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ABSTRACT

In this work, we demonstrate the power of a simple top-down electrochemical erosion approach to obtain Pt nanoparticle with
controlled shapes and sizes (in the range from ~ 2 to ~ 10 nm). Carbon supported nanoparticles with narrow size distributions have
been synthesized by applying an alternating voltage to macroscopic bulk platinum structures, such as disks or wires. Without using
any surfactants, the size and shape of the particles can be changed by adjusting simple parameters such as the applied potential,
frequency and electrolyte composition. For instance, application of a sinusoidal AC voltage with lower frequencies results in cubic
nanoparticles; whereas higher frequencies lead to predominantly spherical nanoparticles. On the other hand, the amplitude of the
sinusoidal signal was found to affect the particle size; the lower the amplitude of the applied AC signal, the smaller the resulting
particle size. Pt/C catalysts prepared by this approach showed 0.76 A/mg mass activity towards the oxygen reduction reaction which
is ~ 2 times higher than the state-of-the-art commercial Pt/C catalyst (0.42 A/mg) from Tanaka. In addition to this, we discussed the
mechanistic insights about the nanoparticle formation pathways.

KEYWORDS
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expensive lithographic methodologies are utilized.
In 1902, E Haber observed the formation of metal dusts
when applying a potential to metal wires [14]. Later on, the

1 Introduction

The shape, size and composition of metallic nanoparticles

(NPs) often play a decisive role in achieving specific surface
functionality for various applications [1-3]. For instance, the
properties of metal NPs can be tailored by changing the afore-
mentioned parameters for their applications as heterogeneous,
electro- and photo-catalysts as well as in biosensors [4-9].
Currently, most of the state-of-the-art synthetic procedures in
nanochemistry are based on colloidal wet-chemical “bottom
up” approaches, which often require complex steps. In most
cases the shape of the nanoparticle is controlled by surfactants
[10-12] or by predefined templates [13]. Such surface capping
agents often decrease the activity of metal nanoparticles in
heterogeneous catalysis, thus requiring additional steps for
removal of the surfactants from the resulting species. Another
way of making nanostructures is to directly produce them from
bulk materials by so-called “top-down” approach, where mostly

phenomenon was investigated by several groups, mainly for
the purpose of testing the stability of the metals at high potentials.
More recently, Koper et al. have investigated the surface of single
crystalline and polycrystalline metal electrodes and reported
the onset potentials for the beginning of surface roughening
when cathodic potentials are applied [15]. They also reported
that, in addition to the applied potential, the evolution of
the metal surface roughness patterns was dependent on the
electrolyte composition. However, the exact mechanism of
such phenomenon is still not well understood, and the role of
metal cations present in the solution remains a mystery. There
have been various theoretical studies suggesting the adsorption
of metal cations onto the electrode surface and the formation
of ternary metal-hydride complexes [16]. Another study [17]
proposed that the alkali metal cations from the electrolyte are
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intercalated into the metal surface layer to produce intermetallic
compounds. However, as of now there are no experimental
evidence to support such mechanisms.

Herein, we demonstrate how to use simple synthesis parameters
such as the applied electrode potential, frequency and electrolyte
composition to produce carbon supported Pt nanoparticles of
desired shape and size without any surfactants or reducing
agents. In this top-down method the nanoparticles are eroded
from the metal wire by applying an alternating voltage with a
specific frequency. Extending the method to a three-electrode
configuration enabled a precise control of the metal wire
potential. By varying electrolyte concentration, composition
and voltage pulses we further support the hypothesis that the
mechanism of NP formation by this approach is enabled by the
presence of alkali metal cations. Moreover, pair distribution
function (PDF) analysis reveals strained nature of particles,
which indicates that particles are carved out of the bulk samples.

2 Results and discussion

The top-down synthesis of nanoparticles is schematically
described in Fig. 1(a): The NPs are produced by exposing Pt
wires to an AC voltage in an aqueous solution. The wires are
immersed into an electrolyte containing alkali metal cations,
and the nanoparticles are eroded from the metal wires under
these conditions. The resulting particles can be supported on
a desired support (e.g., high surface area “Vulcan” XC72R
carbon black was used in this work), which is dispersed in the
solution. The nanoparticles are formed on the wire during a
cathodic sweep, while an anodic pulse is needed to release
them into the electrolyte. Importantly, previous studies found
that the presence of reduction-stable cations (e.g., alkali metal
cations) in the electrolyte is one of the crucial constants enabling
the synthetic route. For detailed information on the experimental
procedures used here, please see the experimental section.

