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Abstract

High-entropy alloys (HEAs) have attracted considerable attention as promising catalysts.
Despite a rapidly growing number of publications in this area, characterization of HEA
electrocatalytic activity and stability remains challenging. In this paper, we report rapid and
scalable microwave-shock assisted synthesis of FeCoNiCuMnCr HEA and its characterization
at a single particle level. HEA particles synthesized on HOPG without additional reagents or
pre-/post-treatments exhibited a significant activity toward water oxidation in 0.1 M NaOH.
Individual micrometer-sized FeCoNiCuMnCr HEA particles were imaged by scanning
electron microscopy/energy dispersive X-ray spectroscopy (SEM/EDS) to show the uniform
distribution of all six metals, and the potential dependence of the oxygen evolution reaction
(OER) at its surface was probed by scanning electrochemical microscopy (SECM). Significant
variations in onset potential of OER on different HEA particles were observed; however, no
obvious correlation with the particle size was found. The HEA stability was confirmed by
SEM/EDS imaging of the same FeCoNiCuMnCr particle after several hours of OER

experiments and also by voltammetry and XRD analysis.
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1. Introduction

High entropy alloys (HEAs) are an emerging class of materials composed of five or more
metallic elements.! They have potentially useful applications in catalysis and energy storage
due to their advantageous physicochemical properties.>* The key aspect of HEAs is the
vastness of compositional configurations of elements that form homogenized crystalline solid-
solution phases by high mixing entropy.’”’ Furthermore, HEAs exhibit a mixing effect,
resulting in synergistic responses from the mutual electronic interactions between multiple
compositional elements.>® The availability of multimetallic active sites on HEA surfaces also
makes them suitable as catalysts for various technologically important electrochemical
processes.” 4

HEA synthesis presents significant challenges.!> HEA particles are typically produced
using conventional wet chemistry techniques involving chemical reductions and furnace
heating protocols.'®!® These approaches are often plagued by elemental phase separation
because many metallic elements are immiscible under thermodynamic equilibrium
conditions.'?® Mixing five or more elements typically demands heating to extremely high
temperatures followed by rapid cooling at rates greater than 103 K/s to effectively maintain the
nonequilibrium state.?'*> To overcome thermodynamic limitations, flash heating/cooling
methods not based on conventional furnaces are being developed to synthesize multi-metallic
alloys.’'?* Yao et al. synthesized HEA particles with a two-step carbothermal shock
technique.?> This method employs flash heating and cooling, applying a high temperature
(>2000 K) to produce uniform and monodisperse HEA particles on electrically conductive
materials. The scalability of the carbothermal shock approach is limited by attainable
geometrical area of the conductive substrate. The main issues are the efficiency of heating and

the nonuniform heat distribution over a large carbon nanofiber substrate.”> Another approach



is microwave heating — a highly effective technique for generating thermal energy, which has
been utilized for scaling up the HEA synthesis.?

HEA particles on conductive support are actively investigated as promising oxygen
evolution reaction (OER) catalysts as they offer several parameters for optimizing the
electronic structure and catalytic sites, which is essential for complicated and sluggish 4e
OER.!"1727-2% One can increase the OER efficiency by including precious metals (e.g., Ir, Ru,
Pd) in HEA catalysts to lower the energy barrier.>*3? For instance, IrFeCoNiCu HEA
nanoparticles (NPs) exhibited excellent activity for OER in acidic solution with an
overpotential of ~302 mV measured at 10 mA cm2.!! The same elemental combination also

showed a significant OER activity in an alkaline environment.®

The Rossmeisl group
experimentally explored the composition space of the high entropy oxide with 8-elements
(AulrOsPdPtReRhRu) for the OER and performed complementary DFT modeling of the
IrOsPdPtRhRu subspace.®* In ref. 35, Ru-doped FeCoNiXRu (X: Cu, Cr, and Mn) HEAs
system was synthesized and studied to understand the correlation between specific active sites
and intermediates in multistep electrochemical reactions. The high cost and limited availability
of precious metals, such as Ir and Ru, drive the efforts to replace them with much cheaper
earth-abundant elements.’*° For example, CrMnFeCoNi HEA NPs exhibited high OER
catalytic activity with an overpotential of 265 mV at the current density of 10 mA/cm? in
alkaline media.*® The DFT calculations showed the incorporation of Cr within the defective
HEA structure that reduces the energy barrier for the generation of *OOH from *O and the
release of O2. A copper-rich CuNiFeCrCo alloy was deposited on Ni foam as HER and OER
catalyst with a low onset potential of 240 mV vs RHE for the OER.*!

