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Modifying electrocatalysts with ionic liquids (ILs) not only allows for precise control of selectivity but also
often directly impacts the stability of the electrocatalyst. In this work, we study how the IL 1-ethyl-3-
methylimidazolium trifluoromethanesulfonate [C,C;Im][OTf] influences the electrochemical stability of
the Pt(111) surface in acidic electrolyte (0.1 M HCIO,4) during oxidation and reduction cycles (ORCs;
0.05-15 Vrpe). We used complementary electrochemical in situ methods, namely, cyclic voltammetry
(CV), online inductively coupled plasma mass spectrometry (ICP-MS), and electrochemical scanning
tunneling microscopy (EC-STM) in combination with an algorithmic pattern recognition approach. In the
absence of the IL, Pt(111) dissolves during oxidative cycling via cathodic transient dissolution. In conse-
cutive cycles, small Pt clusters are formed, which grow with increasing cycle number. In the presence of
the IL, the dissolution rate increases by a factor of 5 and an additional anodic dissolution pathway
occurs. The changes in the dissolution behavior during ORCs, however, have only minor impact on the
morphological changes and the adsorption sites formed. We explain latter observation by the dominance
of morphological changes due to the formation and reduction of an amorphous oxide layer, as opposed

rsc.li/pccp to dissolution and redeposition.

Introduction

Ionic liquids (ILs) are successfully used as molecular modifiers
both in heterogeneous catalysis> and electrocatalysis.’™
Numerous studies have demonstrated their ability to enhance
catalytic activity, for example in the oxygen reduction reaction
(ORR),** the oxygen'®"" and hydrogen evolution reactions,
and the CO, reduction reaction (CO,RR)."*'* However, their
greatest potential lies in the control of selectivity,"> " which
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can be tailored using the nearly limitless variety of available
ILs.?*?! These initial catalytic properties are directly entangled
with the stability of the catalyst, which will be also affected by
the modifier.>*

A key mechanistic aspect of this selectivity control is the
partial blocking of active sites—an inherent characteristic of
IL-modified systems."®>*">° Notably, the most catalytically active
sites, such as low-coordinated defect sites, are often also the
least selective. By selectively blocking these defect sites, ILs can
suppress undesired reaction pathways, and thereby, enhance the
overall selectivity. These catalytic properties are closely linked to
catalyst stability, which is likewise influenced by the presence of
the IL modifier.”?

For ORR electrocatalysts, stabilization has been reported for
commercial Pt/C catalysts, preventing Pt dissolution, particle
agglomeration, and carbon corrosion.®?”"*° On the other hand,
modification with ILs can also destabilize electrocatalysts.
George et al’ showed this for PtNiMo/C electrodes and
proposed that the IL suppresses the formation of a protective
oxide layer. Endres and coworkers demonstrated that Au(111)
undergoes restructuring in certain ionic liquids (ILs) due to the
increased mobility of gold atoms, which depends on the
applied potential.**” This restructuring is strongly influenced
by the specific properties of the ionic liquid.*® In an recent
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study, some of the authors could show that even small concen-
trations (10 mM) of the IL [C,C;Im][DCA] enhances the Au
dissolution during oxidation reduction cycling by more than
40 times, affecting directly the correlating morphology.?* We
assigned this to the specific adsorption both of the cation as well
as the anion passivating the oxide formation and stabilization of
dissolved Au ions due to complex formation with the IL.**

To understand catalyst stability at the molecular level, well-
defined model systems are essential. One such system is the ionic
liquid [C,C,Im]JOTf] in combination with Pt(hki) single crystal
surfaces, which has been extensively studied both under surface
science conditions**® and in electrochemical environments.'>™7**
In our previous work, we demonstrated that [OTf]” anions
adsorb onto Pt(111) in a potential-dependent and largely
reversible manner. This specific adsorption behavior can be
harnessed to modulate electrocatalytic selectivity.>® For instance,
during the oxidation of 2,3-butanediol—a secondary alcohol
with two hydroxyl groups—the IL shifts the selectivity toward
the intermediate acetoin, in which only one alcohol group is
oxidized,">'® while also suppressing CO formation typically
observed on Pt(100).'® Moreover, even low concentrations of
the IL have been shown to selectively suppress one of two
competing reactions."”

This robust body of work establishes [C,C;Im][OTf] on
Pt(111) as a highly suitable model system for probing ionic
liquid-surface interactions under electrochemical conditions.
Given the vast structural diversity of ionic liquids, systematic
studies of such representative systems are critical for develop-
ing generally applicable design principles.

