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a b s t r a c t 

Oxide formation plays an important role in the degradation of Pt electrocatalysts. However, the exact 

oxide structure and reaction mechanism are not fully understood. Here, we used in situ surface X-ray 

diffraction experiments to resolve the oxide formation at a Pt(111) model electrode at potentials near the 

onset of the oxygen evolution reaction. Fast experiments are possible by using X-ray photons with a high 

kinetic energy in combination with a large 2D detector. By employing very low potential sweep rates 

we obtain a more ordered oxidized surface compared to literature data from potential step experiments. 

This demonstrates that the oxidation process is strongly governed by the reaction kinetics. The increased 

surface order enables us to disentangle two subsequent oxidation process; initially the place-exchange 

process, followed by the formation of a partially disordered oxide in which still 50% of the surface atoms 

reside on sites commensurate to the Pt(111) surface. The reduction experiments indicate that the place- 

exchange process is structurally reversible, whereas the disordered oxide causes the surface roughen- 

ing observed during potential cycling. Despite the increased surface order, oxide superstructures are not 

observed. These results provide important insights in the oxidation and degradation process of Pt(111), 

which are valuable for the design of improved electrocatalysts and they rationalize operating procedures. 

© 2022 Published by Elsevier Ltd. 
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. Introduction 

Platinum electrodes are extensively studied because of their 

igh reactivity for reactions involved in sustainable energy tech- 

ologies, such as hydrogen oxidation and oxygen reduction in fuel 

ells. Their widespread technological application, however, is hin- 

ered by degradation of the expensive electrodes. Many of the 

egradation phenomena, such as Pt dissolution, surface restructur- 

ng, or delamination, occur largely upon the application of oxidiz- 

ng potentials [1,2] . The effect of the degradation on the electrode 

urface structure, can be assessed in potential cycling experiments, 

here oxidizing and reducing potentials are applied alternatingly. 

tudies employing such procedures using model electrodes have 

hown that at mildly oxidizing potentials only small amounts of 

t are lost in the electrolyte solution [3–5] . Nonetheless, this treat- 

ent leads to a severely roughened electrode surface [6–9] . 
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E-mail addresses: leon.jacobse@desy.de (L. Jacobse), vedran.vonk@desy.de (V. 

onk), imccrum@clarkson.edu (I.T. McCrum), m.koper@lic.leidenuniv.nl (M.T.M. 

oper), rost@physics.leidenuniv.nl (M.J. Rost), andreas.stierle@desy.de (A. Stierle). 

t

s

d

a

e

ttps://doi.org/10.1016/j.electacta.2022.139881 

013-4686/© 2022 Published by Elsevier Ltd. 
Experiments on well-defined single-crystal surfaces, specifically 

t(111), show that both the evolution of the surface structure as 

ell as its electrochemical fingerprint are quite reproducible [10–

3] and a theoretical model for the growth has been developed 

14] . Although potential cycling experiments demonstrate that the 

oughening is determined by the oxidation and reduction of the 

urface, experiments resolving the structure of the oxidized sur- 

ace are needed to gain more insight in the details of this process. 

nly a limited number of experimental techniques are suitable to 

erform such experiments, most notably surface X-ray diffraction 

SXRD). Alternatively, direct imaging methods such as electrochem- 

cal scanning tunneling microscopy (EC-STM) could resolve details 

n the local atomic structure, although the electrochemical envi- 

onment and the highly oxidizing potentials complicate high reso- 

ution measurements of the oxidized surface [15–18] . Spectroscopic 

easurements, on the other hand, provide important insights in 

he chemical composition of the oxide, but result in a compari- 

on to bulk oxide structures rather than in a detailed structural 

escription [19–23] . 

Although SXRD has been routinely applied for structure char- 

cterization, the relatively recent increased availability of high en- 

rgy photons and large 2D detectors have boosted the possibili- 
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ies for in situ and operando studies [24–26] . First of all, employ- 

ng X-ray photons with a high kinetic energy (20-100 keV) en- 

ble penetration of the complicated sample environments neces- 

ary for electrochemical experiments, while decreasing unwanted 

ide reactions. Secondly, using 2D detectors, one can scan large 

arts of reciprocal space within a single detector image, bringing 

he timescale of the experiment down to minutes (compared to 

ours with a point detector) [24–26] . 

Previous in situ SXRD experiments on Pt(111) have mainly fo- 

used on the electrode roughening in potential cycling experiments 

27–29] . In addition, experiments aiming at resolving the structure 

f the oxidized surface were performed as well [30–35] . These ex- 

eriments have substantiated the hypothesis that the first step in 

he surface oxidation is the so-called place-exchange (PE) process, 

llustrated in Fig. 1 . In the PE process, a Pt atom is lifted out of

he topmost surface layer, without changing its in-plane lattice po- 

ition (Pt P E , orange in Fig. 1 ). The formed vacancy site below the

t P E atom is then occupied by an oxygen atom (O P E , dark red) that 

as previously adsorbed on the terrace. Although it is very chal- 

enging to resolve the oxygen atoms experimentally, several impor- 

ant insights are available from density functional theory (DFT) cal- 

ulations. The most favorable adsorption site for subsurface oxygen 

s found to be the tetra-1 site, slightly offset from the original Pt 

attice position as shown in Fig. 1 [36] . However, by in-plane co- 

rdination of additional O-species (light red in Fig. 1 ), Pt P E is also 

ound to be stable without subsurface oxygen [37] . At higher oxy- 

en coverages, a combination of these two geometries can occur, 

ithout changing much in the position of the Pt atoms. Finally, un- 

er electrochemical conditions, not only oxygen but also adsorbed 

ater can lower the reaction barrier for the lifting of the Pt P E 

tom [38] . Here, we will use the nomenclature place-exchange to 

ndicate Pt atoms that are lifted straight up from the surface with- 

ut in plane displacement, independent from the exact position of 

he oxygen atom(s). 