Two types of instabilities — structural and chemical — have been observed in HEA

electrocatalysts in alkaline or acidic solutions. HEA particles may undergo phase

transformations due to changes in their composition.!'*> HEAs containing precious metals



were reported to better maintain their microstructure,* while non-precious HEAs exhibited
more significant changes during OER, potentially leading to their gradual degradation.**
Chemical instability, including HEA oxidation, can be induced by electrolytic environment,
pH, and applied potential.***> Song et al. reported that the 3d metals are easily oxidized due to
their higher chemical activity.*® HEAs containing precious metals (e.g., Ir) tend to be
chemically stable!! unlike non-precious-metal HEAs whose electrochemical stability varies
significantly and may require protection to avoid oxidation or dissolution.**’

Characterizing and benchmarking the activity of HEA electrocatalysts is challenging due
to the unknown total surface area and heterogeneity of HEA particles whose size may range
from nanometers to micrometers.*® In published HEA studies, the current density is typically
reported per surface area of the conductive support rather than the true surface area of the
catalyst. Moreover, the total measured current may contain contributions from parallel
processes, including HEA dissolution and/or oxidation, which are hard to separate from that of
the OER or another electrocatalytic process of interest. These difficulties can be alleviated by
using scanning electrochemical microscopy (SECM) to probe individual HEA particles.

SECM*-3? and scanning electrochemical cell microscopy (SECCM)**3 have previously
been employed to map and quantify localized activities of multimetallic catalytic systems,
including HEAs. SECM has been extensively used to characterize reactivity of electrocatalysts
by scanning the tip electrode across the catalyst surface and measuring the local fluxes of
reactants and products.” Most of those experiments were carried out with micrometer-sized
SECM tips, which did not provide sufficiently high spatial resolution to probe catalytic activity
at the single particle level. Here, we use nanoSECM to measure the flux of oxygen produced
at an individual HEA particle at different applied potentials. The negative feedback mode of
SECM (Fig. 1A) was used to locate a single HEA particle on the HOPG surface. Dioxygen

dissolved in solution was reduced at the tip, and the tip potential (ET) was such that the tip



current (it) was only due to the ORR at its surface, while the substrate was unbiased. When the
separation distance between the tip and substrate (d) was small (i.e., comparable to the tip
radius, a), it decreased with decreasing d because of the hindered O: diffusion (negative
feedback; the tip current near the surface is lower than in the bulk solution; it < it,») since no
oxygen regeneration occurred on the substrate. The substrate generation/tip collection (SG/TC)
mode (Fig. 1B) was then used to assess the HEA activity towards OER. The tip collected
oxygen produced by water oxidation on the positively biased substrate surface. The changes in
it with d, in this case reflect the competition between two opposing effects — generation of
oxygen at the substrate and hindered diffusion of dissolved Oz from the bulk solution to the tip
surface. The tip current was recorded either as a function of d (approach curve) or tip x—y

position (imaging).

0, H,0 0, OH
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Fig. 1. (A) Negative SECM feedback produced by blocking of oxygen diffusion to the tip by
an unbiased HEA particle and (B) SG/TC measurement of OER on a positively biased HEA

particle.