While the mechanisms of activity and selectivity control in
this system are well understood, the effect of [C,C,Im][OTf] on the
electrochemical stability of Pt electrodes has remained unex-
plored. Here, we address this knowledge gap by investigating
how this IL influences the stability of Pt(111) in aqueous electro-
lyte during consecutive oxidation and reduction cycles (ORCs). As
schematically illustrated in Fig. 1, we employ a complementary
suite of in situ electrochemical techniques—including cyclic
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voltammetry (CV), online inductively coupled plasma mass spec-
trometry (ICP-MS), and electrochemical scanning tunnelling
microscopy (EC-STM)—together with algorithmic pattern
recognition.

Although the presence of the IL leads to enhanced Pt
dissolution during ORCs, it does not result in significant
changes in surface morphology or the formation of new adsorp-
tion sites. Our findings suggest that surface roughening pri-
marily arises from rearrangements associated with the
formation and reduction of the amorphous oxide layer, rather
than from dissolution and redeposition of Pt.

Notably, this is the first example of a system in which a
surface modifier that significantly influences electrocatalytic
selectivity’>™"” has only a minimal impact on electrode stability
under identical conditions. This unique combination of high
selectivity control with low degradation renders the system a
particularly valuable reference point and offers new design
criteria for the development of stable, IL-modified electrocata-
Iytic interfaces.

Experimental methods
Cleaning procedure

We stored all glass and polytetrafluorethylene (PTFE) parts used
in the CV and EC-STM experiments, in a solution of concen-
trated sulfuric acid (Merck, Emsure, 98%) and NOCHROMIX®
(Sigma-Aldrich) overnight. Before each measurement, we per-
formed three consecutive rinsing (5 times) and boiling (for
30 minutes) cycles with ultrapure water (Milli-Q Synergy UV,
18.2 MQ cm at 25 °C, TOC < 5 ppb).

Preparation of Pt electrodes and solutions

Pt(111) single crystals. We annealed Pt(111) single crystals
(MaTecK, 99.999%, depth of roughness < 0.01 pm, accuracy of
orientation < 0.4°) in the blue flame of a Bunsen burner for
2 minutes. The crystals were cooled down in Ar/H, (Ar: Linde

[C.C,Im]

CH,

N/\N:—CH:;

STM image
analysis

Fig. 1 Electrochemical system studied in this work. Stability of Pt(111) in 0.1 M HCIO,4 in absence and presence of the ionic liquid [C,C,Im][OTf]. We
probe the electrochemical stability of the system applying CV, online ICP-MS, EC-STM and using an algorithmic pattern recognition approach to analyze

STM images.
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5.0, Hy: Linde 5.3; volume ratio of ~3:1) atmosphere to room
temperature.

Polycrystalline Pt. An approximately 200 nm thick polycrys-
talline Pt thin film sample was deposited onto a Si-Wafer
substrate (Siegert Wafer GmbH, Germany) using a high-
vacuum magnetron sputter system (Bestec, Germany). The base
pressure in the main chamber before deposition was below
5.0 x 10~° Pa. Ar (99.9999%) was used as the sputter gas and
the pressure in the chamber was adjusted to 0.50 Pa at room
temperature. A uniform adhesion layer of 15 nm metallic Ti was
applied before deposition of Pt, which was carried out at a
power of 100 W and constant rotation speed of 30 rpm using a
3-inch diameter Pt target (99.95%, Evochem, Germany). The
resulting thin film was plasma cleaned in the high-vacuum of
the main chamber and subsequently used as the working
electrode in the online ICP-MS setup.

Solutions. We prepared solutions of HCIO, (Roth, Rotipuran
Ultra 70% or Merck Suprapur®) and [C,C,Im][OTf] using ultra-
pure water (Milli-Q Synergy UV, ELGA PURELAB, 18.2 MQ cm at
25 °C, TOC < 5 ppb). The IL was synthesized and purified in-
house as previously described.>® We degassed all solutions by
purging with N, (Linde, 5.0) or Ar (5.0) for at least 20 minutes.

Cyclic voltammetry

We recorded CVs with a Gamry Reference 600+ potentiostat in
hanging meniscus configuration in a three-electrode setup. We
used a Pt wire (Mateck 99.9%) as CE and a freshly prepared
RHE as reference electrode. We prepared the RHE in 0.1 M
HCIlO, prior to each experiment. A potential of 12.5 V was
applied between the CE and the platinum wire of the RHE until
it was filled halfway with hydrogen. For the IL containing
solution, the RHE was prepared in 0.1 M HCIlO, electrolyte,
and the IL was added afterwards. We alternated ORCs (0.05-
1.5 Vrug, Scan rate 50 mv s~ 1, total number of 1, 3, 10, 20 and
40 cycles) and characterization cycles (0.05-0.9 Vg, scan rate
50 mV s~ ') in two separated cells. The characterization cell
contained 0.1 M HCIO,, while the ORC cell contained 0.1 M
HCIO, in absence or presence of 1 M [C,C,Im][OTf]. After ORC,
the crystal surface was cleaned in a beaker with ultrapure water.
The crystal surface was protected by a droplet of ultrapure water
during each transfer. Before each characterization, we per-
formed an additional cleaning step developed in this work
(see ESL,t Section 2 for details) inside the characterization cell,
where we cycled the potential 16 times between 0.05 and
—1.0 Vgyg at 50 mV s~ ', Afterwards, we purged the solution
of the characterization cell for 5 minutes with N,.

