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The atomic-scale surface structure plays a major role in the electrochemical
behaviour of a catalyst. The electrocatalytic activity towards many relevant
reactions, such as the oxygen reduction reaction on platinum, exhibits a

linear dependency with the number of steps until this linear scaling breaks
down at high step densities. Here we show, using Pt(111)-vicinal surfaces and
insitu electrochemical scanning tunnelling microscopy, that this anomalous
behaviour at high step densities has astructural origin and is attributed to
the bunching of closely spaced steps. While Pt(554) presents parallel single
steps and terrace widths that correspond to its nominal, expected value,
most steps on Pt(553) are bunched. Our findings challenge the common
assumptionin electrochemistry that all stepped surfaces are composed of
homogeneously spaced steps of monoatomic height and can successfully
explain the anomalous trends documented in the literature linking step
density to both activity and potential of zero total charge.

Stepped platinumsingle crystals are widely used in electrochemistry
to study the unique reactivity of step sites. Low-energy electron dif-
fraction, He-beam diffraction and scanning tunnelling microscopy
studies in ultrahigh vacuum confirmed that Pt(111)-vicinal surfaces
such as Pt(997) prepared by sputtering and annealing are stable at
moderate temperatures, as long as oxygen is not present while the
sample is hot'™*. Unfortunately, there is scarce work on the atomic-
scale characterization of stepped surfaces when prepared by flame
annealing (in air) and cooled down in areducing atmosphere, which
is the typical methodology followed in electrochemistry’. Herrero
and co-workers showed that Pt(10 10 9) and Pt(1110 10) (both with
stepsalongadirection equivalent to [110], but with the former having
{111} and the latter having {100} microfacets) present their nominal
structures if an Ar + H, mixture is used while cooling down the sam-
ples®. Asaresult, itis often assumed in single-crystal electrochemistry
studies that all stepped surfaces are composed of parallel-running
monoatomic-height steps.

This assumption, however, isinconsistent with many experimen-
tal observations that show a dissimilar relation to the density of step
(or step-related) sites among different Pt(111)-vicinal surfaces. For
example, the potential at which the total chargeis zero (£ ,,,.) decreases
linearly with the step density, as expected, but only until a certain
critical value, from which on it deviates substantially’. Similarly, the

linear scaling between the oxygen reduction reaction (ORR) activity
andthe step density breaks down for stepped surfaces with very small
terraces®’. This phenomenon suggests a structural difference of the
steps depending on the terrace width, despite the lack of supporting
evidencein theliterature.

In this Article, we offer an explanation for this anomalous
behaviour. Using our electrochemical scanning tunnelling micro-
scope (EC-STM), we show that Pt(554) exhibits exclusively single,
monoatomic-height steps, while a stepped surface with theoretically
narrow terraces, like Pt(553), shows mainly double-height (bunched)
steps and terraces with twice the nominal width. Based on this observa-
tion, we quantitatively show, on the example of the £, and the ORR
activity, that step bunching can successfully explain the anomalous
behaviour of surfaces with high step density.

Results

Thermodynamics of stepped surfaces

At thermodynamic equilibrium, the surface morphology always con-
forms to the one with the lowest free energy. For asurface with a high
Miller index, the surface free energy at a temperature Tis given by™

froaD = fenl D + fupD] + BNz
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Fig.1| EC-STM measurements of Pt(111)-vicinal surfaces. a,b, 3D-rendered EC-
STMimages of Pt(554) (a) and Pt(553) (b), recorded in 0.1 MHCIO, with U;= 0.1V
and U, =0.15V. Bothimages are 48 x 48 nm”. The blue lines crossing the steps

on Pt(554) and Pt(553) indicate the positions of the corresponding height lines
shownincandd. c,d, Height lines traced perpendicular to the steps on Pt(554) (c)
and Pt(553) (d). Note that the step height on Pt(553) is twice the value of the steps
on Pt(554) as well as that both surfaces do show an almost equal terrace width,
althoughit should be theoretically 46% smaller on Pt(553).

wheref, corresponds to thefree energy of the terraces and f,, is the
free energy of the steps, which is divided by the terrace width (L) to
account for the step density. The third term describes the interactions
between steps, where B, is an interaction coefficient and a the unit
step length (a=2.78 A).