In this Article, we synthesize HEA particles from first-row transition metals (Fe, Co, Ni,
Mn, Cr, and Cu) on highly oriented pyrolytic graphite (HOPG) support via decomposition of
precursor materials at high temperatures created by microwaving, and subsequent rapid
cooling.?® SECM is used to directly probe the oxygen flux generated on individual HEA
particles at different potentials, separate OER from parallel processes occurring at the HEA

surface, and demonstrate the heterogeneity of the particle catalytic activity. To relate the SECM



data to HEA stability and compositional uniformity, the same particles were imaged by
scanning electron microscopy (SEM) and mapped by energy dispersive X-ray spectroscopy
(EDS) before and after electrochemical experiments.
2. Results and Discussion
We used a straightforward and controlled microwave-assisted shock method to synthesize
FeCoNiCuMnCr HEA particles supported on HOPG (for details, see Experimental section).
Rapid heating and quenching by microwave irradiation have previously been used for
synthesizing micro- and nano-scale single-phase alloyed structures.!!?23657 Duyring
microwave irradiation, the carbon paper (Toray 060) on the HOPG substrate absorbed
electromagnetic energy and converted it into thermal energy to generate a high temperature
within several seconds, and the sample emitted bright light due to black-body radiation.>® The
high temperature caused thermal decomposition of the transition metals precursors and the
formation of HEA particles on the HOPG substrate (HEA/HOPG). The rapid increase in
temperature inhibits aggregation of the produced HEA particles distributed on the HOPG
support. The attachment of HEA particles to the substrate surface was strengthened by
annealing the sample at 300 °C. HOPG is a good support for HEA because of its catalytic
inertness, high thermal conductivity, and stability under microwave irradiation (Fig. S2).
2.1 HEA characterization and elemental composition analysis

The topography and composition of the synthesized HEAs particles were characterized
by SEM-EDS. Fig. S1 shows an SEM image of the HEA/HOPG sample, which consists of
particles with the size ranging from 2 to 35 um distributed on the HOPG surface. An SEM
image of the 29-um-diameter HEA particle, which was selected for SECM studies, is shown
in Fig. 2A. The uniform distribution of all six elements, i.e., Fe, Co, Ni, Cu, Mn, and Cr, within
the same HEA particle can be seen in Figs. 2B-2G. The single-phase alloy structure of

FeCoNiCuMnCr HEA particles was confirmed by SEM-EDX elemental mapping overlay in



Fig. 2H. Fig. S7 presents SEM/EDS maps of a smaller (~8 um diameter) HEA particle on the
HOPG surface, confirming its compositional uniformity.

The EDX elemental analysis was employed to determine the atomic ratios of all metal
elements (Table S1) in the ensemble of HEA particles. The measured atomic ratios are close
to those expected from the chemical formula of HEA (FeCoNiCuMsnCr). Importantly, this
HEA was produced without using surfactants or structural templates, thus eliminating extra

steps required to remove these structure-directing reagents and reducing structural damage.

Fig. 2. SEM-EDS of as-synthesized FeCoNiCuMnCr HEA/HOPG sample using secondary
electron (SE) detector. (A) SEM image of an individual HEA particle, (B-G) EDS elemental
mapping of the same particle, and (H) the overlay of the maps shown in panels B - G.

The crystal structures of the HOPG and synthesized HEA were analyzed using X-ray
diffraction (XRD). XRD patterns of bare HOPG (Fig. 3A) comprise three diffraction peaks,

(002), (004), and (006), corresponding to the angle values 20 =~ 26.5°, 54.6°, and 86.9°, in

which the (002) peak associated with [002] plane of graphite carbon according to PDF#56-
0159 exhibits the highest diffraction intensity.”” XRD patterns of FeCoNiCuMnCr/HOPG
before electrochemical measurements (Fig. 3B; high HOPG-related peaks, which obscure the

HEA signal, have been removed from this figure) contain three main diffraction peaks at



20=41.5°,49.6° and 77°, which can be indexed to the (111), (200), and (220) planes of the fcc
phases, according to PDF#26-4164, respectively.*® No separate XRD peaks of Fe, Co, Ni, Mn,
Cu, Cr or metal oxides were observed, suggesting the formation of the single-phase HEA.
Compared to the standard diffraction patterns of the cubic FeCoNi alloy (PDF#26-4164), the
fce diffraction peaks of the FeCoNiCuMnCr HEA shifted slightly to lower angles. This shift
can be attributed to lattice distortions caused by the incorporation of Cr and Mn atoms, which
contribute to the high entropy of the alloy. The larger atomic radii of Cr and Mn, compared to