The PE process is relatively slow compared to the adsorp- 

ion/desorption of H and OH occurring at lower potentials and 

herefore not considered electrochemically reversible. However, at 

east initially, it can be seen as structurally reversible in the sense 

hat the smooth Pt(111) surface is recovered when the potential is 

ecreased. Only when the potential is held sufficiently long in the 

xidative regime, irreversible surface roughening occurs [12,33] . 

his suggests that a second, even slower, restructuring process is 

t play, e.g. a further surface oxidation or a reordering of the PE 

toms. Importantly, only the topmost surface atoms are involved, 

s bulk oxidation does not yet occur at these potentials [39,40] . 

Pt oxide (super)structures, typically consisting of (recon- 

tructed) oxide stripes, have been observed in gas-phase oxidation 

xperiments on Pt(111) [41–43] . Although DFT calculations suggest 

hat similar structures could also be stable under electrochemi- 

al conditions, they have, so far, not been observed experimentally 

33,35,44] . As the stripe formation starts at rather low O 2 pres- 

ures, it seems unlikely that the maximum applied potential causes 

his discrepancy [45] . However, in the electrochemical SXRD exper- 

ments the potential is applied in a stepwise manner and the sam- 

le is at room temperature, such that kinetic barriers may drasti- 

ally slow down the formation of the stripe structures [33,34] . De- 

reasing the oxidation rate by applying a very slow potential sweep 

ather than a potential step, increases the possibility for the forma- 

ion of the thermodynamically most stable oxide structure (possi- 

ly the oxide superstructure) with the lowest free energy (thus still 

ith disorder and dislocations). 

Here, we analyze the structure of the oxidized Pt(111) surface 

esulting from slow potential sweeps and subsequent potential- 

old experiments by high energy SXRD (HE-SXRD) experiments. 

lthough we did not observe any hints of superstructure features, 

his experimental procedure leads to a significantly more ordered 
2 
xidized surface compared to potential step or cycling experiments 

sing similar maximum potentials. Nonetheless, we find that be- 

ond the reversible PE process, an irreversible regime is entered, 

here Pt surface atoms are displaced to positions that are not in 

egistry with the underlying Pt(111) lattice. Although these atoms 

re ‘invisible’ in the diffraction signal, correlating these data to the 

oltammetry and the surface roughening provides us with insights 

n the resulting structure. Overall, this model helps understanding 

he full surface oxidation and reduction of Pt(111). 

. Experimental 

In situ surface x-ray diffraction experiments were performed 

t the P07 beamline physics hutch, at the Deutsches Elektronen 

ynchrotron (DESY), employing a photon energy of 74.2 keV [46] . 

 Perkin Elmer XRD1621 2D detector with a pixel size of 200 ×
00 μm 

2 was used at a distance of 1500 mm from the sample. 

ead absorber pieces were used to block the high intensity Bragg 

eaks, leading to gaps in the data at those positions. 

The incidence angle was set at 0.03 degrees, close to the angle 

or external total reflection for Pt to improve the signal to noise 

atio. A hexagonal surface unit cell (a = b = 2.77 Å c = 6.80 Å) was

hosen such that the a ∗ and b ∗ reciprocal space vectors describe 

he surface plane while the c ∗ vector lies along the surface normal. 

he corresponding H, K, and L coordinates were defined using a Pt 

attice constant of 3.924 Å. Data processing [47] , i.e. background 

ubtraction, intensity correction, and signal integration, was per- 

ormed using home-written scripts in Wavemetrics Igor Pro. The 

NAROD package was used to fit the structural models to the data 

48] . 

The used electrochemical cell allows for in situ SXRD experi- 

ents in an upside down hanging meniscus geometry as described 

lsewhere [49] . A syringe pump was used to control the electrolyte 

olume in the cell and thereby the meniscus size. All glassware 

nd other parts of the setup that come into contact with the elec- 

rolyte were soaked for at least 24 h in a 1 g/L KMnO 4 /0.5 M

 2 SO 4 solution. Subsequently, the syringes and tubing of the sy- 

inge pump were flushed extensively with hot ultrapure water 

 > 18.2 M� · cm ). All other parts were boiled at least five times 

n ultrapure water. The Pt(111) sample (cut and polished < 0 . 1 ◦)

s prepared by repeated cycles of mild etching ( ±2 V versus Pt, 

or 2.5 s at 50 Hz in an acidified CaCl 2 solution), flame anneal- 

ng (5 min at ∼1250 K), and cooling in a reducing atmosphere 

1:4 H 2 / Ar mixture). After the last cooling step, the surface is pro- 

ected with ultrapure water, before it is mounted in the SXRD cell. 

lignment of the sample is performed without electrolyte on the 

urface and while flushing the cell enclosure with Ar. High-purity 

erchloric acid (99.999% trace metals basis) is used to prepare the 

.1 M HClO 4 electrolyte solution. Several hours prior to and during 

he experiment, the electrolyte is purged with Ar. A miniaturized 

eversible hydrogen electrode (RHE) and a coiled Pt wire are used 

s reference and counter electrode, respectively. A potentiostat was 

sed to control the potentials and collect the electrochemical data. 