Thetemperature dependanceis especiallyimportant for f.,, as all
stepsatany 7> 0 Karerough: thermally activated kinks form enabling
the steps to meander, thereby increasing their entropy and lowering
their free energy f,., according to"

~fa
FrepD =f2 — 2% Texp( k'"k>, 2)

a kT
where f:ﬂep and ffmk are the formation energies of a unit step length
and akink site, respectively, while kis the Boltzmann’s constant. Note
thatatahigh enough Tthe exponential termin equation (2) becomes
practically equal to1, whichcanlead tof,., <0, thatis, the surface can
form steps spontaneously, describing the three-dimensional (3D)
roughening transition'.

Step meandering is, however, hindered by the step-step interac-
tion, which has three different components. The first one is an entropic
repulsion originating from the geometric confinement of a step in
between its two neighbours™". The second one is an electrostatic
interaction between electric dipoles that form at step edges owing to
the Smoluchowski effect™>'®, which goes hand in hand with an elastic
interaction"?°. Unlike the entropic repulsion, the electrostatic and
elastic interactions are always repulsive for neighbouring steps of
the same type (ascending or descending), while they can be either
repulsive or attractive for the opposite type of step, depending on the
strength of the dipole moment parallel to the surface”. In any case, all
three contributions of the step-step interaction usually decay with L
(refs. 16,21). Scaling this factor to units of energy/area, we obtain the
L3 dependency reflected in the third term of equation (1).

Surface characterization

Figure 1a,b shows 3D-rendered EC-STM images of a Pt(554) surface
and a Pt(553) surface recorded at constant sample and tip potentials,
U,=0.1Vand U,=0.15V, respectively, which we processed on the ter-
race planesto bring out the natural tilt of each sample (Supplementary
Note1and Supplementary Fig.1).

When comparing bothimages, one notices that the average sepa-
ration between the steps, the brighter parallel lines, is similar on both
surfaces, whichis supported by the corresponding height lines shown
inFig. 1c,d: the terraces selected on Pt(554) and Pt(553) measure 23.1 A
and23.9 Ainwidth, respectively. Thisis surprising, as Pt(553) naturally
has double the step density of Pt(554). In fact, the theoretical terrace
widths are 22.4 A and 10.4 A, respectively, as given by the ball model
equation

Lz\/ng(n—l)+\/T§d, 3)

where dis the distance between two closely packed platinum atoms
and nis the number of atom rows in asingle terrace (n =10 for Pt(554)
and n = 5for Pt(553)). As the steps cannot simply vanish, because the
natural surface orientation must always be preserved, the only possible
explanation for the doubling of the terrace width on Pt(553) is that
the steps bunch together in pairs, asillustrated in Fig. 2. Evidence for
this is the step height of 4.48 A measured in Fig. 1d, which is twice the
theoretical (111) step height of 2.27 A.

To quantify our observation statistically, we traced over 50 ran-
domly chosen height lines from which we measured the step heights
and terrace widths for both Pt(554) and Pt(553), analysing several STM
images that were recorded in different experiments (Supplementary
Figs.2-5).Figure 3a shows theresulting terrace width distribution for
Pt(554).Its Gaussian shape indicates the existence of arepulsive inter-
actionbetween the closely spaced steps, as opposed to an asymmetric
peak that would be characteristic for freely fluctuating steps'®". The
width of the distribution, often defined as its standard deviation (o),
dependsontheinterplay betweenf,.,and B.,: alower B, lower jfink
or a higher Tresults in a broader peak, as it costs less energy for the
steps towander further away from the midway position between their
neighbours. From the Gaussian fitin red, we obtaino=4.2 A, whichis
higher thanthe 0=2.9 A reported for Pt(997) in vacuum®. This is what
we would expect, not only because the terraces on Pt(554) are one atom
row wider than on Pt(997), but also because of the screening of the
dipolebytheelectrolyte, bothresultinginalower step-step repulsive

