oads peak105

in the CV, adsorption of oxygen species is signalled by changes in the Pt surface relaxation and106

increased statistical deviations of Pt surface atoms from ideal lattice positions, characterised by107

larger Debye-Waller factors. After the onset of PE, the intensity of all CTRs substantially de-108

creases. This change cannot be described by Ptex in an on-top geometry, as in the case of Pt(111),109

or in conventional hollow or bridge sites atop the Pt surface. (see Supplementary Note 3 for de-110

tails on the data analysis). A good description of the large HESXRD data sets was only possible111

by models that assume that the majority of extracted Pt atoms reside in bridge sites with vertical112

positions that are merely 1.40 Å (dex in Fig. 2c) above the Pt(100) surface plane (Fig. 2b). These113

models allowed fitting all of the CTR data obtained at different oxidation potentials, with very114

similar structure parameters, apart from the Ptex coverage, which continuously increased up to 0.6115

ML with increasing potential (Fig. 2e, see Supplementary Table 2 for all structural parameters). It116

is noted that on Pt(111) the Ptex coverage increases more moderately, to 0.45 ML at 1.57 V.18
117

The low vertical position of the Ptex is sterically incompatible with species residing atop the sur-118

face, but can be readily explained by Pt atoms that are bound via surface or subsurface oxygen119

to the centre of a vacancy dimer. The resulting geometry distinctly differs from that of Ptex on120

Pt(111), both in terms of the coordination as well as the distances of the Ptex to the neighbouring121

atoms in the Pt surface layer (about 0.2 Å larger) and the vertical spacing of the Ptex atoms from122

9



the layer below (dex >2.23 Å18 on Pt(111), dex <1.42 Å on Pt(100), see Supplementary Table 2).123

Formation of such a vacancy dimer requires extraction of a second Pt atom from the surface layer124

(Ptad), which can be positioned as an adatom on the neighbouring Pt surface or as a slightly more125

protruded atom on the end of the dimer. However, Ptex and Ptad are not necessarily generated in126

equal numbers. For example, only one additional Ptad would be produced in the growth of a Pt ox-127

ide chain structure (Fig. 2d), similar to those found in scanning tunneling microscopy studies31, 32
128

and density functional theory (DFT) calculations 26 of Pt(111) oxidation in the gas-phase. In this129

case, the Ptad would only be formed as a minority species, not necessarily detectable in SXRD130

experiments. Indirect support for this scenario comes from CTR data obtained at 0.12 V after131

oxide reduction, which is shown in Extended Data Fig. 2. Here, Ptad in hollow sites are clearly132

present, but at coverages that are ten times lower than that of the Ptex in the corresponding oxide133

film. This suggests that also on Pt(100) the majority of Ptex directly return into surface vacancies134

after reduction.135

Mechanism of oxide formation and Pt dissolution. To further confirm the proposed structural136

development, we performed a comparative DFT study of the PE and Pt dissolution processes. We137

first calculated the Pourbaix diagrams for Pt(111) and Pt(100) (Extended Data Fig. 5) to determine138

the most stable oxygen coverage and adsorption sites as a function of pH and applied potential.139

The stabilization granted by water wetting was taken into account in the free energy assessment of140

all species (see the Methods section for further details).141

In good agreement with the experimental data (Fig. 1b,c), platinum extraction is calculated to be142
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Fig. 3. Atomistic view of place exchange and dissolution on Pt(111) and Pt(100). Free energy
landscapes of place exchange and dissolution obtained by density functional theory calculations of (a)
Pt(111) and (b) Pt(100). Corresponding schematics of the main steps in the reaction pathway are shown
in (c) and (d) for Pt(111) and Pt(100), respectively. In both cases, surface wetting by H2O is accounted
for and observed to aid the extraction process (for clarity, H2O is not shown in step (3) and (4) of (d)).
Dissolution of the first Ptex in form of Pt2+ is not favoured at low potentials (1.06 V on Pt(111), 0.98
V on Pt(100)), but becomes energetically favourable at higher potentials (1.18 V on Pt(111), 1.09 V on
Pt(100)). Further Pt extraction proceeds differently on Pt(100), where a second and third extraction is
favourable, leading to an extended extracted stripe of Pt atoms. Parallel to the stripe extraction process,
dissolution can already occur at 0.98 V through detachment of one of Pt atoms in the dimer formed after
the second stripe extraction. Top and side views of the surfaces are provided in Extended Data Fig. 6.
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thermodynamically favourable starting from 1.06 V at θO ≈ 0.67 ML on Pt(111) and ≥ 0.98 V143