Fe, Co, Cu, and Ni, are likely responsible for these distortions.*°
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Fig. 3. XRD patterns of bare HOPG (A) and FeCoNiCuMnCr HEA particles on HOPG (B).
2.2 Bulk OER voltammetry at HEA particles

Voltammograms of OER at the ensemble of FeCoNiCuMnCr HEA particles
immobilized on an HOPG electrode were obtained in an alkaline (pH 13) solution. Two linear
sweep voltammograms (LSVs; Fig. 4) were recorded in Ar-saturated 0.1 M NaOH at a scan
rate, v =5 mV/s. An LSV obtained at the HEA/HOPG (red curve in Fig. 4) shows the water
oxidation current much higher than that measured at the bare HOPG (black curve) and an onset
potential of ~0.45 V vs. Ag/AgCl on the FeCoNiCuMnCr HEA particles. This value is about
80 mV lower than that observed previously for a precious metal-doped HEA (FeCoNiCulr).*?

The activity of our HEA particles is augmented by homogeneous distribution of each



10

component without any phase separation (Fig. 2), whereas it was previously noted that a
nonuniform structure of the electrocatalyst decreases its electroactivity via a reduced number
of accessible active sites.*” Quantitative comparison of the HEA catalytic activity to the
literature results of bulk measurements is difficult because of the size heterogeneity and

unknown total surface area of the particles.
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Fig. 4. LSVs of OER at HEA/HOPG (red curve) and bare HOPG electrode (black curve) in 0.1
M NaOH. v=5mVJ/s.

2.3 Probing OER activity of single HEA particles by SECM

SECM was used to probe the flux of oxygen generated by water oxidation on the HEA
particle imaged in Fig. 2. A Pt nanoelectrode was biased at a sufficiently negative potential to
solely drive ORR on its surface. Initially, the negative feedback mode (Fig. 1A) was employed
to position the tip above the center of the particle and establish the tip/substrate separation
distance (Fig. S3). Subsequently, in SG/TC mode, the substrate was biased positively to induce
water oxidation on HEA particles in pH 13 solution, while the tip was kept at a negative bias
to collect generated oxygen (Fig. 1B). Fig. SA shows four approach curves recorded with the
substrate potential, £s of 0.2 V (curve 1), 0.3 V (curve 2), 0.4 V (curve 3), and 0.6 V (curve 4)
vs. Ag/AgCl. At Es = 0.2 V, the flux of generated oxygen above the HEA particle was very

small, resulting in the slight decrease in it at shorter d due to blocking of the Oz diffusion to
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the tip by the substrate surface (curve 1). At Es = 0.3 V (curve 2), the tip current slightly
increased with decreasing d, and the it at longer distances was significantly higher than the
corresponding values in curve 1, pointing to the generation of oxygen at the particle. The flux
of generated O2 continued to increase with Es (curves 3 and 4). A similar dependence of it on
Es can be seen in four LSVs (Fig. 5B) recorded at the same tip that was held near the surface
of the same particle. At Es = 0.2, the ORR voltammogram at the tip corresponds to the reduction
of Oz dissolved in solution (curve 1 in Fig. 5B). The higher it at more positive substrate

potentials (curves 2 — 4) are due to larger oxygen flux generated at the HEA particle.
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Fig. 5. (A) SECM current-distance curves recorded with a Pt tip approaching a 14.5-pm-radius
HEA particle on HOPG substrate and (B) LSVs of ORR recorded at the same tip positioned
near the surface of the same particle. Es, V vs. Ag/AgCl =0.2 (1), 0.3 (2), 0.4 (3), and 0.6 (4).
a =355 nm; RG = 1.1; solution contained 0.1 M NaOH. (A) Et=-0.7 V. (B) v=0.1 V/s; red

arrow indicates the scan direction.