20.8 A

Fig. 2| Ball model of a Pt(553) surface. a, The model with single steps. b, The
model with double (bunched) steps. The step heights and terrace widths are
indicated.
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Fig. 3| Statistical analysis of the surface structure. a,b, The terrace width (a)
and step height (b) distributions of Pt(554). c¢,d, The terrace width (c) and step
height (d) distributions of Pt(553). The values in red and the dashed red lines
indicate the centre of each peak. For a and ¢, we obtained these values from
Gaussian fits, with which we deconvoluted the peaks in the case of Pt(553).
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The statistical errors shown with grey error bars, which are calculated as the
squareroot of each bin count, lead to uncertainties on the centre values (green
arrows) as well as on the percentages of single, double and triple steps, which are
reported inblack on top of the corresponding peak.

interaction. The centre of the Gaussian distributionis at 2.9+ 0.8 A,
which agrees with the theoretical terrace width of 22.4 A. Moreover,
Fig. 3b exhibits only one peak in the distribution, indicating that the
steps on Pt(554) have monoatomic height.

In contrast, the terrace width distribution on Pt(553), shown in
Fig. 3¢, reveals not only one but three peaks, centred at 11.3 £ 0.5 A,
20.6 +0.5 A and 30 £ 1 A. These peaks correspond to terraces with
nominal, double and triple terrace widths, respectively, thus pointing
tothe presence of also double and triple steps. This againis supported
by the step height distributioninFig. 3d, which shows also three differ-
ent peaks, centredat2.25 A (monoatomicstep height),4.50 A (double
step height) and 6.75 A (triple step height).

From the percentages indicated on each peak in Fig. 3¢,d, we
extracted the corresponding averaged percentages of single (35 + 4%),
double (51 +5%) and triple (14 + 3%) steps on Pt(553). We conclude that,
while Pt(554) shows exclusively single steps and aterrace width around
itsnominal value, more than 65% of the steps on Pt(553) are bunched.

Origin of the step bunching instability

Whether a vicinal surface undergoes step bunching depends on the
delicate balance betweenf,,., and By, which may resultinalower total
free energy f,... for the bunched configuration. Figure 4a shows f,,.,,
with and without the repulsive step-step interaction, calculated with
equations (1) and (2) and plotted versus the terrace width. One can
observe that the dependence of f,,, on the terrace width is mainly
givenbyf.,/L up tonarrow terraces (n = 8), below which the step-step
interaction starts to play anincreasingly important role.

The surface configuration with double steps not only has terraces
with twice of the nominal terrace width, butalso has a differentf,.,and
B, compared with single steps, resulting in a different f,..,. Figure 4b
shows the energy ratio between a surface with double steps and a
surface with single steps calculated at 7=1,300 K, which is around
100 K below the maximum temperature reached during our flame
annealing (for the temperature dependence of this energy ratio, see
Supplementary Notes 2 and 3 as well as Supplementary Fig. 6). As
surface diffusion drops exponentially with temperature, we estimate
that, upon further temperature decrease during the cooling down, the
step configuration becomes frozen because of kinetic limitations. As
anapproximation, we also assumed for this calculation that the forma-

tion and kink energies of a double step (fg

ouble step and f:i)ouble kink”

respectively) are exactly two times fgep and fl?ink (ref.22). In Supple-

mentary Fig. 7, we show the dependence on the step bunchinginstabil-
ity when varying these values, which we discuss in Supplementary
Note 4. Moreover, we derived that the step-step interaction coefficient
of double steps, Byoupie step» iS 1.34 times larger than the one of single
steps (see again Supplementary Note 2).

Figure 4b shows that, for our case, stepped surfaces with a ter-
race width larger than eight atomic rows are expected to be stable,
while those with equal or narrower terraces can decrease the total free
energy by the formation of step bunches. This is due to the lowering
of the step-step repulsion when doubling the terrace width, as not
only the step-step interaction term scales with L™ (while the second
term in equation (1) goes with L™) but also because Byoypie step < 2Bsiep
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(refs.10,23). Although this result is only indicative, as we used some
assumptions and values from vacuum studies, it explains why Pt(554)
has single steps while Pt(553) mainly has double steps. Moreover, we
have EC-STM proofthat Pt(533), with (100) steps and anominal terrace
width of 4 atom rows, also presents predominantly bunched steps. In
addition, step bunching also explains the observation made in surface
X-ray diffraction studies that flame-annealed Pt(311) and Pt(331) sur-
faces exhibit terraces wider than expected, although the authors refer
to surface reconstruction rather than to step bunching**.