Electrochemical online ICP-MS

The real-time mass spectrometry analysis of Pt dissolution was
conducted using customized scanning flow cells (SFCs)*’
hyphenated to an ICP mass spectrometer (PerkinElmer Nexion
350X). Details about the SFC-ICP-MS technique’s design and
operating principles are provided in previous publication.?®3°
Pt(111) and polycrystalline Pt thin films (200 nm) deposited
onto Si-wafers were used as working electrodes in contact with
the SFC configuration designed respectively for Pt(111) single
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crystal electrode (contacting area: ca. 0.16 cm?), and for polycrys-
talline Pt film (contacting area: ca. 0.01 cm?). The approaching of
the working electrode to the SFC-ICP-MS setup was realized with a
YXZ-translation stage (3 x M-403.6 DG, Physik Instrumente)
Glassy carbon (for single crystal) or graphite (for polycrystalline
Pt) rods were used as counter electrodes and Ag/AgCl (3 M KCl,
Metrohm) as reference electrode. The flow rate through the SFC
cell was ca. 3.5 uL s~'. To study the ionic liquid effect on the
stability of Pt(111), 10 mM [C,C,Im][OTf] was added to 0.1 M
Ar-saturated HCIO, electrolyte. The electrochemical measure-
ments were conducted using a Gamry (Reference 600) potentio-
stat. All SFC components, gas flow and the potentiostats were
controlled by in-house developed LabVIEW (National Instru-
ments) programs. For the mass calibration of Pt, a calibration
curve of four points (0, 0.5, 1, 5 pg L™') was obtained using
different Pt-concentrated standard solutions (Merck, Certipur).
10 pg L™' Re (Merck, Certipur) was constantly monitored as
internal standard. The RHE potential was measured on a Pt
reference sample against the Ag/AgCl 3 M KCl reference electrode
in H, saturated 0.1 M HCIO, before the measurements. The RHE
scale is used to present all potentials published in this work. The
applied protocol consisted of two CVs from 0.05 (for Pt(111)) and
0.1 (for Ptpyy) to 1.5 Vryg with a scan rate of 10 mv s~". The delay
between the electrochemical signal and the corresponding mass
spectrometry response was approximately 20 s. This delay was
determined through separate pulse experiments using sufficiently
positive potentials to induce immediate electrochemical dissolu-
tion. After applying this correction, a direct correlation between
the electrochemical and mass spectrometry signals is achieved.*’

EC-STM

We measured EC-STM images using a Keysight Technologies
(Series 5500 AFM/SPM) STM equipped with a bipotentiostat.
The EC-STM is isolated from vibrations by a combination of
active and passive noise damping systems. We placed the
Pt(111) crystal on the bottom of a home-built electrochemical
PTFE-cell with a volume of 0.8 mL and sealed the cell with an
O-ring (Kalrez®). During the measurements, we mounted the
EC-STM cell in an environmental chamber purged with N, (5.0,
Linde). A flame annealed Pt wire (MaTecK, 99.9%) served as a
counter electrode and a Pd/H electrode (Pd wire 1 mm,
MaTecK, >99.98%) as reference electrode. We prepared the
Pd/H reference electrode following the procedure reported in
the literature,** with full details provided in Section 4 of the
ESI.{ We refer all potentials of the EC-STM experiment against
the RHE. We used 0.1 M HCIO, in absence and presence of 1 M
[C,C,Im][OTf] as supporting electrolyte.

We etched electrochemically platinum iridium (80/20,
0.25 mm diameter) tips following a procedure adapted from
Friebel et al.*> (2 M KOH and 4 M KSCN, 1 kHz rectangular
voltage of 10 Vpp + 2 Vp¢). The tips were subsequently coated
with Apiezon wax (Apiezon WAX W, Apiezon) to minimize
faradaic currents on the tip. We measured in constant current
mode with tunnelling currents ranging from 0.2 to 1 nA. The tip
potential was kept constant during scanning at —0.35 Vgyg and
the sample potential at 0.1 Vgyg. For cycling, we set scan rates

This journal is © the Owner Societies 2025
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of 50 or 400 mV s~ for the experiments with 40 and 800 cycles,
respectively. We retracted the tip out of the solution during
potential cycling to negate a local drain for soluble Pt species.
We provide further details on the EC-STM setup in our previous
publication.”® We post processed the EC-STM images (data level-
ling, row aligning) with the Gwyddion software (version 2.64).**

Image evaluation, object size detection and statistical analysis

The original STM images were converted to grayscale. To
improve contrast and visibility of individual objects, scarring
artifacts were removed using Gwyddion software** and (bi)linear
bias were removed from the background. The greyscale images
were exported as TIF files for further processing to avoid
compression losses. Using a custom python script that was
originally developed to detect cell nuclei in greyscale images,
we identified the objects on top of the pre-processed surface

View Article Online
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image, their positions and characteristic sizes. We compared
these results with those obtained from the application of the
object instance detection by watershed segmentation provided
by the Gwyddion software and found excellent agreement. There-
fore, for statistical analysis and to facilitate reproducibility by
other groups, we used the resulting particle sizes obtained by
Gwyddion with default settings as the basis.

