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Abstract

Carbon supported Pt based nanoparticles are important electrocatalysts for energy
conversion reactions such as the oxygen reduction reaction (ORR). Although this reaction
has been extensively studied, the influence of factors such as the particle size and inter-
particle distance of the nanoparticle-based or nano-sized electrocatalysts on the ORR
activity and durability are not yet fully understood and often intertwined. This lack of
understanding is mostly based on the limitation in the synthetic approaches of the
electrocatalysts which usually do not allow an independent variation of particle size and
inter-particle distance. In the presented work, we succeeded to disentangle both factors
using a “colloidal toolbox” approach and have demonstrated an effect of the inter-particle
distance on the electronic properties of the nanoparticle via operando electrochemical X-

ray absorption spectroscopy (XAS).

1. Introduction

In the last decade, the interest in electrocatalyst design has been boosted by the increasing
exploitation of regenerative energy in the form of electricity, in particular wind energy
and photovoltaic power!. The intermittent nature of these energy sources requires suitable

energy storage and conversion technologies to be able to align the “production” with the
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“demand” of energy. While battery technology shows continuous progress, the storage
and re-conversion of electricity in the form of energy carriers such as hydrogen gas still
faces substantial challenges?.

For these conversion technologies a fundamental understanding and rational design of
electrocatalysts, on which the surface reactions of interest take place, are essential®. In
state-of-the-art academic electrocatalyst design, typically the focus is on optimizing the
surface structure of the catalyst on a nanometer or even atomic scale* . This approach
led to the development of several highly performing electrocatalyst concepts in research,
nevertheless, their implementation into realistic conversion devices is not straight-

12714 guch as

forward!!. In the presented work, we demonstrate that mesoscopic properties
the inter-particle distance of the catalytically active phase on the support material are of
equal importance for a rational catalyst design. Investigating the oxygen reduction
reaction (ORR) — the cathode reaction in a fuel cell — on different Pt nanoparticle based
electrocatalysts, we elucidate the influence of size (and thus structure) of the catalytically
active phase (Pt nanoparticles) as well as the mesoscopic property of the average inter-
particle distance between these nanoparticles on the carbon support. The influence of the
first factor, i.e., the particle or crystallite size of Pt nanoparticles on the ORR is

extensively and sometimes controversially discussed in literature!>~?*; investigations date
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back to the work of Stonehart, Watanabe, Boudart, Kinoshita, Ross, and others**2° and
cannot be covered here in full length. Interestingly, the metal loading on the support and
thus the effective inter-particle distance of the nanoparticles is typically not addressed.
An exception is the discussion of reactant diffusion zones around the particles introducing
a “territory theory” by Watanabe et al. 2. Similar models exist in heterogeneous catalysis
discussion spill-over and reversed spill-over of reactants between active phase and
support material’®*!. The limited number of studies addressing the influence of the inter-
particle distance on catalytic reactions can at least partially be explained by the lack of
suitable synthesis strategies to control size and inter-particle distance independently. Only

32735 allow such

advanced preparation strategies for metal clusters and nanoparticles
investigations. In previous work, the authors investigated the ORR on size selected Pt
clusters prepared by a laser ablation source. It was proposed that at small inter-particle
distances an overlap in the electric double layer (EDL) structure at the catalyst-electrolyte
interface leads to an increase in ORR activity, i.e. the particle proximity effect of the
ORR!. Follow up work has demonstrated an improvement in ORR activity at small inter-
particle distance also for carbon supported high surface area electrocatalysts®®. Very

recently, it has been shown that the inter-particle distance of Pt nanoparticles deposited

on two dimensional as well as three dimensional carbon supports influences the amount
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of dissolved Pt detected in scanning flow cell (SFC) measurements coupled to online ICP-
MS'2. Density functional theory modeling indicates that proton accumulation caused by
the overlap of the EDL (at high particle density) competes with proton depletion caused
by the proximity of the nanoparticles to the carbon support’’. On the other hand, it was
suggested in non-catalytic studies that the inter-particle distance (in addition to the
particle size) also influences the intrinsic electronic properties of metal nanoparticles. For
example, for alkane thiol stabilized colloidal gold nanoparticles a substantial cross-
coupling between the particles has been reported when depositing them onto a planar
substrate at small separation distances*®. These observations were interpreted as a result
of changes in the screening of charge transfer barriers in the ensembles of nanoparticle
due to electron tunneling. It was stated that films of closely separated nanoparticles
behave effectively as a collective metal film changing its electronic character®®. Other
reports have even claimed that at very low inter-particle distances, exchange interactions
cause otherwise insulating assemblies to become semiconducting, metallic, or
superconducting®’.