Please note also that we cannot discard that the step bunch-
ing instability is induced by oxygen adsorption during surface
preparation'™¢, which could lower f,pie<ep, 3 We performed the flame
annealing in air before transferring the sample for cooling down into
aglass cylinder with an Ar + H, mixture. This would explain why Lang
and Blakely observed with low-energy electron diffraction that even
platinum stepped surfaces with a terrace width of only three atomic
rows were stable if prepared in ultrahigh vacuum'?, while Hahn et al.
showed that Pt(997) with aterrace width of nine atomic rows undergoes
step bunching when annealing in the presence of oxygen®*.

Finally, we can discard that the surface morphology on Pt(553)
changes notably with time while in the EC-STM, which reinforces our
statement that the step bunches are formed during sample prepara-
tion with enhanced step mobility. Moreover, we observed the same
step-bunched structure on Pt(553) at least at two applied potentials:
0.1V, where H covers the surface, and 0.4 Vin the double layer region,
where nothing is specifically adsorbed on the surface (Supplementary
Fig. 8). This indicates either that both the hydrogen adsorbed and the
cleansurface preserve the energetics of the most (thermodynamically)
stablestructure or that the surface is kinetically limited, and thus frozen,
atroomtemperature and, thus, visible changes do not occur within the
time span of our measurements. Our results differ from the ones reported
inrefs. 26,27 with a flame-annealed Ag(19 19 17) submerged in a CuSO,
solution. These showed not only that the density of step bunches on this
surfaceincreases with time, but also that thisincrease occurs faster the
higher theapplied potential®®. This indicates that the Ag(191917) surface,
asmeasured, did not reachthermodynamic equilibrium and that surface
diffusion at room temperature is still high enough for step rearrange-
ment. Alternatively, the chemisorption of sulfate or copper deposition
aswell as alloy formation could also have had animportant role”.

Effects of step bunchingin electrocatalysis
Figure 5a shows the hydrogen desorption region from cyclic voltam-
mograms of Pt(111) and Pt(111)-vicinal surfaces with (111) stepsin 0.1M
HCIO,. All stepped surfaces present a broad feature below 0.4 V and
asharp peak at around 0.13 V, which relate to terrace and step sites,
respectively®. Pt(553) and Pt(221) show, in addition, an extra peak at
around 0.185 V that was previously attributed to hydrogen desorp-
tion from narrow terraces®. However, we know now that it is related
to hydrogen desorption and its (partial) replacement with hydroxide
at step bunches®. A similar peak is also observed on Pt(110)-vicinals
with (111) steps®, which supports further our insights. Pt(775) does
not show this feature, but the potential shift of the single step peak
(Supplementary Note 5 and Supplementary Fig. 9) suggests that also
this surface exhibits (some) step bunching.

Step bunchingalso affects E .. AS E,. is closely related to the work
function, one expects a linear decrease of E,,,. with the step density
according to™#"3+73¢

1
AEpzt(: (Z) = Epztc, stepped surface — Lpztc, 111) = —

“)

_rz
€al’

where ¢, is the vacuum dielectric constant and p, the dipole moment
at the steps. However, the red curve in Fig. 5b (data extracted from
refs. 7,32) shows that the initial linear dependency of E .. with step
density starts to deviate for n < 7. This phenomenon was previously
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Fig. 4| Thermodynamics of step bunching. a, f,,, with step-step interaction
(red), fioa Without step-step interaction (blue) and step-step interaction (inset,
inpurple) asafunction of the terrace width for T=1,300 K. For the calculations,
we used equations (1) and (2), with f,,, =1.07 eV A% from ref. 49 and the values of
f3p=0120eVA™and £ =0.206 eV fromref. 50. We extracted the step
interaction parameter By, = 12.76 eV A*from the one reported in ref. 49, which we
extrapolated to match with our temperature (Supplementary Note 2). b, The
surface free energy ratio between configurations with double and single steps as
afunction of the terrace width. To calculate the surface free energy for the double
steps, we reasonably approximated fgouble step ™ 2x fs‘zep =0.240eV A'and

L btekinge =2 % S = 0-412 eV. We extracted Buoypiesiep = 17.11 €V A2 by scaling By,
with the ratio of the dipole moments of double steps and single steps, as
explained in Supplementary Note 2.

attributed to the decay of p, due to the interference of the stress and
electrical fields between closely spaced steps™. Evidently, as we know
now that closely spaced steps bunch, resulting in wider terraces, the
real explanation must be different. Mainly, step bunching resultsina
decrease of the ratio p,/L, as L is doubled but p, goubie step << 2P, single step
(ref. 23). This leads to a higher £, than expected.