In Fig. 1(b), the rate of mass loss of the Pt host material is
depicted as a function of the “overpotential’, i.e. symmetric
potentials against the equilibrium potentials of hydrogen and
oxygen evolution reactions in this case. As expected, the mass
loss increases with increasing the applied AC voltage. However,
it is important to note that nanoparticle formation can only be
observed above ~ 1.5 V of the overpotential. Several studies
[18-24] have argued that NP synthesis can be achieved by
applying solely negative alternating potential. Here, we were
not able to reproduce these results, as only when the applied
potential was sufficiently high to generate both H, and O; the
formation of Pt nanoparticles was observed. In either potential
range of —10 to 0 V (generating H.), or 0 to 10 V (generating
0,) (controlled with three electrode set-up), no Pt NPs were
observed. In accordance with the mass loss, it is shown that
the particle size increases with increasing the amplitude of the
potential, when subjected to a symmetric sinusoidal AC voltage
at 200 Hz (see Fig. 1(c)). From these observations, the first
conclusion can be derived: At a constant frequency, the higher
the applied potential, the larger are the formed nanoparticles.
The particle size increases from ~ 2.7 + 1.0 nm at +4 V to
~45+1.8nmat+25V.

In addition to the potential amplitude, tuning of the shape
and the size of the nanoparticles is possible by changing the
frequency of the applied potential. Figures 2(a) and 2(b) compare
transmission electron microscopy bright-field (TEM-BF) images
of the Pt/C material synthesized at different AC frequencies
(20, 200 Hz) and wave shapes (sinusoidal and square wave). At
20 Hz sinusoidal applied potential, a large fraction of cubic
particles were observed. Furthermore, at higher frequencies
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Figure1 (a) Schematic description of the synthetic procedure used in
this work. Illustration highlights which parameters can be tailored to
govern the shape of formed particles. (b) Pt mass loss as a function of the
“overpotential” (negative potential sweep vs. 0 V; positive potential sweep
vs. 1.23 V). (c) Particle size as a function of the AC potential amplitude.
Conditions: sinusoidal potential, 1 M KOH, 200 Hz.

no cubic particles were produced. This clearly indicates that
the shape of the nanoparticles formed depends on the
frequency when sinusoidal peak is applied. On the other hand,
as highlighted by the magnified images, when square-wave
signal is applied, spherical shaped nanoparticles are formed,
independent of the frequency of the applied square wave
potential. In turn, this indicates that the shape of the nanoparticles
can be controlled by changing the frequency of the applied
sinusoidal potential.
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Figure2 The influence of the wave shape and frequency on the Pt
nanoparticle sizes and shapes. TEM-BF images of the Pt/C materials
synthesized at 20 Hz and 200 Hz using (a) sinusoidal and (b) square wave
potential signals. (c) Particle size as a function of the frequency (20-400 Hz).
Synthesis conditions are given in the figures.

Another interesting observation is that the size of the formed
nanoparticles does not change with changing between the
sinusoidal and square-wave potentials. The results shown in
Fig. 2(c) indicate that applying square-wave potentials leads
to smaller or comparable mean particle size (considering the
standard deviation). Hence, we conclude that within the short
formation time at equal frequency, the wave shape has no
pronounced effects on the particle size. The increase of the
frequency results in a decrease of the particle size for both
wave shapes. This is in accordance with a hypothesis that higher
frequencies lead to faster nanoparticle formation rates (faster
nanoparticle detachment from the bulk wire), this results in
formation of smaller nanoparticles. In other words, since the Pt
species were formed in every potential shift cycle, increasing
the frequency would reduce the time for the growth of NPs
before detachment.