at θO ≈ 0.78 ML for Pt(100) (Extended Data Fig. 4). According to energy calculations of the144

various steps in the PE process (Fig. 3a,b), PE starts on Pt(111) with Oads adsorption (Fig. 3,145

step 1) followed by the extraction of a Pt atom (step 2). In line with previous SXRD 18, 23 and146

DFT 27 studies, the extracted Pt atom is located above a vacancy, and is coordinated to three Oads147

atoms (Fig. 3c, Extended Data Fig. 6). Our extraction pathway on Pt(111) is similar to the one148

reported by Eslamibidgoli and Eikerling,27 who found that PE starts at oxygen coverages between149

0.59 and 0.75 ML. The pathway for PE on Pt(100) is substantially different from that on Pt(111)150

(Fig. 3b). Although it also starts by Oads adsorption and the extraction of a Pt atom, the high151

Oads coverage allows Pt extraction to immediately proceed at neighbouring sites. Hence, there is152

a consecutive extraction of Pt atoms that ultimately leads to the creation of a stripe of protruded153

atoms. In agreement with our experiments, the Ptex are not located above their original lattice sites154

but move sideways to a square-planar site where they are coordinated to four Oads atoms. Because155

of the latter, this arrangement is strongly stabilised, contrary to Pt(111), where stripe-like structures156

only lead to small gains in free energy as compared to isolated Ptex.26 The larger Oads coordination157

around the Ptex may lead to the Raman signature resembling PtO2, as observed for Pt(100) in this158

potential range.10 Furthermore, we note that the first Ptex of each stripe has to deviate from the159

perfect square-planar site for steric reasons (see Ptex positions after first and second extraction),160

resulting in the more weakly bound Ptad species postulated above.161

The differences in Pt(111) and Pt(100) anodic dissolution upon oxidation, i.e., the conversion of162

Ptex to a Pt ion (assumed to be Pt2+)33, can be ascribed to the different Pt extraction process. On163
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Pt(111), the Ptex are initially arranged directly above the vacancy and this is thermodynamically164

more stable than a Pt2+-vacancy pair (Fig. 3a and Methods section). Only after the potential165

increases to 1.18 V does the dissolution become energetically favourable (Fig. 3a and Extended166

Data Fig. 4). The situation is different on Pt(100) (Fig. 3b), where the dissolution is not favoured167

at 0.98 V during the first extraction, but the atomic arrangement formed after the second extraction168

is prone to dissolution. DFT calculations show this process to be exothermic and to result in the169

same structure after removal of a Ptex atom from the second and third extraction state. The reason170

for this is that in the case of dissolution from the second extraction state subsequent extraction171

of a further Pt surface atom occurs. This leads to stabilization of the system, because the formed172

dimer is now better positioned in the triple vacancy. Thus, the Ptex atoms formed in the initial173

stages of stripe formation as well as the more weakly bound Ptad at the ends of stripes are prone174

to dissolution. This explains the higher anodic dissolution rates and lower dissolution potentials175

of Pt(100) as compared to Pt(111), where no similar destabilised atoms exist. After the potential176

exceeds that for 1 ML Oads coverage (1.09 V), the dissolution can also take place during the first177

extraction step.178

The initial reversibility of PE and stability against cathodic dissolution on Pt(111) can be attributed179

to the on-top arrangement found in our SXRD and DFT studies, when the Ptex coverage is low180

and the Pt(111) lattice around the vacancy on which the Oads atoms are adsorbed remains intact.181