. Results and discussion 

.1. Surface oxidation via place-exchange 

First we will discuss results from our structural analysis us- 

ng crystal truncation rod (CTR) experiments performed after slow 

weep and hold experiments. CTRs are (weak) scattering rods in 

eciprocal space running perpendicular to the surface that origi- 

ate from the broken periodicity at the interface between bulk and 

lectrolyte. The shape of the CTR profile contains detailed infor- 

ation on the interface structure, specifically far away from the 

ntense (bulk crystal) Bragg reflections [50] . This information can 
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Fig. 1. The place-exchange model: In the PE process, a Pt atom from the surface 

layer (Pt sur ) is lifted from the terrace without in-plane displacement [34] , forming 

the PE layer (Pt PE ). An oxygen atom (dark red) that was previously adsorbed on 

top of surface moves into the formed vacancy site. The subsurfa ce oxygen is gen- 

erally thought to be bound at the tetra-1 site, i.e. right below the hcp surface site. 

The light red atoms indicate additional/alternative oxygen atoms that are usually 

present in the PE and oxide stripe structures. The vertical displacements are based 

on DFT calculations [37] . (For interpretation of the references to colour in this figure 

legend, the reader is referred to the web version of this article.) 
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e extracted by fitting model structures to the measured data. To 

tudy the surface oxidation in more detail, we drastically decreased 

he rate of oxidation compared to potential step [34] or sweep 

xperiments in literature. In this experiment, we employed a po- 

ential scan rate of only 1 mV s −1 and the potential was subse- 

uently held for 30 min at 1.1, 1.2, 1.3, 1.4, and 1.5 V. During each

otential hold, three subsequent SXRD measurements were per- 

ormed, each containing the (1 1), (0 1), and (1 0) Crystal Trunca- 

ion Rods (CTRs). Here, we analyze the last of the three measure- 

ents (started 20 min. after reaching the respective hold poten- 

ial) quantitatively, as this represents the most equilibrated surface 

tructure reached within our experiment. In our experiment, the 

ntensity of the (1 0) CTRs is slightly attenuated for L > 2, possibly 

ecause of a slight misalignment of the sample. However, they are 

till shown, as they match (after applying a correction factor) very 

ell with the fit results. 

Figure 2 shows (in gray) the evolution of the (1 1), (0 1), and

1 0) CTRs at open circuit potential (OCP) and the different ox- 

dizing potentials. Strong signal changes are observed during the 

xperiment at the different hold potentials. The intermittent data, 

easured during the first 20 min, are provided in Fig. S1. Despite 

he very slow potential scan rate, it is clear that structural changes 

lso occur at constant potential. However, those changes are rela- 

ively small compared to those induced by the increasing potential. 

 structural model describing the PE process and further disinte- 

ration of the surface structure due to oxidation was fitted to the 

ata shown in Fig. 2 . Oxygen atoms were omitted from this model 

s they lead to a negligible contribution to the CTR signal com- 

ared to the Pt atoms. For the Pt sur and Pt P E atoms, the displace- 

ent, occupancy, and anisotropic root mean square displacements 

static Debye-Waller factors) were fitted. For the Pt base atoms, only 

he displacement were fitted, fixing the occupancy at unity and the 

hermal Debye-Waller factor at the bulk room temperature value of 

.38 [51] . Including an overall scale factor, this amounts to a total 

f ten fit parameters. 

Initially, at the OCP, the CTR profiles can be fitted very well by 

n ideally bulk terminated surface, exhibiting a defect density be- 

ow the resolution of our experiment ( < 1 %, atomically smooth ter- 

aces). These results, including the very small outward relaxation 

f the Pt sur layer, match perfectly with previous results [33,34] . At 

he oxidizing potentials applied here, the amount of Pt dissolving 

n the electrolyte during the surface oxidation is on the order of 

 mML, which is negligible for our analysis [5] . As a first attempt

e have therefore used a mass conserved place exchange model 

o fit the data, i.e. the summed occupancy of Pt sur and Pt P E is 

xed at unity. Although this model fits the shapes of the CTRs 

uite accurately (see Fig. S2-3), the interpretation is problematic, 
3 
ainly because of the obtained occupancies. As Pt P E atoms are al- 

ays adjacent to Pt sur atoms, even in the case of oxide row for- 

ation, there is a natural limit of the maximum Pt P E occupancy 

hat is far below unity. The exact upper limit is unknown, but is 

xpected to be in the 0.1-0.33 monolayer (ML) range, the latter 

eing the maximum occupancy where no adjacent Pt P E sites can 

ccur [52] . As can be seen in Fig. S3, a maximum PE occupancy 

f 0.8 ML is obtained at 1.5 V, leaving only 0.2 ML of the terrace

naffected, which is far beyond the expected upper limit and is 

hus unphysical. Simultaneously, we observe a drastic increase in 

he Debye-Waller factors at the highest potentials, especially for 

he Pt P E layer. As large Debye-Waller factors indicate a decreased 

ontribution to the CTR intensity (see Fig. S10), it appears that the 

onstraint of mass conservation leads to an overestimation of the 

ccupancy of the Pt P E layer, which is then compensated by large 

ebye-Waller factors. 