Figure 5b showsinblue thelocal £, at steps (data extracted from
ref.38), whichis constant at low step densities but startsincreasing at
n=7.As step bunches have a different p, than single steps, this again
suggests that the onset of step bunching starts with Pt(775).

Subsequently, we used both curves in Fig. 5b, our measured per-
centage of bunched steps on Pt(553), and equation (4) to calculate
P double step- KNOWINE that p, qngie seep = 0.14 D (in 0.1M HCIO,)’ and
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d, Astereographic triangle showing the stable surfaces in green and the unstable
onesinred. Pt(110) forms a (1 x 2) missing-row reconstruction***, while Pt(100) is
unreconstructed in electrolyte®.

assuming that P, triple step = Pz, double step’ we obtain Pz, double step — 0.168D
and p, gouvtestep = 0.172 D from the two curves, respectively. This means
that the dipole moment of the double step is only -21% larger than the
one of the corresponding single step. To further confirm this, we use
the average value of p, goubie siep = 0170 D together with the measured
percentage of bunched steps and estimate £, for Pt(553) (drawn with
the black diamond), whichis close to the value measured. The dotted
purpleandgreenlinesrepresent the expected trends of £, assuming
100% of double steps and 100% of triple steps, respectively. The fact
that Pt(221) falls close to the purple line suggests that it has predomi-
nantly double steps, while Pt(331) has a mixture between double and
triple steps. As explained above, surfaces with higher step density suffer
fromincreased step-step interaction, which leads to a higher degree
of step bunching for Pt(331).

On another topic, it is well known that the ORR in acidic media is
most active at the concave sites situated at the lower step edge, where
the OH,4intermediate binds more weakly than on the (111) terraces®*°.
Consequently, one would expect the ORR activity toincrease (almost)
linearly withthe number of these concave sites and, thus, with step den-
sity (the effects of the Smouluchowski relaxation have a higher order
dependency with the step separation and, thus, are lessimportant™ ™).
However, Fig.5c showsinred (data extracted fromrefs. 8,9,40) that the
ORRhalf-wave potential (£;,), an activity descriptor, increases linearly
with step density untiln <9.

As we have evidence that Pt(775), Pt(221) and Pt(331) undergo
step bunching, this reduces the amount of lower step edge sites in
approximation by afactor1/2if all steps would simply bunchinto pairs
(Fig.2),and afactor 1/3if all steps bunch into triplets. As these are the
most active sites for the ORR, we expect an equivalent decrease of the
activity. Therefore, we representin Fig. 5c the expected ORR activity for
Pt(553) (black diamond) as well as the expected trends assuming that all
stepsare bunchedinto either pairs (purpleline) or triplets (greenline).
It is striking that Pt(221) falls close to the purple line, indicating once
again that it presents mainly double steps. Meanwhile, the proximity
of Pt(331) to the green line suggests a higher fraction of triple steps.
According to this graph, Pt(775) has arather large percentage of dou-
ble steps, although this seems to be in contrast with the results from
Fig. 5a,b, which suggest a small fraction. However, we also know that
Pt(775) isat the edge of the step bunchinginstability (Fig. 5b) such that
even slightly different sample preparation conditions (for example,
annealing temperature, cooling gas composition and cooling speed)
could lead to alarge variation of the fraction of step bunches.

Finally, step bunching also impacts other structure-sensitive elec-
trochemical reactions that are most active at step-related sites. Step
bunches on Pt(111)-vicinals with n < 5show areduced activity towards
both the hydrogen oxidation reaction* and the CO oxidation reac-
tion*’. By contrast, nitrate reduction shows a substantial increase for
n <S5 (ref. 31), which suggests a more optimal binding of the reaction
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intermediates at thebunched steps. Vacuum studies show that Pt(533),
exhibiting (100) steps, undergoes step bunching during ammonia
oxidation, resulting in a change in selectivity from producing N, to
producing NO (ref. 43). Moreover, we have recent evidence that step
bunching leads also to a decrease of the hydrogen adsorption as well
asplatinum oxidation at step sites. To provide agraphical representa-
tion of our insights, we built up a stereographic triangle in which we
indicate the surfaces that are unstable towards step bunching (Fig. 5d
and Supplementary Tables 1-3). This is derived on the basis of the
informationin theliterature regarding the electrochemical behaviour
of flame-annealed stepped platinum surfaces, together with this work
and other characterization studies® 4%,