This on-top geometry facilitates back insertion of the Ptex into the vacancy after desorption of182

oxygen in the reduction process (∆Gex = -0.5 eV at θO = 0.44 ML, Extended Data Fig. 4) rather183

than formation of a Pt adatom - vacancy pair via detachment or dissolution in the form of Pt2+
184
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as discussed in Ref. 15. At higher Ptex coverage the oxide surface structure is more complex,185

impeding straightforward conclusions on the exact restructuring process. However, the increasing186

deviations of the Ptex from the on-top positions, observed by SXRD,18 suggest a gradual loss of the187

overall integrity of the Pt surface lattice, which may account for the irreversible surface roughening188

during subsequent oxide reduction as well as for Pt cathodic dissolution. In contrast, on Pt(100)189

we expect Pt adatoms and Pt2+ formation directly from the ends of the Ptex stripes during oxide190

reduction. Similarly, adatoms and Pt2+ are also expected to form during the oxide reduction, i.e.,191

upon a decrease in the Oads coverage. While the stripes are shortened, the remaining destabilised192

Ptad at the end of the stripe are more likely to dissolve or form adatoms.193

Conclusion194

In conclusion, the onset potentials of anodic dissolution on Pt(100) and Pt(111) correspond to195

the onset of irreversibility in the extraction of the first Pt atoms from their lattice sites as the196

surface is oxidized. According to our combined SXRD and DFT studies, the marked difference in197

behaviour of the two surfaces has its origin in the different atomic structures of the initial oxide.198

On Pt(111), the extracted Pt atom lies directly above its original site, and reversibility for low199

coverages is explained by its facile return to that site. However, on Pt(100) the extracted Pt atom200

moves laterally away from its original site and initiates immediate extraction of a second atom,201

leading to the formation of a stripe structure. This mechanism produces unstable surface atoms202

at the stripe ends, which can be dissolved both during the oxidation itself and during subsequent203

oxide reduction, making the process irreversible from its onset.204
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As shown by our data, the precise Pt extraction mechanisms during oxidation and the accompa-205

nying dissolution differ substantially on different Pt facets. This sensitivity of Pt electrocatalyst206

degradation on surface structure has to be taken into account in the quest for a knowledge-based207

approach, where highly stable catalysts are ideally predicted ab initio. While our study represents208

the first step in developing an atomistic picture of these processes for surfaces other than Pt(111)209

(which may be considered as an atypical case according to the results presented here), further210

studies are necessary, especially of more open high-index surfaces. Such detailed insight into the211

degradation mechanisms of structurally defined model systems is an important prerequisite for212

the challenging task of ab initio modelling the stability of real catalyst particles and, ultimately,213

developing rational strategies for the design of catalysts with improved stability.214

Methods215

Sample preparation. All experiments employed cylindrical Pt single crystals (Mateck, Crystal216

Preparation Laboratory) and Ar-purged 0.1 M HClO4 solution made from ultrapure water and217

suprapur R© perchloric acid (Merck). Potentials were measured versus Ag/AgCl (KClsat., SFC-ICP-218

MS or 3.4 M KCl, SXRD) reference electrodes but are reported against the reversible hydrogen219

electrode (RHE). The Pt crystals were initially cleaned in an ultra-high vacuum chamber using220

repeated Ar+-ion bombardment and subsequent annealing at 900 ◦C in 10−6 mbar oxygen. Prior221

to each experiment, the Pt crystals were prepared by flame annealing with a butane torch (SFC-222

ICP-MS) or by annealing under 2 % CO/ 98 % Ar in an induction oven (SXRD). Subsequently, the223

sample was cooled in a flow of Ar/H2 (SFC-ICP-MS) or 2 % CO/ 98 % Ar (SXRD) and transferred224
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to the cell protected either by a drop of Ar saturated ultrapure water or the adsorbed CO layer225

(SXRD, only Pt(100)). Immersion into the electrolyte was performed under potential control at226

potentials in the double layer regime. After immersion, remaining adsorbed CO was removed by227

anodic stripping.228

Dissolution measurements. The dissolution measurements at low scan rate of 10 mV·s−1 to re-229

solve the onset potentials of dissolution were conducted using the classical scanning flow cell cou-230

pled to an inductively coupled plasma mass spectrometer technique (referred to as SFC-ICP-MS,231