Results and discussion
Cyclic voltammetry

In a first step, we used cyclic voltammetry to characterize the
stability of the Pt(111) surface after ORCs in the absence and
presence of the IL [C,C;Im][OTf]. The measurement protocol is
shown schematically in the middle panel of Fig. 2 and consists
of a characterization step, an ORC step and a cleaning step.

a b
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Fig. 2 Cyclic voltammograms of Pt(111) during ORCs (0.05-1.5 Vgye, 50 mV s73) in the absence (a) and presence (b) of 1 M [CoC4Im][OTf]. Corresponding
characterization CVs (0.05-0.9 Vgye, 50 mV s7%) measured after ORCs in absence (c) and presence (d) of IL in blank electrolyte only (0.1 M HCIO,). An
additional cleaning step was performed between the ORCs and the characterization.
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First, the crystal was characterized in a non-oxidative regime
(between 0.05 and 0.9 Vryg) in blank electrolyte (0.1 M HCIO,).
Note that such CVs are highly sensitive to changes in the
surface structure as well as to the presence of adsorbates.*>™
Next, we transfer the crystal to a second electrochemical cell
and perform ORC from 0.05 to 1.5 Vgyyg. We did this in the
absence or presence of the IL. Before the following character-
ization step, we cleaned the sample by reductive cycling (0.05 to
—1.0 Vgug, 50 mV s™%, 16 cycles) to remove adsorbed IL or
possible decomposition products and to establish comparable
conditions for the characterization between the ORCs in the
absence and presence of the IL [C,C;Im][OTf] (see ESL¥
Section 2 for details). We measured characterization CVs in blank
electrolyte before the ORCs and after cycles 1, 3, 10, 20 and 40.

A comparison of the results for experiments in absence and
presence of the IL is shown in Fig. 2. Before discussing the
characterization CV of Pt(111) treated by ORCs in the absence
and presence of the IL, we will first discuss the CVs recorded
during the ORCs. In the absence of IL, we observe in the anodic
scan of the first cycle (red) three regions between 0.05 and
0.9 Vgug, the so-called hydrogen, double layer and butterfly
regions. We will describe and discuss these features and their
development in detail when discussing the characterization
CVs. Above 0.9 Viyr we observe a sharp feature at 1.05 Viyg
and a broader feature at 1.35 Vgyg. These features are attrib-
uted to the formation of O,qs on Pt(111) and the formation of
an amorphous bulk oxide layer, respectively.*”** In the catho-
dic scan, we observe two reduction peaks above the hydrogen
region, at 0.74 and 0.56 Vgiyg, which are attributed to the
reduction of platinum oxide (PtO) and the desorption of sub-
surface oxygen (O,g), respectively.'”"*® All features are in perfect
agreement with previous work on Pt(111).>° With increasing
cycle number, the anodic scan features at 1.05 and 1.35 Vgug
decrease and several new peaks appear between 0.7 and
1.2 Vgue. In the cathodic scan, the second reduction peak at
0.56 Vgugr disappears with increasing cycle number and the
reduction peak at 0.74 Vgyg first broadens and shifts to lower
potential. At cycle 10 and above, the peak becomes sharper
again and shifts back to higher potentials. All these observa-
tions indicate that a variety of different adsorption sites are
formed during potential cycling.

To get a more detailed picture of the adsorption sites, we
analyzed in detail the characterization CVs measured within
the stability window of Pt(111) (0.05-0.9 Vgyg). In the CV
measured before the first ORC, we observe a flat hydrogen
region between 0.05 and 0.4 Viyg with only very small peaks at
0.12 (A1) and 0.29 Vgyge (A2). The double layer region between
0.4 and 0.6 Vg is featureless. The butterfly region between 0.6
and 0.9 Vryg shows the well-known shape of Pt(111)*" with a
sharp peak at 0.8 Vgyg (A3). The hydrogen region of Pt(111) is
assigned to the consumption/formation of H,q4s in the anodic/
cathodic scan. The features at 0.12 and 0.29 Vyyg were origin-
ally assigned to hydrogen adsorption/desorption on {110} and
{100} step sites, respectively.>' However, studies by Koper et al.
suggest that the origin of these features also involves
an exchange of H,qs by OH,qs Species at these step sites.>>™°

12942 | Phys. Chem. Chem. Phys., 2025, 27, 12938-12950
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The capacitive behavior of Pt(111) in the region of the double
layer is still the subject of investigation.®” The butterfly region
is assigned to the adsorption of OH,4s induced by the activation
of water. The origin of the sharp feature at 0.8 Vi is proposed
to be the adsorption of two different types of water’®”® or a
disorder order phase transition.*® All features are indicative of a
well-ordered defect lean surface in clean electrolyte.