As a next step, to obtain a more consistent picture, we have 

ested a place exchange model without the mass-conservation con- 

traint. The fits obtained in this approach are shown in Fig. 2 and 

he resulting parameter values in Fig. 3 . For clarity, also the 

ummed occupancy of Pt sur and Pt P E is shown in Fig. 3 A, indi- 

ating a decrease in the number of atoms contributing to the CTR 

ntensity. As the ‘missing’ atoms do not dissolve in the electrolyte 

5] , they must still reside on the surface, albeit at positions that 

re not in registry with the underlying Pt(111) lattice (i.e. from a 

isordered and/or incommensurate oxide [53] , Pt NR ), and thus do 

ot contribute to the CTR signal. From Fig. 3 it is clear that the 

xidation process still affects an increasing number Pt sur atoms 

ith increasing potential. Initially, at 1.1 and 1.2 V most of these 

toms are lifted into the Pt P E layer. Interestingly, the occupancy 

f the Pt PE layer saturates now around 0.2 ML. This is within the 

egime expected for the PE process (see above) and close to the 

ccupancy above which irreversible surface degradation was ob- 

erved (0.15 ML) [33] . The improved description and quality of fit 

s not only reflected in a lower Pt P E occupancy, but also in a signif- 

cantly lower Debye-Waller factor. The z-position of the Pt P E atoms 

lifted slightly less than a monoatomic step height) is somewhat 

igher than the apparent height found by STM measurements in 

as-phase oxidation experiments (1.7 Å above Pt sur ), although this 

atter value has to be treated with caution due to the obviously 

ifferent local density of states [42] . Furthermore, our values are 

lose to those found in previous in situ SXRD studies [30,34] . The 

omewhat smaller vertical displacement of the Pt P E atoms at 1.1 V 

ould possibly be related to the absence (and later formation) of 

ubsurface oxygen [37] . Finally, also the χ2 value improves with 

espect to the situation with the mass-conservation constraint (see 

ig. S9). The decreasing number of the Pt sur atoms (in registry 

ith the Pt(111) surface) with increasing potential indicates that 

he oxide exhibits a different periodicity and/or is partially disor- 

ered. 

The dashed lines in Fig. 2 show calculations that were made us- 

ng the (mass conserved) model and parameter values obtained by 

uge et al. from their potential step experiments at similar poten- 

ials (1.17 V, 1.37 V, and 1.57 V respectively) [34] . Immediately, it 

ecomes clear that there is a significant difference in the measured 

tructure factors and thus a difference in the formed surface struc- 

ure between the potential step experiment and our slow sweep 

xperiment. These differences are most prominent at the highest 

otentials in the (0 1) and (1 0) CTRs, whereas the differences at 

he lower potentials can most likely be attributed to the slightly 

ifferent applied potentials. Intriguingly, in a potential step exper- 

ment, the CTRs measured under the most oxidative conditions re- 

emble those of the pristine surface (except for the specular CTR, 

ot shown here). This indicates the formation of a largely disor- 

ered oxide, where all the oxidized atoms no longer contribute to 

he CTR intensity. The large Debye-Waller factors for the Pt P E and 
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Fig. 2. Structure factors and fits: (A) (1 1) and (B) (0 1) and (1 0) CTR as a function of increasing potential. At each potential, the potential is kept constant for 30 min, 

during which three measurements are performed. Note that the (0 1 L) data is shown as (1 0 -L). The data of the last of those measurements are shown, vertically offset for 

clarity, in gray. The potential scan rate in between the measurements is 1 mV s −1 . The solid, colored lines are the best fits using the PE model (without mass conservation) 

shown schematically in Fig. 1 . The values for the fit parameters are shown in Fig. 3 . The dashed lines are calculations using the model and parameter values reported by 

Ruge et al. obtained in their potential step experiments [34] . Note that those data were measured at slightly different potentials (1.17, 1.37, and 1.57 for the blue, black, and 

green curve, respectively). Nonetheless, this comparison clearly demonstrates the differences that emerge at the highest potentials. (For interpretation of the references to 

colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 3. Fit results: (A) Occupancies of the Pt sur (blue) and Pt PE (orange) layers as a function of sample potential. The summation of these two occupancies is shown in 

black. (B) Displacements of the Pt base (gray), Pt sur (blue), and Pt PE (orange) layers. Note that the y-axis is expanded to emphasize the differences and not the same for the 

different layers. The numbers indicate the displacement with respect to nearest atomic step height (see also Fig. 1 ). (C) In plane and out of plane Debye-Waller factors of 

the Pt sur (blue) and Pt PE (orange) layers. Note that the error bars only indicate the errors of the least-squares fit (see Fig. S9), whereas the real uncertainties may be larger 

(typically estimated at a few percent of the reported values. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 

this article.) 
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t sur atoms (see also Fig. S3 and S10) confirm this. Note that we 

o know an oxide forms from the reduction voltammetry, the in- 

ignificant Pt dissolution [5] , and the shape of the specular CTR 

eported in Ref. [34] . 

In our slow sweep experiment, strong minima are formed, mak- 

ng these CTRs distinctly different from those of the pristine sur- 

ace. This means that under these conditions, the Pt P E and part of 

he surface atoms still contribute significantly to the measured sig- 

al. Thus, the formed oxide during the slow sweep retains much 

ore of the Pt(111) order compared to the potential step experi- 

ent. Nonetheless, as lifting the constraint of mass conservation 

ed to much more plausible values for the fit parameters, we con- 

lude that this oxide is still partially disordered. 