As shown in Fig. 3, the electrolyte composition is another
parameter, which can be used to control the particle sizes. Under
the given conditions, it was possible to produce particles starting
from a concentration of ~ 0.2 M KOH. At this concentration,
generated nanoparticles were 1.9 = 0.7 nm (see Fig. 3(a)). In
contrast, the size of the species produced in 5 M KOH was
11.1 + 5 nm (see Fig. 3(b)). Figure 3(c) highlights the increase
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Figure 3 Influence of the electrolyte concentration on the Pt nanoparticle
size and shape. (a) and (b) STEM-BF images of Pt/C synthesized in 0.2 and
5 M KOH. (c) Particle size as a function of the electrolyte concentration and
magnified STEM-BF images of Pt/C synthesized in 5 M KOH. Conditions:
sinusoidal potential, £10 V, 200 Hz. (d) Pt mass loss as a function of the
concentration of the K* cations present in the solution. (¢) STEM-BF
image of cubic Pt nanoparticles. Cubic structure was achieved by altering
the electrolyte composition and the frequency of the applied potential
(+10 V sinusoidal potential at 20 Hz, 5 M KOH).

in the size of NPs as a function of the electrolyte concentration,
where the particle size distribution also increases for the larger
sizes. This is further supported by the increased mass loss at the
bulk Pt electrode with increasing the K* cation concentration,
as shown in the Fig. 3(d).

A closer look at the corresponding particle shapes via scanning
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transmission electron microscopy with bright-field detector
(STEM-BF) in Figs. 3(a) and 3(b) reveals strong morphological
differences at different concentrations. At the lowest con-
centration, small spherical particles can be found, which are
homogeneously distributed on the support material. In contrast,
in 5 M KOH, a high fraction of cubic particles can be observed.
This is in accordance with literature reports, where the
appearance of cubic etch holes on the surface of Pt wires has
been previously described [25, 26]. However, here we confirm
that this also corresponds to the actual structure of the resulting
nanoparticles. Apart from the cubic NPs, one also observes
the formation of different particle shapes. As illustrated in
Fig. 3(c), some large particles with crystal-like shapes were
found, being characterized by very rough, non-uniform edges.
Accordingly, the question arises why these different shapes
appear. It seems plausible that the shape of the grains and
grain boundaries of the host material is an important factor.
Furthermore, the particle formation rates could be equally
important.

As the electrolyte concentration influences the number of ions
at the electrified solid/liquid interface, the local conductivity
increases. In turn, this might result in faster particle formation
and a less precisely defined shape, while a longer conversion
time results in a uniform particle shape.

Lastly, the effect of the nature of the alkali metal cations was
investigated. Recent data indicate that the type of electrolyte
species has a pronounced impact on the particle shape, leading
to a change of the generated surface facets with change of the
cation size [16]. As observed by STEM with high-angular annular
dark-field detector (STEM-HAADF) and simultaneously by
STEM-BF in Fig. 4(a), all particles synthesized in the electrolytes
with different cations (Cs*, Na*, Li*) exhibit a strong degree of
surface defects. As reported previously, such concave defects
can be used to tailor the oxygen reduction reaction (ORR)
activity of Pt nanoparticles, verifying the various application
possibilities [4, 27, 28]. It has to be noted, that the depicted
particles are not representative for the mean particle size, for
accurate shape comparison larger particles with similar sizes
were pre-selected. Regarding the particle size, no clear trend
can be observed, with average mean sizes ranging from 3 to
4.5 nm. We observe slightly larger mean Pt particle size in the
case of NaOH. The results shown in Fig. 4(b) indicate that the
presence of different alkali metal cations does not influence
the size of the produced species.

In an earlier study [15], Yanson et al. did not observe
NP-formation in acidic media. In the present work, 1 M HCI
was also used and +6 V square wave potential was applied. No
Pt NPs were observed under these conditions. We have also
used 1 M KClI solutions of different pHs, where the latter was
adjusted by HCL. As it is seen in Fig. 4(c), the higher pH
resulted in higher mass loss from the bulk Pt wire; and at the
same time larger amount of gas bubbles were observed. This
indicates that the concentration of hydroxide ions also plays a
role in the formation rate of the nanoparticles. Below pH of 2.5,
the mass loss of Pt did not change further for the lower pHs.