After the first ORC, the features at 0.12 (A1) and 0.29 Vgpg
(A2) increase significantly. The sharp feature at 0.8 Vyyg (A3) in
the butterfly region starts to become broader and less intense.
After 3 cycles, the peak at 0.12 Vgy (A1) continues to increase
in intensity, while the peak at 0.29 Vgiyg (A2) decreases in
intensity. The weak peak in the butterfly region splits into
two features at 0.78 (A3') and 0.84 Vg (A3”). After 10 cycles the
peak at 0.12 Vgyr (A1) becomes broader, and an additional
shoulder appears at 0.17 Vgyg (Al’). Also, peak A2 splits into
two features at 0.27 (A2') and 0.33 Vgyg (A2"). As the number of
cycles increases, the features at 0.17 (A1’) and at 0.33 Vgyg (A2")
become more intense.

From the observation that both features at 0.12 and
0.29 Vgug become more intense after the first ORC, we con-
clude that {110} and {100} defects form initially. In the sub-
sequent cycles, the peak at 0.12 Vgyg corresponding to {110}
defects is dominant and also the additional feature in the
butterfly region at 0.8 Vgyp is attributed to {110} defect
sites,”” indicating that these steps are formed preferentially.
Note that this observation is consistent with previous
work,*”**% which ascribe the preferential formation of {110}
defects to differences in formation energies between {110} and
{100} sites due to surface strain relaxation.”” Finally, we attri-
bute the splitting of the peaks A1l (at 0.12 Vgyg) and A2
(0.29 Vgyg) into A1 (0.12 Vgyg) and A1’ (0.17 Vgyg) and A2’
(0.27 Vgyg) and A2” (0.33 Vgyg) at cycle numbers > 10 to the
additional formation of {110} and {100} facet sites, as it is
known for Pt nanoparticles. We will return to this point when
discussing the in situ STM images of the system.

When performing the ORC of the Pt(111) surface in the
presence of 1 M [C,C,Im][OT{], we observe distinct differences
compared to the situation in the absence of the IL. In the
anodic scan of the initial cycle the hydrogen region is partially
blocked and the features from the butterfly are fully sup-
pressed. The sharp feature observable in the absence of the
IL at 1.05 Vgyg assigned to the formation of O.qs is not
detectable anymore. The feature assigned to the formation of
an amorphous bulk oxide at 1.35 Vryg is also partially blocked
and shifted to higher potentials. In the cathodic scan only one
reduction peak is observable. Also in the cathodic scan, the
hydrogen region is partially blocked, and the feature assigned to
the presence of {110} and {100} defects is completely missing.
The features assigned to the defect sites in the hydrogen region
are also missing in the consecutive cycles. With increasing cycle
number, we observe first a distinct increase in the total charge of
the region assigned to O,qs and bulk oxide formation between
0.9 and 1.5 Vgyug and the peak assigned to the reduction of
the oxide at 0.74 Vgpgg. This charge reaches a maximum
after 10 cycles and decreases slightly afterwards and stabilizes.
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The same trend is also observable for the hydrogen region,
however, to a much weaker extent. In previous work we could
show that the [OTf]~ anion of the IL adsorbs specifically on the
Pt(111) surface in a potential-dependent and mainly reversible
manner.”® We assign the decrease of the charges in the hydrogen
and oxygen region to the specific adsorption of the [OTf] ion.
Note that we do not exclude additional contributions also from
decomposition products of the IL catalyzed by the Pt(111),** as
well as trace contaminations present in the IL. As the features
attributed to the {110} and {100} defect sites are completely
suppressed, we conclude that the anion adsorbs preferentially to
the low coordinated Pt defect sites and blocks particularly these
sites. Note that these low coordinated sites are typically also the
most unselective sites and blocking of these sites by IL is used to
increase selectivity.>®"

To analyze the effect of the presence of the IL during ORC on
the surface structure of the Pt(111) electrode, we measured
characterization CVs in blank electrolyte in the stability window
of Pt (between 0.05 and 0.9 Vgyg). To obtain results, which are
directly comparable to the sample treated in the absence of the
IL, we implemented an additional cleaning step, in which we
cycled 16 times between 0.05 and —1.0 Vgyg With a scan rate of
50 mV s~ (see ESI, T Section 2 for details) to remove remaining
adsorbates present in the IL experiment. Note that the same
cycling step was also applied in the experiment in the absence
of the IL.