Although we cannot exactly determine the position 

f 0.5 ML of the displaced Pt atoms, lifting the mass conser- 

ation constraint allows us to determine the position of the 

t P E atoms with higher accuracy compared to the potential 
4 
tep experiments. This delivers important insights in the oxi- 

ation process and the surface roughening that occurs during 

otential cycling. After the formation of place exchange atoms, 

ther Pt sur atoms are attacked by the oxidation process. We can 

lso conclude that metallic adatom islands (as observed after 

educing the surface [9,13] ), or a commensurate α-PtO2 over- 

ayer (as suggested by thermodynamical calculations [54] , see 

ig. S4) do not form. For the sake of completeness, simulated 

TRs for such structures are provided in Fig. S5. A buckling 

odel, involving an additional layer of lifted atoms, was used 

n an attempt to capture the additional displacements found 

n Kinetic Monte Carlo simulations on the extensive gas-phase 

xidation of Pt(111) [55] . Although this model seems to provide 

n interesting lead (see Fig. S6-8), it also suffers from significantly 

ncreased Debye-Waller factors for the additional layer. Finally, 

e note that placing the lifted Pt atoms at other high-symmetry 

ositions (i.e. fcc hollow, hcp hollow, and bridge sites) on top of 
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Fig. 4. Effect of oxidation method: CVs of the pristine surface (black) and mea- 

sured after different oxidation experiments: one ORC (50 mV s −1 , between 0.04 and 

1.35 V vs RHE, red), five ORCs (green), and one SH experiment (blue, 1 mV s −1 , be- 

tween 0.04 and 1.35 V with a 60 min. potential hold at 1.35 V). All shown CVs are 

measured in the SXRD cell with a potential scan rate of 50 mV s −1 . The current 

during the potential hold of the SH experiment is shown in the inset. (For interpre- 

tation of the references to colour in this figure legend, the reader is referred to the 

web version of this article.) 
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he Pt sur layer, leads to a decrease in the fit quality, matching 

revious reports [33] . 

.2. Surface oxidation dynamics 

By combining the SXRD experiment with cyclic voltammetry, it 

s possible to extract more information on the surface oxidation 

ynamics and the chemical nature of the displaced atoms. In order 

o obtain this, the experimental procedure was slightly modified, 

eeping the potential scan rate of 1 mV s −1 , but pausing the po-

ential sweep at only one value (1.35 V) for one hour. We will first 

iscuss the electrochemical results before including the SXRD data, 

oth starting from a freshly prepared sample. 

Figure 4 shows cyclic voltammograms (CVs) of the Pt(111) elec- 

rode in 0.1 M HClO 4 measured in the SXRD cell. All shown CVs 

re recorded with a potential scan rate of 50 mV s −1 after dif- 

erent oxidation experiments. The blue curve is a CV after a slow 

weep and hold (SH) experiment, where the potential was scanned 

ith 1 mV s −1 and held at 1.35 V for 60 min. The red curve is

 CV after a single oxidation–reduction cycle (ORC) between 0.04 

nd 1.35 V with a potential scan rate of 50 mV s −1 . Both CVs af-

er oxidation contain contributions at potentials below 0.4 V (the 

-adsorption region) that are not observed for the pristine sur- 

ace (shown in black). These peaks are known to be related to the 

ormation of specific ‘defect’ sites due to the surface roughening 

13] . Clearly, the SH experiment leads to a much more increased 

oughness compared to a single ORC. Only after five ORCs (green 

urve in Fig. 4 ), the surface is roughened to the same extent as af-

er one SH experiment. Interestingly, the different contributions of 

he H-adsorption region after one SH experiment and 5 ORCs over- 

ap, indicating that in both cases the same distribution of defect- 

ites is obtained. Also the oxide reduction charge is increased, it 

s namely 2.5 times larger after the SH experiment compared to 

fter one ORC (see Fig. S11). Apparently, the slower and longer 

xidation in the SH experiment, has a much larger effect on the 

urface roughening (5 times larger) than on the amount of oxide 

ormed (2.5 times larger). Actually, it is possible to apply potentials 

round 1.15 V during a CV, without (significant) surface roughen- 

ng, whereas holding the potential for a few minutes at that same 

alue leads to significant roughening [12,33] . This is an indication 
5 
hat the surface roughening is caused by a slow process, different 

rom the (initial) PE process. 

The inset of Fig. 4 displays the small oxidation current while 

he potential is held constantly at 1.35 V. This plot confirms that, 

ven though the oxidation is executed with a slow potential scan 

ate, the surface is still further oxidized during the potential hold, 

ike in the potential step experiment [33] . Matching literature data, 

he rate of oxidation decreases logarithmically during the poten- 

ial hold [39] , which leads to an almost negligible current after 

20 min. 

In a separate SH experiment, we characterized the Pt(111) sur- 

ace structure by fast measurements of the (0 1) CTR. Each of these 

TR measurements took about 10 s, providing a potential resolu- 

ion of 10 mV. Figure 5 A shows a selection of the obtained (0 1)

TR structure factors as a function of potential and holding time. 

nitially, this profile matches that of the pristine Pt(111) surface. 

owever, around 1.15 V, one can observe a small decrease in in- 

ensity, indicating a changing surface structure. The intensity de- 

reases further during the remainder of the potential sweep up 

o 1.35 V. During the subsequent potential hold, the intensity de- 

reases drastically, while the CTR also becomes strongly asymmet- 

ic around the Bragg peaks. After the first 20 min. of the potential 

old, we observed only minimal changes in the CTR profile. 