NexION 300X, Perkin Elmer). The working electrode (WE) had a contact area of 0.035 cm2. The232

flow rate of the SFC-ICP-MS was ca. 170 µL ·min−1. 187Re was used as an ICP-MS internal stan-233

dard for platinum. A graphite rod was used as a counter electrode and a double junction Ag/AgCl234

(Metrohm) as a reference electrode. Details on the SFC-ICP-MS measurements are given in Ref.235

34, 35. The CV experiments at relatively fast scan rates were carried out using a modification to236

the SFC-ICP-MS, referred to here as the CSFC-ICP-MS (capillary SFC-ICP-MS), which allows237

for significantly increased time-potential resolution.36 By inserting a small capillary directly above238

the working electrode (Supplementary Figure 9) and connecting directly to the ICP-MS via self-239

aspiration (bypassing the use of the peristaltic pump) delay times between the dissolution on the240

WE and ICP-MS detection can be reduced from ca. 25 to 3 s. Reduced delay times and shorter241

tubing distances limit the dispersion of dissolved species, and therefore enhance the resolution of242

dissolution rate profiles, e.g. to clearly separate anodic and cathodic dissolution signals.37 The243

relatively fast flow rate of 580 µL ·min−1 resulted in a collection efficiency >99 %. Further details244

on this new technique can be found in Ref. 38.245
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Electrochemical cell for surface x-ray diffraction. All Surface X-ray Diffraction (SXRD) ex-246

periments employed the established SXRD electrochemical cell, described in Ref. 39. Inside this247

cell, the upward facing single-crystalline surface of the crystal sample is in contact with the elec-248

trolyte via a free-standing meniscus. This geometry is similar to the hanging meniscus geometry249

commonly used in single crystal electrochemistry and minimises contributions from the defect-250

rich edges of the crystal. The amount of electrolyte inside the cell was controlled remotely using a251

motorised pump system with a precision of 1 µl. To prevent oxygen contamination, the meniscus252

was kept in Ar atmosphere and the electrolyte reservoirs were continuously purged with Ar. We253

used a high-purity Pt foil with a surface area of about 120 mm2 as counter electrode and a Ag/AgCl254

(3.4 M KCl, eDaq) reference electrode. The reference electrode was connected by a micron-sized255

hole to a glass capillary, which was filled with 0.1 M HClO4 and served as Luggin capillary and256

salt bridge. This arrangement effectively ensured negligible leakage of KCl from the reference257

electrode to the cell. The cell and all glassware and tubing that were in contact with the electrolyte258

had been previously cleaned by soaking in a 4:1 mixture of concentrated H2SO4 and 30 % H2O2259

for at least 1 day. Afterwards, all materials were rinsed and boiled repeatedly in high-purity water260

(Elga purelab ultra 18.2 MΩ cm). Cyclic voltammograms (CVs) of Pt(111) and Pt(100) in 0.1261

M HClO4 in the double layer potential region, prepared in this way and measured in the SXRD262

electrochemical cell, are shown in Extended Data Figure 1. For both surfaces, the voltammograms263

are in good agreement with those reported in the literature.29 CVs up to 0.6 V were recorded at the264

beginning of every SXRD experiment to check that a high surface quality had been obtained by265

the annealing process.266
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Surface x-ray diffraction setup. All SXRD experiments were performed at undulator beamlines267

ID03 and ID31 of the European Synchrotron Radiation Facility using a six-circle geometry and268

constant incident angle. A schematic illustration of the experimental setup is shown in Supplemen-269

tary Figure 6. The crystal inside the SXRD cell was positioned with the surface facing upwards.270