The characterization voltammogram of the freshly prepared
Pt(111) surface before contact with the IL solution or any ORC
exhibits again the characteristics of a well-ordered Pt(111) sur-
face. Specifically, this is the flat hydrogen region with only minor
contributions from {110} (A1, 0.12 Vryg) and {100} step sites (A2,
0.29 Vgyg) and the characteristic butterfly in the oxygen region
with a sharp peak at 0.8 Vryg, as discussed for the reference
experiment. After the first ORC in presence of the IL, the peaks
A1 and A2 show less growth, compared to the situation in the
absence of the IL, whereas the butterfly peak A3 shows a similar
broadening and decrease in intensity as in the experiment
without the IL. After 3 ORCs, the CV is consistent with the
situation without the IL. Peak A1 at 0.12 Vgyg grows significantly,
A2 is present, and A3 splits into two features at 0.79 (A3') and
0.84 Vgpe (A3"). After 10 cycles and above, peak A1 becomes
broader and the shoulder A1’ is less evident compared to the
experiment without IL. Also, the two features A2’ and A2 are less
apparent and can be identified as one broad peak A2. The two
features A3’ and A3” are less clearly identifiable as the intensity
is decreased and peak shapes are broadened to a point where
they appear to be one peak. But in general, the characterization
CVs measured after ORCs in the absence and the presence of the
IL are quite similar.

The consistency of the features of Pt(111) measured in the
voltammograms before ORCs for both samples confirm the
initial presence of well-ordered Pt(111) surfaces. We attribute
the discrepancy of A1 and A2 intensity after the first cycle to
slightly different initial nucleation (see discussion about STM
images) or the blocking of specific defect sites by residual
adsorbates (remaining IL, decomposition products of the IL
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catalyzed by the Pt(111) surface,’* and/or contaminations). Since
the outcome for peak A3 is the same for the experiment with and
without IL, we assume a similar decrease in surface order. This
assessment is further supported by the observation that after 3
ORCs, the fingerprint structure of the characterization CVs for
both experiments is very similar. We also observe the preferen-
tial formation of {110} defect sites. The peaks after 10 cycles and
more have the same positions and show similar evolution as in
the experiment in the absence of IL, but are more damped, most
likely caused by residual adsorbates or minor differences in the
particle growth. We summarize the CV experiments that we
observe specific adsorption of the [OTf] anions with the Pt(111)
surface and especially low coordinated Pt sites. However, this
interaction has little effect on the evolution of the Pt(111) surface
during ORCs in terms of defect and facet formation compared to
the situation in the absence of IL.

Electrochemical online ICP-MS

In order to identify the effect of the IL [C,C,Im][OTf] on the
dissolution behavior, we investigated in the next step the
Pt(111) surface during ORCs using online ICP-MS, both in the
absence and presence of 10 mM [C,C;Im][OTf]. We recorded two
consecutive cycles between 0.05 and 1.5 Vgyg, with 10 mV s~
and followed the Pt dissolution. As a reference experiment, we
performed the same procedure also on polycrystalline Pt. The
results are presented in Fig. 3. Extracting from the logarithmic
plot of the Pt(111) dissolution (Fig. S1, ESI), in the absence of
the IL, the dominating dissolution profile appears in the catho-
dic process on Pt(111) surface, the anodic dissolution onset is ca.
1.22 Vgyg. Note that this is specific for the single crystalline
Pt(111) surface,®® while the polycrystalline Pt surface shows
besides the cathodic dissolution peak (9.0 ng cm 2) also a
pronounced anodic dissolution peak (1.1 ng cm™*) with an onset
at ca. 1.0 Vgye. On Pt(111) the dissolution increases from the
first to the second cycle, from 0.40 to 0.75 ng cm™ 2, which is
again in direct contrast to the polycrystalline surface, where the
Pt dissolution is practically identical in the two consecutive
cycles (see Fig. S2, ESIT). On Pt(111) and in the presence of the
IL, we observe an increase in Pt dissolution from the first to the
second cycle, which is specific for the single crystalline surface.
The enhancement of Pt dissolution is more noticeable in the
presence of the IL. On Pt(111) the dissolution is enhanced by a
factor of ca. 5 (1.76 and 3.83 ng cm ™ in the first and second
cycle), and also a significantly enhanced anodic Pt dissolution is
observed in the presence of IL (see semi-logarithmic representa-
tion in Fig. S1 for details, ESIt), with a dissolution onset shifted
negatively to ca. 1.15 Vrye. On polycrystalline Pt, the increase in
dissolution in the presence of the IL is less pronounced but with
a factor of 1.5, still strong.