To test the hypothesis that in addition to the particle size, the inter-particle distance
influences the intrinsic electronic and thereby the catalytic properties of materials, these

parameters need to be adjusted independently. As mentioned above, in order to do so
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suitable synthesis strategies are required. While vacuum based laser ablation or

3440 offer ultimate

magnetron sputtering sources combined with mass selection filters
control on the particle size, these methods can typically only produce minute sample
amounts and require enormous financial and technical investments. By comparison,

colloidal approaches?*4%4!

offer similar control on the individual catalyst parameters but
can produce more material and are much broader available. In the presented work, we
synthesized carbon supported high surface area catalysts (Pt/Vulcan) with various Pt
particle sizes and Pt loadings via a toolbox approach that has been developed for this

33,36,42

purpose . The approach builds on the surfactant-free synthesis of colloidal

nanoparticles using alkaline ethylene glycol as solvent and reducing agent that was

1.43

introduced by Wang et al.*”. The size of the Pt nanoparticles is controlled by varying the

NaOH/Pt molar ratio in the colloidal synthesis**.

2. Experimental section

Chemicals, materials, and gases.

The following chemicals were used in the catalyst synthesis and characterization:
ethylene glycol (EG, 99.8 %, Sigma-Aldrich), sodium hydroxide (NaOH, 98.9 %, Fisher

Chemical), hexachloroplatinic(IV) acid hexahydrate (H2PtCls-6H20, 99.9 %, Alfa Aesar),
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30 % hydrochloric acid (HCI, Suprapur, Merck), 60 % nitric acid (HNO3, Suprapur,
Merck), acetone (99.5+ %, Alfa Aesar), tin(Il) chloride dehydrate (> 98 %, Sigma-
Aldrich), and platinum standard solution (1000 = 4 mg L', Sigma-Aldrich). Commercial
carbon black (Vulcan XC72R, Cabot Corporation, BET area: 235 m? g'!) was employed
as carbon support in the catalyst synthesis. Deionized (DI) water (resistivity > 18.2
MQ-cm at room temperature, total organic carbon (TOC) <5 ppb) from a Milli-Q system
(Millipore) was used for acid dilutions, catalyst ink formulation, and the electrochemical
cell cleaning. 2-propanol (IPA, 99.7+ %, Alfa Aesar), 70 % perchloric acid (HClOg,
Suprapur, Merck), and potassium hydroxide hydrate (KOH-H>O, Suprapur, Merck) were
used for catalyst ink formulation and electrolyte preparation. The following gases from
Air Liquide were used in electrochemical measurements: Ar (99.999 %), O2 (99.999 %),
CO (99.97 %), and (H2 99.999 %).

Synthesis of Pt/C catalysts.

50 wt. % Pt/Vulcan electrocatalysts were synthesized via the tool-box approach we
previously reported®. The synthesis method of the electrocatalyst consists of two main
steps: preparation of a suspension of colloidal Pt nanoparticles via an alkaline ethylene
glycol (EG) route and a subsequent immobilization of the nanoparticles onto carbon

support. A colloidal suspension of Pt nanoparticles (ca. 2 nm in diameter) was synthesized
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by mixing 4 mL of a solution of 0.4 M NaOH in EG with 4 mL of a solution of
H>PtCls-6H>O at 40 mM in EG (NaOH/Pt molar ratio = 10) in a microwave reaction
vessel. The mixture was heated for 3 minutes at 160 °C with a microwave reactor (CEM
Discover SP, 100 W heating power). Colloidal suspensions of Pt nanoparticles with larger
diameters were synthesized by changing the molar ratio between NaOH and H2PtClg as
we recently reported*. Pt nanoparticles with diameter of ca. 3 nm and Pt nanoparticles
with diameter of ca. 4 nm were synthesized by using a NaOH solution at 0.22 M
(NaOH/Pt molar ratio = 5.5) and a NaOH solution at 0.20 M (NaOH/Pt molar ratio = 5.0)
instead of the NaOH solution at 0.4 M (NaOH/Pt molar ratio = 10), respectively.