Conventional SXRD studies were performed at beamline ID03 and focused on kinetic studies of271

the Pt oxidation process by measuring the X-ray intensity at a fixed position along a crystal trun-272

cation rod (CTR). Similar as in our previous studies,17, 18, 23, 24, 40 these measurements employed a273

photon energy of 22.5 keV, a (vert./hor.) beam size of 45×750 µm2 and an angle of incidence274

of 0.3◦. A small 2D detector (Maxipix) mounted on the diffractometer arm was used to simulta-275

neously measure the crystal truncation rod (CTR) intensity and the background intensity with a276

time resolution of 0.1 s. The structure factor of the CTR at the studied reciprocal space position277

was determined by first subtracting the background intensity and then taking the square root of the278

integrated diffraction rod intensity.279

Operando high-energy SXRD (HESXRD) measurements of the Pt(100) CTRs were performed at280

the high-energy beamline ID31 at a photon energy of 68 keV. To enhance the surface contribution,281

the incident angle was kept at 0.05◦, which is below the critical angle of total external reflection.282

The beam size at the sample position was 12×48 µm2. The orientation of the surface normal di-283

rection was aligned better than 0.005◦ relative to the in-plane rotation axis, to ensure that the angle284

of incidence did not change during sample rotation. The diffracted X-ray intensity was recorded285

with a stationary, large-area X-ray detector (Pilatus 2M CdTe), which was positioned 73 cm be-286

hind the sample. This allowed covering a range of up to 12 Å
−1

momentum transfer perpendicular287
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to the surface and a range of about ±5.5 Å
−1

momentum transfer parallel to the surface. The tilt288

angles between the detector plane and the incident beam direction were determined by recording289

the Debye-Scherrer rings of a CeO2 powder calibration standard and analyzing these data with290

the pyFAI software.41 The calculations of the reciprocal space coordinates for each detector pixel291

were performed using the tilt-corrected angles. The position of all visible Bragg reflections on292

the detector and the corresponding observed sample rotations were used to accurately determine293

the orientation of the crystal as described in Ref. 42. After mounting and alignment of the Pt294

sample, the positions of the ≈ 30 Bragg reflections from the bulk crystal were masked using small295

W pieces, placed directly in front of the 2D detector. This is necessary to prevent damage to296

the detector by the intense Bragg reflections, while measuring the weak CTR intensities with the297

unattenuated incident beam. The beamstops manifest as black areas on the detector frames (see298

Supplementary Figure 8 and missing data points in the CTR profiles). In addition, the incident299

beam was blocked by a beamstop located about 10 cm behind the sample, to reduce air scattering300

background.301

Points in reciprocal space were described in terms of the Miller indices (H K L), where H and302

K correspond to reciprocal lattice unit cell vectors ~b1 and ~b2 in the surface plane and L to a vec-303

tor ~b3 along the surface normal. For Pt(100) we chose the conventional cubic reciprocal basis304

with lattice vectors |~b1| = |~b2| = |~b3| = 2π/a with a = 3.9242 Å being the Pt lattice constant.305

In the case of Pt(111) we used a hexagonal unit cell with reciprocal lattice vectors of length306

|~b1| = |~b2| = 8π/
√

6a and |~b3| = 2π/
√

3a, which is common in SXRD studies of fcc(111)307

surfaces.43 A schematic illustration of the reciprocal space geometry of Pt(111) and Pt(100) is308
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shown in Supplementary Figure 7. The Bragg reflections of Pt(111) are separated by ∆LBragg = 3309

and the ones for Pt(001) are separated by ∆LBragg = 2 along the CTRs. The absence of some310

CTRs, such as (1 0 L), (2 1 L), etc. for Pt(100), is related to the chosen fcc unit cell.311

Determination of the CTR structure factors. Crystal truncation rod (CTR) data are commonly312

presented by plotting the structure factor FHKL as a function of L. To determine these structure313

factors by HESXRD, the reciprocal space is mapped by continuously recording detector frames314

during a single rotation of the crystal around the surface normal.30 By summing up all the detector315

frames recorded during a reciprocal space mapping, the CTRs can be directly visualized (Supple-316

mentary Figure 8, vertical lines). Since the unit cell of Pt(100) has a rotational symmetry of 90◦, a317