In general, the anodic dissolution peak is attributed to the
transient dissolution that occurs during the formation of the
surface oxide, while the more pronounced cathodic dissolution
peak is attributed to the transient dissolution during the
reduction of the Pt surface oxides.®>®®> We assign the increased
Pt dissolution in consecutive cycles to the formation of low
coordinated Pt sites at the {110} and {100} steps during the first
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ORCs (see discussion of the CVs), which has enhanced dissolu-
tion in the subsequent cycles. To explain the enhancement
effect of the IL on the Pt dissolution, it is necessary to consider
the influence of anions on the dissolution behavior in general.
In previous work, some of the authors have shown that the
nature of the present anion directly affects the dissolution.
Specifically, the dissolution increases with increasing inter-
action strength of the anion following the order ClO,~ <
CH,S0;~ < SO,%.*° However, the enhancement in dissolution
observed in this work is significantly more pronounced sug-
gesting that beside the stronger interaction of the IL with the
Pt(111) surface,” an additional effect could play a role. Also,
dissolved solutes will substantially influence the IL interface
electrochemistry.®*®® In previous work, we demonstrated that
already low concentrations (10 mM) of the complexating IL
[C,C4Im][DCA] increases the dissolution of Au(111) drastically
(by a factor of more than 40).>* Similar effects can also occur in
the system investigated, here, even though the effect of the IL is
much less pronounced in the current study. These results
suggest that the dissolution behavior can be tuned by selecting
different ionic liquids, partially due to their varying tendencies
to form complexes.
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EC-STM

While we observed a distinct influence of the IL on the dissolution
behavior, its influence on the development of the facets formed
during ORCs is only minor. The question remains, how the
presence of the IL affects the final morphology formed during
consecutive ORCs. To address this question, we conducted in situ
EC-STM measurements between ORCs performed in the absence
and the presence of the IL [C,C,Im][OTf]. We used the same
experimental procedure as in the CV experiment. We cycled the
potential in 0.1 M HCIO, between 0.05 and 1.5 Vg at 50 mV s~ .
STM images were measured prior to cycling and after 1, 3, 10, 20
and 40 cycles to examine the initial progression of surface
morphology. The resulting images are shown in Fig. 4, with
corresponding enlargements in the square inlets.

Before the first ORC, we observe large, defect-lean (111)
terraces for both environments. The height of individual ter-
races is ~0.24 nm, which is in agreement with literature for
Pt(111).°°"°® Potential cycling leads to roughening of the Pt
surface. After the first cycle, the surface roughness which was
determined using the magnified insets shown in Fig. 4, has
increased from 61 to 108 pm in absence of the IL and from 63 to
87 pm with IL present. Note that also in the characterization
CVs, the peaks assigned to the formation of {110} and {100} steps
were less pronounced when cycling in presence of the IL. After
3 cycles, the surface roughness has further increased for both
systems. In presence of the IL, a homogenous nanostructure with
islands of ~1 nm diameter has formed on the surface. This
structure is not visible in the system in absence of the IL and is
most likely an artifact of the lower resolution of this particular
image. After 10 cycles the nanostructure is visible for both
systems. The diameter of the islands has increased to ~2 nm
and the RMS value increased to 218 pm in absence of the IL and
179 pm in presence of the IL. With further cycles, the size of the
islands continues to increase, up to ~2.5 nm after 40 cycles for
both systems. The size distribution of nanoislands for 10, 20 and
40 cycles is shown in Section 3 of the ESI.{ Despite the roughening
of the surface, the terrace structure remains visible. The observa-
tions are in agreement with previous STM studies on surface
roughening of Pt(111) in acidic media.®®%*%

Jacobse et al identified in previous work two different
regimes of nanoisland formation: a ‘nucleation and early growth’
regime and a ‘late growth’ regime. The ‘nucleation and early
growth’ takes place in the initial cycles. Small islands nucleate
with monoatomic height, which grow in number. At the same
time vacancy islands form, which are however, difficult to detect
using STM. We assign the roughening observed at cycles <10 to
this initial growth mode. At higher cycle numbers the nucleation
and growth regime transforms into the late growth regime in
which the nucleation stops and existing islands grow in 3
dimensions. Note that larger particles also expose {110} and
{100} facet sites, which were also observed in the CV experiment.
In the next step, we analyzed the development of morphology
using a high number of ORCs. The experimental conditions were
the same as for lower number of cycles, except for the sweep rate,
which was set to 400 mV s~ . Images were taken after 200, 400
and 800 cycles. After 200 cycles, the Pt surface is homogeneously
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0.05V - 1.5 Vpe, 50 mV-s°

presence (right) of 1 M [C,C4Im][OTf]. Supporting electrolyte was 0.1 M HCIOy,.