In order to support the Pt nanoparticles onto a carbon support, 30 mL of 1 M HCI solution
was added to 7.3 mL of the colloidal Pt nanoparticles suspension for precipitation. The
mixture was centrifuged at 2400 relative centrifugal force (4000 rotations per minute
(rpm), Sigma 2-5) for 5 minutes and the supernatant solvent discarded. This
washing/centrifugation with 1 M HCl was repeated twice. Then the Pt nanoparticles were
re-dispersed in 7 mL of acetone, and 27.5 mg of carbon black (Vulcan XC72R) was added
to the suspension. By sonicating the mixture in an ultrasonic bath (Ultrasonic cleaner,
VWR) for 1 hour, the acetone was evaporated, and a dried powder of Pt nanoparticles

supported on carbon (Pt/Vulcan) was obtained. The dried powder was re-dispersed into
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water and sonicated for 10 minutes. The Pt/C catalyst powder was filtered and washed
with 200 mL of DI water, and then dried at 100 °C in air. Pt/C catalysts with different Pt
nominal loadings (10, 20, 30, 40, 60, and 70 wt. %) were prepared by changing the
amount of the carbon support mixed with the Pt nanoparticles in the immobilization step.
Characterization of Pt/C catalysts.

The particle size distribution of Pt nanoparticles immobilized on the carbon support was
determined by transmission electron microscopy (TEM, Tecnai Spirit, FEI, 80 kV or Jeol
2100; Jeol 3000F for HR-TEM). The size analysis was performed using ImageJ software
(without automated processing of the image) by measuring the size of more than 80
nanoparticles by taking micrographs in 5 different areas of the TEM grid. The mean
number diameter (dvn) and the mean area diameter (dva) of the Pt nanoparticles were
calculated using the following equations:

xd;

dun =
MNN

LT _ S(di /)
MAT TS A X(md?/4)

where d;, N, A; are the diameters of the individual particles, the number of the particles,
and the surface area of the individual particle, respectively.
The actual Pt loadings of the catalysts were evaluated by using UV-Vis spectroscopy*®.

For sample preparation, 2.0 mg of catalyst powder was weighed in a ceramic crucible and

10
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heated in a muffle furnace (air, 900 °C, 30 min) to burn off the carbon support. Afterward
4 mL of aqua regia (mixture of 30 % HCI and 65 % HNO;3 in a volume ratio of 1:3) was
added in the crucible and heated for 90 minutes on a heating plate at ca. 80 °C to digest
platinum. After the digestion the final volume of the aqua regia sample was adjusted to
100 mL with DI water. 1 mL of the aqua regia sample, 0.25 mL of 1 M SnCl, in 4 M HCI,
and 0.75 mL of 2 M HCI were mixed in a quartz cuvette and a UV-Vis spectrum of the
sample mixture was measured. Subsequently 5 puL of Pt standard solution (1000 ppm)
was added to the sample solution and a UV-Vis spectrum of the sample mixture was
measured again. The addition of the platinum standard solution and the measurements
were repeated 4 times. The absorbance at 402 nm was plotted against the concentration
of the added platinum to obtain a calibration curve. Finally, the concentration of platinum
in the aqua regia sample was determined from the x-intercept of the calibration curve.
Inter-particle distance (edge-to-edge distance) of Pt nanoparticles was estimated using the
following equation®¢:

dip = \/A/_N —dyp
where di», A, N, and dnp are inter-particle distance, BET surface area of the carbon support,
number of Pt nanoparticles, and diameter of Pt nanoparticles, respectively. The mean area

diameters that were obtained by analyzing the TEM images of 30 wt.% Pt/Vulcan

11
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catalysts (see Figure 1) were used as dnp for each respective nanoparticle size. The Pt
particle size, nominal Pt loading, actual Pt loading, and inter-particle distance based on
actual loading of each Pt/C catalyst are summarized in Table S1.

RDE measurements.

6.27 mg of the homemade 50 wt. % Pt/Vulcan catalyst powder was mixed with 8 mL of
IPA:DI water (1:3, v:v) mixed solvent to formulate a catalyst ink. The Pt concentration in
the catalyst ink was always kept at 0.392 mgpe mL™! for all Pt/Vulcan catalysts with
different Pt loadings. A small amount of 1 M KOH solution (~8 uL) was added to adjust
the pH of the ink to be around 10%”. The glass vial containing the mixture was placed in
an ultrasonic bath filled with cold water (< 5 °C) and sonicated for 15 minutes.