From Fig. 5A, the OER onset potential is between 0.2 V and 0.3 V vs. Ag/AgCl. This
value is about 200 mV lower than the apparent onset in Fig. 4. This difference points to
heterogeneity in the electrocatalytic activity of HEA particles for OER; however, the onset
potential estimate from Fig. 4 is not highly accurate because of a significant background current.
Further evidence for catalytic heterogeneity of HEA particles can be seen is Fig. S4, where the

it vs Es curve recorded with a nanotip held at a constant potential, £t =-0.7 V and d = 85 nm
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from a 50-um-radius HEA particle shows a much higher onset potential of ~0.7 V vs Ag/AgCl
(cf. Fig. 5). We also mapped a much smaller (~500 nm radius) HEA particle by SECM and
obtained OER-based approach curves (Fig. S8). The OER onset potential for this particle is
very similar to the value obtained for a 14.5-um-radius particle (Fig. 5), suggesting that the
particle size may not be a major factor determining its activity for OER.

The rate of the OER at different substrate potentials was evaluated by fitting
experimental approach curves (symbols in Figs. 6A and 6B) to the theoretical curves (red solid
lines) generated by finite element simulations (see COMSOL simulation report in Supporting

Information). An oxygen flux, f02 = 2.6 nmol cm 2 s™! was generated at £s=0.7 V (B), and a
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Fig. 6. Experimental it— d curves (black symbols) obtained with a Pt tip approaching a 50-um-
radius HEA particle biased at £s = 0.8 V (A) and 0.7 V (B) vs. Ag/AgCl. Theoretical fitting
curves (red solid line) were calculated for a = 200 nm and RG = 1.5. it»/itda = 0.06 (kr=0.123
cm/s), and fo2 = 7 nmol cm 2 s7! (A) and 2.6 nmol cm2 s! (B). Solution contained 0.1 M

NaOH. E1=-0.9 V vs. Ag/AgCl.

significantly larger flux of 7 nmol cm2 s™! was produced by the same HEA particle at 0.8 V
vs. Ag/AgCl (A). These values correspond to the OER current density of ~1 mA/cm? and ~3
mA/cm? at the overpotential of 0.45 V and 0.55 V, respectively (E”oym,0=0.253 V vs.
Ag/AgCl at pH 13 ©0),

2.4 Assessing HEA stability through SEM imaging after electrochemical experiments

To assess structural and chemical stability of HEA/HOPG sample, the same
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FeCoNiCuMnCr particle was imaged by SEM-EDS before (Fig. 2) and after (Fig. 7)
electrochemical experiments. The comparison of SEM images (Fig. 2A and Fig. 7A) shows no
appreciable change in particle size and geometry after several-hour-long voltammetric and
SECM measurements. The HEA particle also preserved the characteristic homogeneous
elemental distribution without noticeable phase separation or elemental segregation (cf. Figs.
2B-2H and Figs. 7B-7H). To be suitable for SECM experiments, the selected HEA particle
had to be relatively large and could not be imaged by TEM. The possibility of metal oxide
formation during electrocatalytic water oxidation could not be checked because of the limited
spatial resolution in Figs. 2 and 7 and the lack of oxidation state characterization. However, the
XRD pattern of HEA/HOPG recorded after several hours of electrochemical experiments (Fig.
S5) to assess the stability of the HEA crystalline structure is very similar to that of the original
sample (Fig. 3B) with no additional peaks corresponding to Fe, Co, Ni, Mn, Cu, Cr, or metal
oxides. This data, consistent with the EDX analysis, confirms the structural stability of the

HEA.

Fig. 7. SEM-EDS of the HEA particle imaged in Fig. 2 after electrochemical experiments. (A)
SEM image (SE detector) of a FeCoNiCuMnCr HEA particle, (B-G) EDS elemental mapping

of the same particle, and (H) the overlay of the maps shown in panels B-G.
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The stability of the HEA/HOPG electrocatalyst was further assessed by bulk
voltammetry. Two HEA/HOPG voltammograms (Fig. S6) were recorded before and after 5000
potential cycles between 0 and 1.8 V vs. Ag/AgCl in 0.1 M NaOH. A negligible (i.e., 8 mV)
potential shift of the OER wave after 5000 potential cycles suggest that HEA/HOPG is a robust
OER catalyst.