In order to obtain more information about the crystal
structure of the produced nanoparticles, X-ray diffraction
measurements were conducted. The obtained diffraction data
are plotted in Fig. S1 in the Electronic Supplementary Material
(ESM) as received. It can be seen that the diffraction signal is
dominated by air scattering. Subtraction of empty capillary/air
scattering data from the diffraction patterns leads to a quasi-flat
background. Weak contributions from “Vulcan” carbon can be
noticed in the diffraction data for Pt/Ciov, Pt/Csv (samples
related to Fig. 1(c)) and the commercial Pt/C samples (TKK,
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Figure 4 Influence of the electrolyte composition on the Pt nanoparticle
size and shape. (a) STEM-HAADF and corresponding STEM-BF images
of the Pt/C material synthesized in 1 M CsOH, NaOH and LiOH.
(b) Particle sizes for the solutions containing different alkali metal
cations. Conditions: sinusoidal potential, £10 V, 200 Hz. (c) Pt mass loss

as a function of the solution pH. The pH of KCI solution was adjusted
by adding HCL

Japan) (Fig. S1(b) in the ESM), which can be eliminated
by subtraction of the “Vulcan” carbon instead of the empty
capillary measurements (Fig. S1(c) in the ESM). In addition,
the powder XRD diffractograms of Pt/C prepared in LiOH
and in KOH solutions are shown in Fig. S3 in the ESM, where
one can see typical Pt peaks.

Rietveld refinements of the latter datasets yield very similar
results (Figs. S1(d)-S1(f) in the ESM). The observed lattice
parameters are listed in Table 1 showing a weak spread of Pt
lattice parameters between the three samples. At 4a platinum

www.theNanoResearch.com | www.Springer.com/journal/12274 | Nano Research
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Table 1 Lattice parameters (in nm) of Pt extracted through Rietveld and

pair distribution function analysis

Sample type Rietveld refinement PDF analysis
Pt/Ciov 0.401379 +0.000015 0.401089 +0.00011
Pt/Cav 0.400821 + 0.000033 0.400737 + 0.000068

Commercial Pt/C 0.399209 + 0.000093 0.401194 + 0.0005

site, the following isotropic displacement parameters 0.0056(1),

0.0061(2), 0.0092(2) nm?, were obtained for the Pt/Ciov, Pt/Cav

and commercial Pt/C samples, respectively. This observation

might be the indication of more ordered character of Pt/Ciov
and Pt/Cyv samples over the commercial Pt/C. The systematic

diffraction peak broadening was observed over the whole 26

range studied, which was attributed to the particle size effect

(assuming spherical shape of particles) and the following

average sizes were obtained: ~ 3.1, ~ 2.4 and ~ 1.3 nm.

The Rietveld refinement usually provides slightly underestimated
coherent scattering lengths, when compared to PDE The
obtained PDF curves are presented in Fig. 5, and graphical
results of PDF modelling are plotted in Figs. S2(b) and S2(c) in
the ESM for the three samples studied. The PDF of the Pt/Ciov
sample can be well described by the Pt-structure, whereas
several spurious peaks with the maxima at ca. 0.13, 0.208 and
0.357 nm were noticed on the obtained PDF curves for the
Pt/Cav and commercial Pt/C samples. A characteristic signal
at 0.13 nm was attributed to residues of C-C bonds from
“Vulcan” carbon (probably not ideally subtracted from the data),
whereas maxima at 0.208 and 0.357 nm can be attributed
to oxidized platinum, i.e. dpo and 3 dbio [29]. Due to relatively
weak contribution from the non-platinum phases, no multiphase
modelling was attempted, i.e. further analysis of PDF data
yielded 4.36(14), 3.13(4) and 2.06(14) nm average spherical
particle sizes for the Pt/Ciov, Pt/Csv and commercial Pt/C
samples, respectively. Similar lattice parameters (Table 1) were
noticed for all three samples. Isotropic displacement parameters
obtained by PDF confirmed the trend yielded by the Rietveld
refinement with 0.0108(4), 0.0113(2), and 0.015(2) nm?, where
commercial sample displays essentially higher values potentially
caused by the Pt site disorder.

In the following, we highlight the observations, which
could help in deciphering the mechanism of the nanoparticle
formation:

o Applied AC voltage should be higher than ca. £1.5 V, holding
at high negative or positive potentials doesn’t result in
observable nanoparticle generation.

o Alkali metal cations need to be present in the electrolyte.
No nanoparticle formation is observed in HCI solutions
without these cations.

o Simultaneous gas evolution during particle formation is
needed. In presence of HCI we observed Cl. gas, therefore
the gas composition seems not to be as relevant.

o In acidic electrolytes, H" and K* seem to compete, and higher
applied potentials are needed to locally deplete H' in hydrogen
evolution reaction (HER).

o Starting with alloyed bulk precursor structure results in the
formation of alloyed nanoparticles, for instance PtsPr bulk
material generates Pt.Pr NPs (for more details please see
Ref. [5]).

e The type of alkali metal cations doesn’t significantly
influence the particle size; however, the alkali metal cation
concentration affects the NP shape and size.