110◦ rotation was sufficient to collect all symmetrically non-equivalent CTRs. An angular resolu-318

tion of 0.05◦ was chosen to achieve high enough reciprocal space resolution at the low L values of319

the (3 1 L) CTR. From these data, the CTR structure factors were determined using the binoculars320

software.44 Here, first correction factors for solid angle and polarisation are applied to the mea-321

sured intensities.45 Then, a 3D representation of the reciprocal space is calculated by binning the322

intensities of each individual pixel, using the reciprocal space coordinates on each frame. For the323

analysis of the Pt(100) data, bin sizes of ∆H = 0.002, ∆K = 0.002 and ∆L = 0.03 were used.324

This corresponds to a series ofHK-slices along the CTR, which are separated by the distance ∆L.325

Within this ∆L range, the structure factor FHKL of the CTR is assumed to be constant and was326

determined by taking the square root of the integrated X-ray intensity at the CTR position. The327

background intensity was integrated in a region close to the CTR position and was subtracted from328

the CTR intensity. A more detailed description of the direct structure factor extraction in recipro-329
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cal space is given in the paper by Drnec et al.46. To obtain the statistical uncertainties σ2 of each330

reflection, we extended the binoculars software by a package that calculates these uncertainties331

according to Poisson statistics. The total number of measured reflections in each CTR dataset was332

between 1922 and 2005. After averaging of symmetry equivalent reflections, between 802 and333

808 reflections were available for the structural analysis. The agreement factor ε of the symmetry334

equivalent reflections was 0.08 ± 0.07. The uncertainties of the averaged reflections were then335

calculated to σ =
√
ε2F 2

HKL + σ2
2 .336

Fitting of structural models to the CTR data. To obtain the atomic positions of the surface337

atoms, all CTRs of a given data set were jointly fitted by a surface structural model using a Python-338

based software, developed by us for the quantitative analysis of HESXRD data. In this software,339

the structure factors, calculated from the model using kinematic scattering theory,47 are fitted to340

the experimentally observed structure factors by the least squares method. A detailed description341

of the analysis of the CTRs in the double layer region and in the region of oxide formation is given342

in Supplementary Note 2 and 3, respectively. The statistical errors of the best-fit parameters given343

in Supplementary Tables 1-4 were calculated with the covariance matrix method.48 These errors344

only take into account the goodness of fit and the experimental errors of the observed reflections,345

which are given by the counting statistics and the agreement factor between symmetry equivalent346

reflections. Systematic errors due to the chosen fit model are not included here. Those can be es-347

timated from Supplementary Table 4, where for two central parameters, the occupancy and height348

of the Ptex atoms, and three characteristic potentials, 1.07 V, 1.12 V and 1.17 V, the results of the349

best fits obtained by four different surface models are given.350
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Computational methods. The density functional theory calculations were carried out using the351

VASP code, version 5.3.5-avx 49. The PAW method50 was used to describe the interaction between352

the core electrons and the valence electron density, described by means of a plane-wave basis set,353

and the PBE exchange-correlation functional51. In the optimization, we used a plane-wave cutoff354

of 450 eV, the convergence criterion for the atomic forces was 0.05 eV · Å−1
and dipole corrections355

were applied between periodically repeated images in the z-axis. In the 4-layer-thick (3×3) Pt(111)356

and (3×3) Pt(100) slabs the two topmost layers and the adsorbates were fully relaxed, while the357

two bottommost layers were fixed. For both slabs the k-point sampling was (4×4×1). H2 and H2O358

were simulated in cubic boxes of 3375 Å
3
, sampling the gamma point only. The free energies were359

approximated as: G = EDFT + ZPE – TS + Gsolv. The zero-point-energy (ZPE) and vibrational-360

entropy (TSvib) corrections were calculated within the harmonic oscillator approximation for the361

adsorbed species, whereas for H2 and H2O the values were taken from thermodynamic tables362

(see Supplementary Tables 5 and 6).52 Solvation contributions to the adsorption energies (Gsolv) of363