Again, the PE model, without mass conservation, was fitted to 

he CTR data. However, to avoid artefacts due the correlation be- 

ween the occupancies and Debye-Waller factors, isotropic Debye- 

aller factors were used and their values were fixed at either the 

ulk value, 1 (Pt sur ), or 2 (Pt P E ), based on the results above. This

rings down the total number of fit parameters to six; two occu- 

ancies, three displacements, and the overall scaling factor. A se- 

ection of the fits is shown in Fig. 5 B with the corresponding data.

he resulting occupancies and displacements are shown in Fig. 6 A 

nd B, respectively. For clarity, also the summed occupancy of Pt sur 

nd Pt P E is shown in black. 

By following the evolution of the structure factor at surface sen- 

itive positions in between the Bragg peaks during the potential 

weep (see Fig. S12), we have determined the onset of the sur- 

ace oxidation process to be at 1.05 V, matching previous results 

29,32,33,56] . Indeed, above this potential an increase (decrease) 

n the number of Pt P E (Pt sur ) atoms is observed. At slightly higher 

otentials, we observe a decrease in the total occupancy, indicat- 

ng the formation of Pt NR . After reaching the upper potential limit 

f the sweep (1.35 V, indicated by the vertical dashed line), the 

t P E occupancy saturates around 0.2 ML within three minutes. The 

ccupancy of Pt sur , on the other hand, decreases an additional 

.15 ML during the subsequent 15–20 min. This must also lead 

o a decrease in the summed occupancy, once more indicating a 

low oxidation process where Pt sur atoms are moved to out of 

egistry positions. The vertical displacements of the Pt P E are simi- 

ar to those observed during the SH experiment, slightly less than 

 monoatomic step height. Again, we also observe a smaller dis- 

lacement near the onset of the PE process, although this effect is 

ow less pronounced. 

Figure 6 C shows the correlation between the total number of 

isplaced Pt atoms (Pt li f t = Pt P E +Pt NR ) and the cumulative oxida- 

ion charge measured during the potential sweep (above 1 V, red) 

nd hold (blue). The number of displaced Pt atoms is determined 

rom the occupancy of Pt sur . As expected, both signals are related 

o the surface oxidation, a strong correlation is observed. Initially, 

his correlation indicates that slightly more than four electrons are 

nvolved in the formation of each Pt li f t site as shown by the solid 

ine in Fig. 6 C. Note that the oxidation charge is slightly overesti- 

ated as the data is not corrected for the capacitive current due 

o charging of the electrochemical double layer. The value of 4 

 

−/Pt li f t , suggests that for each Pt atom lifted out of the surface, 

wo additional oxygen atoms are bound. For the Pt P E layer, this 
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Fig. 5. Surface evolution: (A) (0 1) CTRs measured while sweeping the potential (1 mV s −1 ) up to 1.35 V vs RHE and subsequently holding it. (B) (0 1) CTRs measured at 

0.55 V, 1.35 V, and at 1.35 V after holding the potential for 10 and 30 min (markers) and the corresponding fits (solid lines). 

Fig. 6. PE evolution: (A) Occupancies of the Pt PE and Pt sur layers obtained by fitting the (0 1) CTR as a function of potential and time. The summation of these two 

occupancies is shown in black. (B) Displacements of the Pt base (gray), Pt sur (blue), and Pt PE (orange) layers. Note that the y-axis is expanded to emphasize the differences 

and not the same for the different layers. The numbers indicate the displacement with respect to nearest atomic step height (see also Fig. 1 ). (C) Correlation between 

the number of displaced Pt atoms and the oxidation charge from the slow potential sweep (red, above 1 V) and the potential hold (blue). The solid line indicates a slope 

corresponding to four transferred electrons for each Pt li f t . Note that this plot is not linear in time. (For interpretation of the references to colour in this figure legend, the 

reader is referred to the web version of this article.) 
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atches with two in-plane oxygen atoms bound to the Pt P E atoms 

37,44] . Specifically, this indicates that also the Pt NR atoms are ox- 

dized. We conclude this from the fact that the number of Pt P E 

toms is less than half of the total number of displaced atoms. If 

nly the Pt P E atoms would be oxidized, the formation of each of 

hose atoms should lead to the transfer of ∼10 electrons, which 

s unrealistically high. Importantly, this confirms that the metal- 

ic adatom islands observed for the reduced surface [9] , do not 

lready form during the oxidation process, although it does not 

ule out the nucleation of these islands during the oxidation in the 

orm of Pt-oxide clusters. During the potential hold, especially af- 

er more than 10 min, the slope deviates more and more from the 

 e −/Pt li f t line. From Fig. 5 A it is clear that at this point the sur-

ace oxidation rate has decreased to practically zero, and thus can- 

ot be responsible for the observed steady state current. Although 

he nature of this current is currently not fully clear, oxygen evo- 

ution seems the most plausible explanation, as this reaction be- 

omes significant around the holding potential [23] . Such a (cat- 

lytic) process eventually leads to a vertical asymptote in Fig. 6 C. 