¢ Diffraction measurements indicate that the nanoparticles
generated by top down method have more strained
structure in comparison to commercial particles produced

Nano Res. 2021, 14(8): 2762-2769

by traditional bottom up approaches, which is important

e.g. in electrocatalysis.

All of these observations above strongly suggest that the NPs
are carved out of the bulk metal and are not formed through
the mechanism where metal ions are dissolved and subsequently
reduced to form nanoparticles. Especially, strained structures
and feasibility of alloyed nanoparticle generation strongly
indicate that nanostructures are being ripped from the bulk
material.

Figure 6 shows the oxygen reduction activity results of Pt
nanoparticles produced by electrochemical method in 1 M
LiOH solution. For comparison, we have added the activity of
commercial Pt/C catalyst from Tanaka. At 0.9 V vs. RHE the
catalyst obtained by electrochemical route showed mass activity
of 0.76 A/mg which is ~ 2 times higher compared to commercial
state of the art Pt/C catalyst with 0.42 A/mg mass activity.
Moreover, the specific activity of the Pt/C was 0.81 mA/cm? in
comparison to that of commercial Pt/C, which is 0.61 mA/cm®.
This enhancement in the activity can be attributed to two
factors: The first reason is the higher electrochemically active
surface area per mass of the catalysts (so-called specific surface
area, SSA). The SSA of commercial Pt/C catalyst is 68 m*/g and
it is 94 m*/g for the Pt/C catalysts prepared by the electrochemical
approach. The higher SSA can be due to the specific surface
structure on the individual nanoparticles as can be seen for
instance in Fig. 4(a), and/or it can be due to better distribution
of the Pt nanoparticles on the carbon support. Secondly, as it
is seen from the PDF results the Pt nanoparticles prepared by
electrochemical approach are strained, which in turn is beneficial
in tailoring the binding energy of reaction intermediates of
ORR. In addition, we investigated the stability of the Pt/C
catalyst, the activities of fresh and after 1,000 cycles were
comparable, as it can be seen in Fig. S4 in the ESM. Further
electrocatalytic activity tests of different shapes and sizes
towards various reactions are planned in future studies.

3 Conclusions

In this study, we systematically investigate the influence of
the synthesis conditions on the geometry and structure of
supported (and therefore isolated) Pt nanoparticles. In detail,
this includes the influence of the applied potential amplitude,
its frequency, the electrolyte concentration and the nature
of the cations present in the electrolyte. Moreover, we derive
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Figure 5 Experimental pair distribution functions for the Pt/Ciov, Pt/Cav
and commercial Pt/C samples. Inset shows an enlarged section of the
PDFs highlighting the nearest coordination environment.
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Figure 6 Activity of Pt/C towards oxygen reduction reaction. (a) Typical
cyclic voltammogram of electrochemically prepared Pt/C catalyst in
Ar-saturated 0.1 M HCIOs at scan rate of 50 mV/s. The hydrogen adsorption
and desorption as well as the surface oxide formation and reduction peaks
are labeled in the figure. (b) Typical iR-corrected polarization curve (anodic
scan) of Pt/C (electrochemically prepared) in O:-saturated 0.1 M HCIO4

at the scan rate of 50 mV/s and the disk electrode was rotated at 1,600 rpm.

Pt catalyst loading on the glassy carbon electrode was 20 pgp/cm® The inset
of the graph shows the mass activities at 0.9 V of commercial Pt/C
(Tanaka) and Pt/C catalyst prepared in this work.