Conclusions

In this Article, we demonstrate that flame-annealed Pt(111)-vicinal
electrodes with high step density undergo step bunching, which has
aremarkableimpact onthe electrochemical behaviour of the surface.
Our statistical analysis of the terrace width and the step height distribu-
tion shows that, while Pt(554) presents a regular array of single steps
separated by the nominal distance, 51 + 5% and 14 + 3% of the steps
on Pt(553), which has higher step density, are bunched into pairs and
triplets, respectively. Thisinstability originates from the highly repul-
sive step-step interaction between closely distanced steps, which is
lowered by forming step bunches with larger spacing in combination
with adipole moment thatisincreased by only -21% to 0.17 D for dou-
ble steps, in comparison with the 0.14 D of single steps. The bunching
must occur during surface preparation at high temperature, when the
surface mobility is enhanced, as we did not observe notable changes
of the surface structure during our EC-STM measurements, not even
when switching the sample potential. Pt(111)-vicinal electrodes with
bunched steps exhibit an extra peak at around 0.185 Vin the hydrogen
desorption fingerprint, as well as an unexpected, nonlinear trend of
their £, and ORR activity with their step density. Our insight chal-
lenges the common assumption in electrochemistry that all vicinal
surfaces present a regular array of monoatomic-height steps and can
successfully explain the anomalous step density-dependent trends
reportedin literature.

Methods

Electrochemistry

We recorded the cyclic voltammogramsin aglass cell that we cleaned
first with an acidic potassium permanganate solution and then with
diluted piranhasolution, before finally boiling it five timesin ultrapure
water (>18.2 MQ cm, Millipore Milli-Q). For the measurements, we used
areversible hydrogen electrode (RHE) as the reference and a Pt wire
(MaTeck) as the counter. Our working electrode was a high-quality
(99.999% purity and polished <0.1°) platinum single crystal, either a
Pt(111) (Surface Preparation Laboratory) or a (111)-vicinal surface with
(111) steps (MaTeck). The latter can be described with the notation
Pt(s)[n(111) x (111)], where n is the number of atomic rows on a single
terrace. Before the measurements, we etched the platinum sample
electrochemically (125 cycles at 50 Hz, +2 V versus Pt) in an acidified
2.5M CaCl, solution. Subsequently, we flame-annealed it (3 min at
~1,250 K) and immediately cooled it down in a 1:4 H,/Ar mixture. We
repeated this treatment three times, with the last annealing step ata
slightly lower temperature (-50 K lower) to deplete the surface from
contamination coming from the bulk. We performed all the cyclic vol-
tammogramsinanAr-purged 0.1 MHCIO, solution (Merck Suprapur),
using a potentiostat from Bio-Logic (VSP-300).

Electrochemical scanning tunnelling microscopy

We recorded the STM images with a home-built EC-STM***", We used
anRHE and a Pt coil as reference and counter electrodes, respectively,
while the working electrode was either Pt(554) or Pt(553) with which
wealsorecorded the cyclic voltammograms. We made the STM tips by

electrochemical etching of a Pty,lr,, wire (Goodfellow), and we coated
them with electrophoretic paint (Clearclad HSR) and polyethylene to
minimize the faradaic contributions in the tunnelling current. Before
every measurement, we cleaned all the glassware and pipes following
the procedure described in ref. 48 and we de-aerated the electrolyte
(0.1 MHCIO,) with N, for atleast3 h.

Data availability

Allthe EC-STMimages used for this study are available within the Article
and its Supplementary Information. The EC-STM statistical data on
the terrace widths and step heights are included as a source datafile.
The data files are also available from the corresponding author upon
reasonable request. Source data are provided with this paper.

Code availability

The custom-made Python code for processing and analysing the
EC-STMimages is available from the corresponding author upon rea-
sonable request.
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