A glassy carbon (GC) disc electrode (5 mm in diameter, 0.196 cm? in geometric area) was
polished to mirror finish using alumina oxide paste (0.3 and 0.05 pm AP-D suspension,
Struers), and cleaned ultrasonically in DI water. A 5 pL aliquot of the catalyst ink was
pipetted onto the GC electrode leading to a Pt loading of 10 pgp cm™. Subsequently the
ink on the GC electrode was dried under Ar gas flow humidified with mixture of IPA and
DI water (17:3, v:v) in a bubbler*®. After the drying, the surface of the GC electrode was
checked with the help of a CCD camera to confirm that the electrode surface was

uniformly covered with the catalyst thin film.

12
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An in-house Teflon cell based on a three-compartment configuration was employed in all
electrochemical measurements*®. A platinum mesh was used as a counter electrode. A
saturated calomel electrode (B3510+, Schott) was employed as a reference electrode and
placed in a sub-compartment separated by a Nafion membrane to avoid the contamination
of chloride ions into the main compartment. All potentials in this study are referred to the
reversible hydrogen electrode (RHE) potential, which was experimentally determined for
each measurement series. The Teflon cell and components were soaked in mixed acid
(H2SO4:HNO3 = 1:1, v:v) overnight. Subsequently the Teflon cell and other components
were rinsed thoroughly by DI water, and boiled in DI water twice.

All electrochemical measurements were performed using a computer controlled
potentiostat (ECi 200, NordicElectrochemistry) and the Teflon cell with an RDE rotator
(EDI101, Radiometer Analytical). The measurements were performed in 0.1 M HCIO4
solution at room temperature. Prior to the measurements, the electrolyte was de-aerated
by purging with Ar gas, and the catalysts were cleaned by potential cycles between 0.05
and 1.20 V at a scan rate of 500 mV s™! until a stable cyclic voltammogram was observed
(typically 30-50 cycles). The electrochemical surface area (ECSA) of the catalyst was
determined by conducting CO stripping voltammetry>!. The working electrode was held

at 0.05 V during purging CO through the electrolyte followed by saturating with Ar. The

13
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ECSA was calculated from the CO oxidation charge recorded at a scan rate of 50 mV s!
using conversion coefficient of 390 uC cm™2p. To determine the ORR activity, linear
sweep voltammetry (LSV, positive scan) was conducted in O;-saturated electrolyte at a
scan rate of 50 mV s’ and a rotation speed of 1600 rpm. The polarization curves were
corrected for the nonfaradaic background by subtracting the cyclic voltammograms (CVs)
recorded in Ar-purged electrolyte at the identical scan rate. Furthermore, the solution
resistance (Rso) between the working electrode and the Luggin capillary (~23 Q) was
determined using an AC signal (5 kHz, 5 mV) and thereafter compensated for using the
potentiostat’s analog positive feedback scheme. The resulting effective solution
resistance was less than 3 Q for each experiment. The ORR kinetic current density jx was
extracted from the measured current density j using Koutecky-Levich equation described
as: 1//=1/j +1/j

where ji is diffusion limiting current density. In this study, the ORR activity of the
catalysts was always evaluated at 0.9 V vs. RHE.

XAS measurements.

XAS measurements were carried out at the SuperXAS (X10DA) beamline, Swiss Light
Source (SLS), Switzerland (energy of storage ring 2.4 GeV; beam current 400 mA) and

at the B18 beamline of the Diamond Light Source, UK (energy of storage ring 3 GeV;
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beam current 300 mA). N> was used to fill both ionization chambers for the detection of
incident (Io) and transmitted (I and 1) X-ray radiation. For ex situ XAS measurements,
a mixture of Pt/Vulcan powders and cellulose as a binder was pressed to form a
homogeneous pellet with a uniform thickness. The operando electrochemical XAS
experiments were performed in a home-made spectro-electrochemical flow cell with a
three-electrode configuration. The basic cell design has been reported elsewhere*’. Some
modifications like electrolyte thickness, diameter of channels, compartment of the
reference electrode, etc. were made to optimize the signal-to-noise ratio for the XAS
measurements at the Pt L3 edge in transmission mode. A dispersion of Pt/Vulcan in IPA
and water was dropped onto a carbon paper. After drying, the resulting catalyst film was
used as working electrode. A graphite foil was applied as counter electrode, a non-leakage
Ag/AgCl (3 M KCL, EDAQ) serves as a reference electrode. The electrolyte solution (0.1
M HCIOs) at a constant rate flew from a reservoir to the cell and then to the waste
container. XAS data were analyzed by FEFFIT software suite®®. The data processing
included the background subtraction, edge step normalization and conversion of the
energy units (eV) to photoelectron wave vector k units (A™!) by assigning the
photoelectron energy origin, Eo, corresponding to k = 0, to the first inflection point of the