conclusions on the particle formation mechanism using the
observations deduced from TEM images and PDF analysis of
produced particles. Application of alternating voltage is important
for fast generation of nanoparticles and higher frequencies
generate spherical while lower frequencies generate cubical
NPs. In addition, the alkali metal cations play a crucial role on
the particle erosion from the bulk wire. The type of the alkali
metal cations doesn’t influence the structure of the generated
species. However, lower electrolyte concentrations of alkali
metal cations produce spherical while higher concentrations
generate cubical structures. We also demonstrate the feasibility
to synthesize nanoparticles in acidic electrolytes, granted
alkali cations are present in the solution and the pH is higher
than 2.5. PDF results show that this top-down approach forms
strained nanostructures, indicating that the particles are likely
to be carved out from the bulk rather than formed through
metal jon dissolution. Furthermore, electrochemical activity
results of Pt/C catalyst prepared by this approach shows ~ 2-fold
enhancement in the mass activity compared to the commercial
Pt/C catalyst from Tanaka. Hence, the electrochemical approach
shows a promising way for a scalable top-down synthesis of
metal NPs with desired geometry, and the mechanistic insights
highlight which parameters can be tailored for optimal shape
and size.
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4 Experimental

Prior to the synthesis of carbon supported Pt nanoparticles
(Pt/C), an electrolyte suspension was prepared. In detail,
~ 20 mg of “Vulcan” XC72R active carbon black (Cabot, USA)
was dispersed in ~ 25 mL of aqueous MeOH (Me = Li, Na, K,
Cs) solution via ultrasonication for 15 min. Concentration of
the alkali metal hydroxide solution was varied between 0.2
and 5 M. In order to improve hydrophilicity of the support
material, “Vulcan” carbon black was pretreated in 30% H.O.
solution (Rotipuran” p.a., Roth, Germany) for 24 h, according
to a procedure described elsewhere [30]. All experiments were
conducted using ultrapure water (Evoqua, Germany).

Subsequently, two Pt wires (d = 0.2 mm; 99.99%, Goodfellow,
Germany), connected to a potentiostat, were immersed in the
electrolyte and an AC voltage (sinusoidal or square wave)
between specified potentials was applied to the wires. The
frequency was varied between 20 and 400 Hz. During the
synthesis, the electrolyte was constantly stirred at 500 rpm.
Following the application of the alternating potential, nano-
particles were produced and released into the electrolyte until
the immersed fraction of wire was fully eroded. The deposited
Pt weight fraction was controlled by measuring the weight of
the Pt wires immersed into the electrolyte. To obtain the
catalyst powder, the dispersion was stirred for 24 h at 500 rpm,
washed with ultrapure water using a Biichner funnel and dried
in a furnace at 60 °C. In a typical synthesis, production rate of
nanoparticles was ca. ~ 0.5 mge/min for reported conditions
(frequency = 200 Hz, voltage amplitude = 10 V, electrolyte
=1 M KOH, 1 cm of Pt wire immersed). However, it should
be noted that the rate of particle formation depends on several
parameters such as the electrolyte concentration, the amount
of Pt wire that is immersed, applied frequency and applied
potential amplitude.

For three-elecrode set-up procedure platinum wire (0.25 mm,
99.9 %, Sigma Aldrich), a hydroflex electrode (Gaskatel GmbH,
Kassel, Germany) and graphite rod (Pine Instrument (Grove,
City, PA, USA) were used as a working electrode (WE), reference
electrode (RE) and counter electrode (CE), respectively. Synthesis
was carried out in a 250 mL glassware with WE and CE, whereas
a salt bridge was used to separate the RE. Carbon black (Vulcan
XC72R, Fuel Cell Store, USA) was used as a support material
and only in the two-electrode set-up to generate nanoparticles
for TEM imaging. The three-electrode set-up was used to
precisely control the WE potential. The mass of the Pt wire
was measured before and after the experiment. The Pt wire
was immersed into the solution with 3 cm exposed to the
electrolyte. N, was purged for 15 min before each experiment.
A square wave potential was applied using a VSP potentiostat
(Biologic Science Instruments). All experiments were carried
out in ultrapure water (18.2 MQ/cm, 3 ppb TOC) generated
by Milli-Q Integral water purification system. All glassware
was washed by ultrapure water three times before each of the
experiments. For the mechanistic studies (K* effect), 200 Hz
was applied for 3 or 5 min of varying square voltage amplitudes.
During each experiment (without carbon black present) the
solution was monitored for color changes, and the metal wire
mass was measured to confirm formation of nanoparticles.
Two experiments were conducted to explore the effect of K*
ions. In the first experiment the measurements were done in
70mL 1 M KOH, 1 MKOH + 0.5 MKCland 1 MKOH + 1 M
KCl. The KCl powder was added to increase the concentration
of K* ions without changing the volume and pH of electrolyte.
In the second experiment 80 mL of KCl was titrated with 0 uL,
50 pL, 400 pL, 5 mL and 20 mL of HCI, reaching pH of 5.35,
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3.22, 2.5, 1.42 and 0.9, respectively. The potential was set to
+6 V. An additional experiment was conducted in 80 mL of
HCI, with pH of 0. 200 Hz frequency was used and experiment
time was 3 min. Again, after each experiment the Pt wire was
dried and weighted.