.3. Reduction and roughening 

After holding the potential for 60 min, the potential was de- 

reased again to reduce the surface. Figure 7 A shows (light blue 

arkers) the (0 1) CTR for the fully reduced surface at 0.4 V. 

learly, the strong asymmetry and the deep minima of the CTR 

een for the oxidized surface, has disappeared. Nonetheless, the 
t

6 
ntensity does not fully recover to that of the pristine surface, 

emonstrating the irreversible surface roughening. If the electrode 

s subsequently subjected to a series of ORCs (i.e. 50 mV s −1 cy- 

ling up to 1.35 V without holding the potential), this intensity 

ecreases further, as is shown with the dark blue markers. The 

nset of Fig. 7 A shows the evolution of the intensity at (0 1 1.5)

s a function of the ORC number, measured in a potential cycling 

xperiment. The full CTRs are shown in Fig. S12. A model using 

nly an intensity scaling and a surface roughness (Poisson distri- 

ution) parameter was used to analyze these data (fits shown in 

ig. S12), providing the root mean square roughness of the sur- 

ace. Fig. 7 B shows the resulting values (blue) together with values 

hat were previously determined from EC-STM experiments (red) 

9] . The increase in roughness with increasing ORC number cor- 

esponds very well between these two sets of data. The vertical 

ffset can be explained from the convolution between the EC-STM 

ip and the rough surface, which leads to an underestimation of 

he RMS roughness in these experiments [9,13] . The surface rough- 

ess after the SH experiment (after reduction, measured at 0.4 V) 

s similar to that after 4–5 ORCs (as obtained by interpolation), 

hich matches with the observations from the voltammetry. 

Finally, it is interesting to see if the amount of roughness gen- 

rated for the reduced surface can be understood from the occu- 

ancies found for the oxidized surface. At the end of the SH ex- 

eriment, the occupancy of Pt P E , and Pt sur are 0.21 and 0.47, re- 

pectively. As was discussed above, it is likely that upon reduction 

he Pt P E atoms return to their original lattice positions, whereas 

he Pt NR atoms contribute to the surface roughening. If all Pt NR 
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Fig. 7. Reduction and potential cycling: (A) (0 1) CTRs during oxide formation and reduction and subsequent potential cycling (up to 1.35 V vs RHE, with a scan rate 

of 50 mV s −1 ). The inset shows the structure factor at (0 1 1.5) as a function of ORC number. (B) RMS roughness evolution as function of ORC number. The blue data 

are determined from the SXRD potential cycling experiment. The gray data are EC-STM literature data from an experiment using the same potential cycling conditions [9] . 

The red point indicates the roughness created during the SH experiment. All data were measured at the reduced surface, at a potential of 0.4 V. (For interpretation of the 

references to colour in this figure legend, the reader is referred to the web version of this article.) 
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toms form adatom islands of monoatomic height, those islands 

ould cover 1-(Pt P E +Pt sur ) = 0.32 ML of the surface and the same

mount of vacancies must be formed as well. From these occupan- 

ies, one can calculate the RMS roughness to be 1.8 Å, which is 

uite a bit larger than the 1.3 Å found in Fig. 7 B. From the reverse

alculation, we find that the RMS roughness of 1.3 Å corresponds 

o an adatom (and vacancy) coverage of 0.16 ML. This indicates that 

pproximately half of the Pt NR atoms still return into the terrace 

nce the surface is reduced. Note that this is only a very rough in-

ication, as dissolution (which occurs to a small extent during the 

eduction [5] ), as well as the possibility of atoms being incorpo- 

ated into a step edge are not taken into account. Nonetheless, the 

datom coverage of 0.16 ML is, corrected for the above-mentioned 

actor 4–5, close to the 0.0245 ML/ORC that was found with the 

heoretical growth model [14] . 

.4. Absence of oxide superstructure 

Summarizing, we have shown that, as expected, the surface ox- 

dation starts with the PE process around 1.05 V. Within a poten- 

ial interval of 100–150 mV (see Fig. 3 ), however, a second oxida- 

ion process leads to the formation of a disordered oxide. The PE 

rocess reaches a steady state at around 1.2 V (due to the slow 

eaction kinetics, changes are observed up to 1.35V in the SH ex- 

eriment). Upon reduction, most of the displaced atoms return to 

heir original positions, as the generated surface roughness is much 

maller than expected from the summed occupancies of Pt P E and 

t NR . Considering that the PE process is reversible and that the 

t NR atoms undergo larger displacements, we conclude that the 

atter are responsible for the surface roughening that occurs dur- 

ng potential cycling. In our SH experiment, approximately half of 

he formed Pt NR atoms, ends up in adatom islands after reduction 

f the surface. 

In another scenario, the formation of an ordered oxide (su- 

er)structure could explain the above observations as well as the 

datom island nucleation [52] . Several structures have previously 

een observed in gas-phase oxidation experiments on Pt(111), typi- 

ally in the form of oxide stripes [41–43] . These stripes can be seen

s rows of Pt P E atoms, coordinated by in-plane oxygen atoms, lo- 

ally resembling a PtO 2 phase. However, the Pt-Pt distances along 

he stripes are strongly compressed compared to α − PtO 2 , the 

hermodynamically most stable Pt oxide under these conditions. 

he resulting stress is the driving force for the removal of one 
7 
t atom from the stripe, leading to the formation of oxide su- 

erstructures [43] . DFT calculations suggest that such superstruc- 

ures, sometimes hexagonally ordered in so-called spoked wheel 

tructures, could also form under electrochemical conditions [44] . 

hese calculations indicate that stripes containing seven elevated 

t atoms spread across eight surface lattice positions (7/8-stripes) 

re most likely to form. 