3. Conclusion

In summary, a straightforward microwave shock synthesis was carried out to produce
FeCoNiCuMnCr HEA composed of six non-precious metals. The characterization of
electrocatalytic activity and stability of the resulting ensemble of nanometer- to micrometer-
sized HEA particles on HOPG surface is challenging because of size heterogeneity and
unknown surface area of particles. SECM was used to assess electrocatalytic activity of
individual HEA particles by evaluating the onset potential of OER and measuring the flux of
generated oxygen at different substrate potentials. The SECM tip current was only due to
oxygen reduction, thus allowing direct measurement of the OER rate at the particle unaffected
by parallel processes occurring on the HEA surface. The OER current densities measured in
0.1 M NaOH are 1 mA cm2and 3 mA cm 2 at the 0.45 V and 0.55 V overpotential, respectively.
Big differences between the OER onset potential values measured by SECM for three HEA
particles and the bulk value (Fig. 4) point to significant catalytic heterogeneity of the particle
population.

Several HEA particles were imaged by SEM/EDS before and after electrochemical
experiments. The essentially unchanged particle size and shape and the uniform distribution of
all six metals observed in SEM/EDS images obtained before and after electrochemical
experiments and the lack of changes in XRD pattern suggest the apparent stability of HEA on

the time scale of hours under water oxidation conditions.
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4. Experimental
4.1. Materials and chemicals.

Manganese(II) chloride tetrahydrate (MnCl2'4H20, = 98% trace metals basis),
chromium(III) chloride hexahydrate (CrCl3-6H20, =98% trace metals basis), iron(III) chloride
hexahydrate (FeCls-:6H20, = 98% trace metals basis), cobalt(Il) chloride hexahydrate
(CoCl2:6H20, =97% trace metals basis), nickel(II) chloride hexahydrate (NiCl2-:6H20, 99.9%

trace metals basis), copper(Il) chloride dihydrate (CuClz2-2H20, 99.999% trace metals basis),
sodium hydroxide (99.999%), perchloric acid (70%, 99.999% trace metal basis), and ethanol

(C2HsOH = 99.5%) were purchased from Sigma Aldrich, Inc. and used without further

purification. Carbon paper (Sigracet, 28AA) and Toray Carbon Paper 060 (Wet Proofed) were
purchased from Fuel Cell Store, Inc. ZYB grade HOPG was obtained from K-Tek
nanotechnology. Aqueous solutions were prepared using deionized water from the Milli-Q
Advantage A10 system equipped with Q-Gard T2 pak, a Quantum TEX cartridge, and a VOC
pak; total organic carbon (TOC) <3 ppb.

4.2 Instrumentation for synthesis and characterization of HEA.

A microwave oven (Panasonic NN-SN686S, 1200 W) was used for HEA synthesis. A
Branson Ultrasonic M1800 ultracentrifuge was used for centrifugation. Energy dispersive
spectroscopy (EDS) was performed using an aberration-corrected JEOL ARM200CF
instrument with a cold field emission gun operated at 200 kV, equipped with an Oxford X-max
100TLE windowless X-ray detector. The microstructure of the synthesized HEA/HOPG
particles were characterized using scanning electron microscopy (SEM) with a Hitachi S-
3600N microscope. The analysis was performed with an accelerating voltage of 30 kV in high
vacuum mode. The specimen height was set to 40 mm (standard), and the working distance

ranged from 12 to 14 mm. The X-ray diffraction (XRD) spectra were collected with a
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PANalytical X Pert X-ray diffractometer (Phillips, Andover, MA, USA) using CuKa (40 kV,
40 mA) radiation. The XRD patterns were recorded in the 2-theta (20) range from 10° to 90°
at the scanning rate of 5°min"'. An XE-120 AFM (Park Systems) was used for imaging the
samples. Topography imaging was carried out in noncontact mode using PPP-NCHR ADM
probes (Nanosensors).
4.3 Synthesis of HEA.