covered with nanoislands of similar size for both systems. With
increasing cycle number, the particles grow. When comparing
the system with and without IL, only minor differences are
observed even after 800 cycles. This stands in clear contrast to
our previous study on [C,C,Im][DCA] on Au(111), which revealed
significant differences in the resulting morphology following
ORC, depending on the presence of the IL.>?> These findings
suggest that the influence of the IL is strongly dependent on the
electrode material and/or the specific IL used. The pronounced
effect of the IL is also consistent with the work by Endres et al.,
who demonstrated that surface restructuring is highly sensitive
to the nature of the IL.*® To quantify the size of the formed
islands in detail, we applied an algorithmic pattern recognition
approach. The resulting distribution histograms are displayed in
Fig. 6 and the obtained particle sizes are summarized in Table 1
(see ESLt Section 3 for the corresponding data of the initial
cycles). With increasing cycle number, the particle sizes increase
and show a broader distribution. Finally, the peak shape and
maxima between cycling in absence and presence of the IL are
very close to each other. From CVs as well as the analysis of the
STM images we conclude that the effect of the IL on the
morphology is minimal, even though the IL affects significantly
the Pt dissolution. In general, two effects shape the morphology
during ORCs. On the one hand, the formation of the amorphous
3D oxide layer followed by its reduction leads to surface

This journal is © the Owner Societies 2025

Table 1 Mean particle sizes formed on Pt(111) after extended number of
ORCs determined from STM images (shown in Fig. 5) using an algorithmic
pattern recognition approach. The corresponding particle size distribution
is shown in Fig. 6

Mean island size after ORC Mean island size after ORC
Cycle number in the absence of IL (nm?) in the presence of IL (nm?)

200 6.3 £3.3 6.6 £ 3.1
400 8.5 3.9 9.7 £ 4.8
800 12.8 £ 7.4 12.2 £ 6.8

roughening because not all atoms reach the original
position.®®®® On the other hand, both Pt dissolution and the
subsequent redeposition will change the surface structure. While
the first process is mostly independent of the Pt dissolution, the
second process depends strongly on it. The observation that the
structural changes in the absence and the presence of the IL are
literally the same, suggests that the morphological changes
during ORC are strongly dominated by the first process, which
is also in accordance with previous assumptions.®*®°

Conclusions

We investigated the influence of the IL [C,C,Im][OTf] on
the electrochemical stability of Pt(111) in 0.1 M HCIO, in a
potential window of 0.05-1.5 Vgg. We compare experiments in
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Fig. 5 EC-STM images (Upias 0.4 V, Iy 0.2-1 nA) after extended ORCs
(0.05-1.5 Vgye, 400 mV s7Y in the absence (left) and presence (right) of
1 M [C,CyIm][OTf]. Supporting electrolyte was 0.1 M HCIO,.

the presence of IL with reference experiments in the absence of
IL. We used CV, online ICP-MS, and EC-STM in combination
with an algorithmic pattern recognition approach to study the
stability during ORCs. The results are summarized in the
following:

(1) IL-surface interaction

[OTf]™ ions of the IL [C,C,Im][OTf] adsorb potential dependent on
the Pt surface. This specific adsorption blocks partially the
hydrogen and, in a more pronounced fashion, the OH adsorption.
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Fig. 6 Size distribution histogram of nanoislands in EC-STM images from
Fig. 5. The corresponding values are summarized in Table 1.

This implies that the anions adsorb and block preferentially the
low coordinated defect sites formed during the ORCs.

(2) Dissolution

In the absence of IL, Pt(111) dissolves almost exclusively during
the cathodic process. In the consecutive cycle, the dissolution is
increased, due to the formation of low coordinated adsorption
sites, which dissolve more easily. In the presence of low
concentrations of IL (10 mM), dissolution increases by factor
of 5 and the onset of anodic dissolution appears at more
negative potentials. We assign the increased dissolution to an
anion effect and possibly also the formation of complexes,
which prevent the dissolved species from redeposition.

(3) Morphology and adsorption sites

In the initial cycles (<10), we observe roughening, which we
assign to nucleation and initial growth, and the number of
nucleation sites increases. Specifically, {110} and {100} defects
form in the first cycle. In the consecutive cycles, {110} defects
form preferentially due to surface strain relaxation. At cycle
numbers >10, the growth enters the late grow regime, in which
the existing islands grow in three dimensions and the particle
size distribution broadens. In this growth regime formation of
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facet sites is observable. However, the IL does not affect
substantially the development of the morphology and adsorp-
tion sites. For the potential window 0.05-1.5 Vg, the effect of
surface restructuring is much greater than the effect of dissolu-
tion. We conclude that the morphological changes are domi-
nated by the formation and subsequent reduction of an
amorphous oxide layer, which is unaffected by the IL and not
by dissolution and redeposition.

Our work shows the complexity of the influence of ionic
liquids on stability. In order to understand how the modifica-
tion of IL affects the stability at a molecular level, model studies
with defined systems are essential.
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