The morphology and particle size of the synthesized materials
were investigated using TEM analysis. Typically, a few milligrams
of sample were dispersed in 2-propanol/ultrapure water and
then deposited onto a carbon-coated copper grid (Cu, 400 mesh,
formvar-carbon film, Science Services). The obtained samples
were analyzed under a Philips CM100EM with an acceleration
voltage of 100 kV and a resolution of 0.5 nm, and in Thermo
Fisher Scientific TITAN Themis 60-300 Cubed with an
acceleration voltage of 300 kV and using STEM mode with BF
and HAADF detectors for imaging with a resolution below
0.14 nm.

Room temperature synchrotron total scattering experiments
were performed at the Powder Diffraction and Total Scattering
beamline (P02.1) at PETRA III, DESY, using 60 keV (A =
0.20708 A) photon energy [31]. Diffraction patterns were collected
using a PerkinElmer area detector at a sample-to-detector
distance of 350 mm. The exposure time for each diffraction
pattern was 20 min. Azimuthal data integration was carried
out using the Fit2D program [32].

Powder samples were contained in sealed glass capillaries
with 0.5 mm diameter. Data collection was performed under
constant capillary spinning. Three samples, namely Pt/Ciov,
Pt/Csv and commercial Pt/C samples were measured along
with “Vulcan® carbon and an empty capillary. Analysis of
obtained diffraction patterns was performed by the full profile
Rietveld method using the FullProf program package [33]. To
model the peak profile shape, the pseudo-Voigt function was
chosen. Background contribution was determined using a linear
interpolation between selected data points in non-overlapping
regions. The scale factor, profile shape, asymmetry and lattice
parameter as well as isotropic displacement of Pt atoms
(4a Wyckoff site, Fm-3m spacegroup) were varied during the
fitting.

Corresponding PDF were calculated with Qua = 20 A
using GudrunX [34]. Simulations of the obtained PDFs was
performed with PDFgui [35].

Powder X-ray diffraction data were obtained on a
PANanalytical Empyrean instrument with a Cu Ke radiation
(A = 1.5406 A) source and a slow scanning step (1.5 °/min)
from 20° to 90°. The voltage was 45 kV and the intensity was
40 mA, respectively.

The ORR performance of the Pt/C (prepared in 1 M LiOH,
applying sinusoidal +10 V, frequency 200 Hz) was tested in
rotating disk electrode configuration. Measurements were
conducted in a 0.1 M HCIOx (Suprapur, Merck, Germany). As
substrate for the catalyst film, a glassy carbon with a diameter
of 5 mm and an area of 0.196 cm* (Origalys, France) in com-
bination with a OrigaTrod electrode rotator (Origalys, France)
was used. A typical catalyst ink consisted of ~ 10 mg catalyst
powder, 3.6 mL of ultrapure water, 1.466 mL of isopropanol
(puriss, > 99.8%, Sigma-Aldrich, Germany), and 0.03 mL of
Nafion dispersion (5 wt.% in lower aliphatic alcohols and water,
Sigma-Aldrich, Germany). The exact same procedure was
used for testing the performance of commercial Pt/C catalyst
(20 wt.% Pt) from Tanaka (TECI0 V20E). An accelerated
durability test (ADT) was performed to examine the long-term
stability of the synthesized catalyst. The electrode was immersed
in 0.1 M HCIOs4 and a square-wave potential was applied.
The voltage was alternated between 0.60 and 1.00 V, holding
for 3 s at each potential. After 1000 accelerated durability test
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(ADT) cycles the activity was evaluated using fresh electrolyte.
The ADT measurements are shown in Fig. S4 in the ESM.

Pt loading was determined by thermogravimetric analysis
(TGA) by using Mettler Toledo TG-MS equipment with heating
speed of 50 K/min to 1,100 °C and an air flow of 50 mL/min.
Please see the TGA results in Fig. S5 in the ESM.
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