The surface of a 1 x 1 cm* HOPG substrate was peeled several times using scotch tape.
To prepare FeCoNiCuMnCr HEA, equimolar amounts of chloride salts of Ni, Cr, Mn, Fe, Co,
and Cu (2.5 mmol each) were dissolved together in 20 mL of ethanol. 15 pL of this solution
was drop-casted onto HOPG and dried under vacuum. Salt-loaded HOPG with a piece of
carbon paper on its surface was sealed in a 20 mL glass vial under vacuum. The vial was then
transferred into a microwave oven, irradiated at 1200 W for 15 seconds, and naturally cooled
down to room temperature. The HEA particles formed on HOPG were annealed in a furnace
oven at 300 °C for 1 hour under Ar atmosphere inside a quartz tube to strengthen the attachment
of particles to the support surface. Before sample annealing, the quartz tube was cleaned with
the diluted nitric acid solution, rinsed, and pre-heated at 400 °C for 30 minutes.
4.4 Voltammetry

Voltammograms were obtained using a CHI600E electrochemical workstation and a
three-electrode setup with an HEA-loaded HOPG, a saturated Ag/AgCl electrode, and a
graphite rod serving as the working, reference, and counter electrodes, respectively. A 50 mL
cell was filled with 30 mL of 0.1 M NaOH solution that was purged with Ar for 30 minutes
prior to electrochemical measurements. The electrochemical activation was performed by
applying five voltammetric cycles between +1.0 Vand +1.80 V vs RHE with v =50 mV/s to
obtain a stable CV curve.!! The iR-drop was compensated at 85%. All experiments were

conducted in a Faraday cage at room temperature (23 + 2 °C).
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2.5 Fabrication of Pt nanoelectrodes
Disk-type Pt nanoelectrodes were fabricated by pulling 25-um-diameter annealed Pt

wires (Goodfellow) into borosilicate capillaries (Drummond; OD, 1.0 mm; ID, 0.2 mm) under
vacuum with a P-2000 laser puller (Sutter Instrument Co.) as described previously.®! The pulled
tips were polished on a 50 nm alumina disk (Precision Surfaces International) under video
microscopic control and sonicated in deionized water for 1 min. A microforge (model MF-
900, Narishige, Tokyo, Japan) was employed to reduce the RG (i.e., the ratio of glass radius to
that of the conductive tip) of the tapered tip. Appropriate protective measures were used to
prevent electrostatic damage to the nanoelectrodes.®® The tip size and shape were evaluated
using TEM (JEOL JEM-1400) images and SECM approach curves.
2.6 SECM Setup and Procedures

SECM experiments were carried out using a previously described home-built
instrument.®® The 4-electrode arrangement was employed with a commercial silver/silver
chloride reference (CHI 111), and a 0.5 mm Pt wire serving as a counter electrode. The
nanoelectrode tip was initially positioned a few tens of micrometers above a single HEA
microparticle on HOPG with the help of a long-distance video microscope. A digital angle
gauge (DWL-80Pro, Digi-Pas) was used to ensure the horizontal orientation of the substrate
plane and the correct tip/substrate alignment. A current vs. distance curve was obtained during
the subsequent fine approach. All experiments were conducted in a Faraday cage at room
temperature (23 + 2 °C). The current offset of the potentiostat (~2 pA) was subtracted from all
measured current values.

In the negative feedback mode, a nanotip was biased at -0.7 V vs Ag/AgCl in 0.1 M
NaOH (pH = 13), while the substrate was unbiased. The nanotip was initially moved toward
the HOPG surface using vertical Z piezo stage with a high approach velocity (e.g., 0.1 pm/s),

which was reduced to 0.05 um/s and then to 0.01 um/s at shorter separation distances. To locate
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a desired HEA particle, the nanotip was scanned laterally in the x-y plane over the substrate at
d equivalent to 1-2 tip radii. The tip current was lower above HEA than above HOPG due to
the blocking of Oz diffusion by the particle surface. In the SG/TC mode, the substrate was
biased at a suitable potential (between 0.2 V and 0.8 V vs. Ag/AgCl) at which no oxygen bubble
formation was detected, and the potential of the Pt tip was Er=-0.7 V.
2.7. Finite-element simulations

Simulations were carried out using COMSOL Multiphysics commercial package,
version 6.1. Axisymmetric 2D models were built to simulate the SECM experiments in the
negative feedback and SG/TC modes. The “transport of dilute species” model was used to solve
steady-state diffusion problems. The COMSOL modeling report is available in Supplementary
Information.
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