When the superstructure stripes/spokes form, by connecting 

reviously isolated Pt P E atoms, atoms have to expelled from the 

tripe/spoke and the remaining PE atoms undergo large in-plane 

isplacements such that some no longer contribute to the CTR in- 

ensity. Additionally, there are the atoms that need to be expelled 

rom the stripes. As also these atoms are oxidized (see Fig. 6 C), 

hey do not necessarily end up at regular lattice positions. Upon 

eduction, one could expect that the atoms within the stripe fall 

ack in the terrace, whereas the expelled atoms form the adatom 

slands. 

If a superstructure would form under electrochemical condi- 

ions, this should lead to the appearance of a signal at a differ- 

nt position on the detector, i.e. a different in-plane momentum 

ransfer (q ‖ ∝ 

√ 

H 

2 + K 

2 ). Figure 8 shows a stacked (by maximum 

ntensity) detector image from a (0 1) CTR measurement taken at 

he end of the SH experiment, i.e. after holding the potential at 

.35 V for 60 min. The bottom panel shows an in-plane line pro- 

le extracted from the detector images at L = 0.8 (indicated by the 

hite dashed line). From simulations of the 7/8-stripes structure 

see Fig. S13), we know that this experiment should capture one 

f the most intense features due to these structures. Specifically, 

ne would expect a surface rod running parallel to the (0 1) CTR 

t q ‖ = 2.29 Å 

−1 indicated by the blue dashed arrow. From both the 

tacked detector image as well as the extracted line profile, it is 

lear that there are no indications for the formation of the 7/8- 

tripes. Note that, based on the rather large amount of expelled 

toms (0.16 ML as discussed above), one might expect somewhat 

horter stripes. However, such signals (similar surface rods, but at 

maller q ‖ ) are also absent in the data. Also in all our experiments 

s well as in literature [33] , there are no superstructure features 

etectable. Furthermore, there are also no signs of diffuse scatter- 

ng around the CTR signals, as could be expected for the forma- 

ion of a 3D bulklike disordered oxide [33] . This confirms that the 

ormed oxide is 2D in nature, i.e. limited to the surface layer. 

Whereas the appearance of a superstructure rod would be hard 

roof of the existence of such a structure, the opposite is not nec- 
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Fig. 8. Ordered oxide: the maximum intensity from a series of detector images 

from a (0 1) CTR measurement after applying 1.35 V for 60 min. The blue dashed 

line indicates the q ‖ value where a signal due to the formation of 7/8-stripes would 

appear. The white dashed line indicates the L-value which was used to extract the 

profile shown in the bottom panel. (For interpretation of the references to colour in 

this figure legend, the reader is referred to the web version of this article.) 
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ssarily true. If the stripes form only small ordered domains [43] or 

f they do not exhibit any ordering between themselves at all, they 

ould be difficult to observe in a diffraction-based experiment. On 

he other hand, it is also possible that the oxide stripes do indeed 

ot form. In that case, one might expect a rather disordered sur- 

ace oxide, such as found in Kinetic Monte Carlo simulations on the 

as-phase oxidation of Pt(111) [55] . Here, the oxidation also starts 

ith the PE process, but at oxygen coverages beyond 0.56 ML, 

t atoms are displaced in both the in-plane and out of plane di- 

ections. Although higher resolution, atomically-resolved, data are 

equired to draw hard conclusions, EC-STM experiments seem to 

oint in this direction [15] . 

. Conclusions 

The oxidation and subsequent reduction of Pt(111) electrodes 

eads to a severe surface roughening. Although this roughening has 

een described in detail, much less is known about the underlying 

ause, i.e. the structure of the electrochemically formed oxide. The 

lace-exchange mechanism provides a good model to describe the 

nitial reversible surface oxidation, but is limited to rather low cov- 

rages of lifted Pt atoms and does not explain the surface rough- 

ning. We have used in situ HE-SXRD measurements to study the 

t(111) surface oxidation employing very slow oxidation rates. This 

pproach leads to a more ordered oxidized surface compared to 

revious potential step or sweep experiments. This increased sur- 

ace order allows to disentangle two processes relevant for the ini- 

ial electrochemical oxidation of Pt, which was impossible in previ- 

us experiments. Thereby, our results provide important insights in 

he oxidation process of Pt(111) beyond the reversible PE process. 

fter formation of place exchanged atoms up to the physical limit, 
8 
ther surface atoms get attacked by oxidation and leave the regular 

t(111) surface lattice site. We demonstrate that during this oxida- 

ion process, about 20% of the surface atoms sits on place-exchange 

ites, whereas 30% remain on regular surface sites. The remaining 

0% of the atoms are incorporated in the disordered oxide. A pos- 

ible explanation for these results is the formation of short recon- 

tructed oxide stripes or spokes. However, the absence of the ex- 

ected diffraction signal indicates a more disordered surface and 

arge, ordered superstructure domains can be excluded. Comple- 

entary atomically-resolved imaging experiments would be ben- 

ficial to find out if smaller domains do form or if the oxidized 

urface is even more disordered. Additional experiments, e.g. X-ray 

bsorption and/or specular CTR measurements could provide valu- 

ble further information on the structure and composition of the 

isordered oxide. 

The differences between the structures depending on the po- 

ential scan rate could help designing experimental procedures 

hat decrease the electrode degradation. Extending this knowledge 

urther, e.g. to potentials where bulk oxidation and even oxygen 

volution occur, will be beneficial for understanding the degrada- 

ion of Pt electrodes under operando conditions. Our results can 

erve as important input for future studies by theory and exper- 

ment to finally disentangle the atomic structure of the Pt oxide 

ormed under electrochemical conditions. 
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