H2Oads and OHads were taken from previous studies. 53, 54 Proton-electron transfers were modelled364

with the computational hydrogen electrode.55 The Pourbaix diagrams of Pt(111) and Pt(100) in365

Extended Data Fig. 5 were built following the methodology described in Ref. 56.366

The energetics of Pt dissolution as Pt2+ and PtOH+ was evaluated based on the experimental stan-367

dard dissolution potential of Pt of 1.18 V and that of the reaction, which is 1.20 V.52 From those368

two reactions, we conclude that Pt2+ is slightly favored over PtOH+, thermodynamically speak-369

ing. Besides, we note that the cohesive energy of bulk Pt provided by PBE is 5.54 eV, while in370

experiments it is 5.87 eV.57 Thus, a correction of 0.33 eV needs to be applied.371
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In calculated Pourbaix diagrams (Extended Data Fig. 5), we observe that Oads (i) is more strongly372

adsorbed on Pt(111) compared to Pt(100) at the same coverage and (ii) adsorbs at twofold bridge373

sites on Pt(100) and at threefold fcc hollow sites on Pt(111) (Supplementary Table 5). At a given374

potential, the oxygen coverage (θO) is typically larger on Pt(100) with respect to Pt(111), due to375

lower lateral repulsion, and corresponding well with previous calculations.56, 58
376
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Extended Data Figures532

a

b

Extended Data Fig. 1. Cyclic voltammo-
grams measured in the electrochemical
cell used for the Surface X-ray Diffrac-
tion measurements. Cyclic voltammo-
grams of (a) Pt(100) and (b) Pt(111) in 0.1
M HClO4 with a scan rate of 50 mV/s.
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After oxide 
reduction
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Extended Data Fig. 2. Surface structure of Pt(100) at 0.12 V prior surface oxidation and after
oxide reduction. (a): Crystal truncation rods (CTR) of the pristine Pt(100) surface and the the rough-
ened surface after oxidation at 1.17 V and subsequent reduction at 0.12 V. The grey lines indicate the
CTRs of a bulk terminated Pt(100) surface. The decreased of the CTR after surface oxidation can be
attributed to the formation of adatoms Ptad and vacancies in the Pt1 layer. Best fits with a quantitative
model (solid blue line) that includes these surface defects result in a Ptad coverage of 0.07 ML.
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0.95 V

1.07 V

1.12 V

1.17 V

Extended Data Fig. 3. Crystal truncation rods and corresponding CTR fits of Pt(100) close to
and in the region of oxide formation. Crystal truncation rods (CTR) of Pt(100) at a potential slightly
negative (0.95 V) and three potentials positive (1.07, 1.12 and 1.17 V) of the Oads peak in the cyclic
voltammogram (Fig. 1b, Extended Data Fig. 1). Solid lines are the corresponding CTR fits. The CTRs
for the different potentials are offset to each other by a factor 10 and shown together with the CTR fits
of the smooth surface at 0.95 V (grey lines). Details on the CTR fits are given in the Supplementary
Note 3 and the corresponding structural parameters are given in Supplementary Table 4.
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a b1st Pt extraction Pt dissolution

Extended Data Fig. 4. Gibbs energy for the first Pt extraction and the subsequent dissolution of
Pt. (a) Oxygen coverage θO dependent Gibbs energy change ∆G for the extraction of the first atom on
Pt(111) and Pt(100). (b) ∆G for the dissolution of the extracted atom after 1 st extraction on Pt(111)
and 1 st, 2 nd and 3 rd extraction on Pt(100). The correspondence between the oxygen coverage θO and
potential U is in the inset of (b).
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a bPt(111) Pt(100)

Extended Data Fig. 5. Pourbaix diagrams for O adsorption. Pourbaix diagram of (a) Pt(111) and
(b) Pt(100). The dashed line represents the oxygen reduction reaction (O2 + 4 (H+ + e– ) −−→ 2 H2O).
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ba

Extended Data Fig. 6. Additional views of the lowest-energy structures in the process of Pt extrac-
tion. (a) Top view of the Pt extraction process on Pt(111). (b) Side view of the Pt extraction process on
Pt(100).

37