absorption edge. Extended X-ray absorption fine structure (EXAFS) spectra were
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Fourier-transformed to obtain pseudo radial structure functions (RSFs). The amplitude
reduction factor (So?) was obtained from the fit of the EXAFS spectrum of a Pt foil to be
0.82.

XPS measurements.

X-ray photoelectron spectra (XPS) were measured using an ESCALAB 250 Xi
instrument (Thermo Fisher, East Grinsted, UK) with monochromatized Al Ka (hv =
1486.6 eV) radiation and an in-lens electron source was used for charge compensation.
The high-resolution spectrum for Pt 4f was measured with a pass energy of 10 eV, 50 ms
dwell time and 0.02 eV steps referenced to graphitic carbon at 284.3 eV. Peak fitting was
performed with the XPS Peak41 software using a Gaussian Lorential (G/L) mixed

function after a Shirley background subtraction.

3. Results and discussions

As an example, Figure 1 displays TEM micrographs of 30 wt. % Pt/Vulcan catalysts
where the NaOH/Pt molar ratio for the Pt nanoparticle preparation was 10, 5.5, and 5.0,
respectively. High resolution (HR) TEM signifies that all nanoparticles are highly
crystalline (see insets of HR-TEM of the unsupported face centered cubic (fcc) Pt

nanoparticles) and vary in particle size. The mean number diameters (dmn) increase from

16
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1.7 to 2.5, and 3.3 nm, respectively, and the mean area diameters (dva) from 1.8 to 2.8,

and 3.9 nm, respectively.
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Figure 1. TEM micrographs of 30 wt. % Pt/Vulcan catalysts (a-c) and respective particle
size distributions (d-f). NaOH/Pt molar ratios for the Pt nanoparticle synthesis were 10
(a, d), 5.5 (b, e), and 5.0 (c, f), respectively. The insets show HR-TEM micrographs of
unsupported Pt nanoparticles. N, dun, and dma stand for number of analyzed Pt

nanoparticles, mean number diameter, and mean area diameter, respectively.

Varying the inter-particle distance at constant particle size is a more challenging exercise.
By mixing the colloidal nanoparticle suspensions with different amounts of Vulcan
carbon support we varied the nominal metal loading between 10 — 70 wt. % Pt/Vulcan for

each colloidal nanoparticle suspension. Figure 2 displays TEM micrographs of 10, 30, 50,

17



296  and 70 wt. % Pt/Vulcan catalysts prepared from the colloidal suspension of 1.8 nm sized

297 Pt nanoparticles. It is seen that the Pt nanoparticles are highly dispersed on the carbon

298  support up to the nominal Pt loading of 50 wt. % (Figure 2 (a) — (c)), whereas some minor

299  agglomeration of Pt nanoparticles can be observed at very high nominal metal loadings

300 like 70 wt. % Pt/Vulcan (Figure 2 (d)). The mean diameter of the Pt nanoparticles is

301  almost independent of the metal loading. Only a small increase in the number of slightly

302 larger Pt particles (> 2.5 nm) is observed for very high loading (70 wt. %, see Figure S1).

303

304

305  Figure 2. TEM micrographs of Pt/Vulcan catalysts prepared by using 1.8 nm sized Pt
306  nanoparticles (NaOH/Pt molar ratio = 10). The nominal Pt loadings are (a) 10 wt. %, (b)
307 30 wt. %, (c) 50 wt. %, and (d) 70 wt. %, respectively.

308
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Varying the metal loading with constant particle size leads to a systematic change in inter-

particle distance on the carbon support. The successful variation of the inter-particle

distance at constant particle size without agglomeration is best scrutinized by determining

the electrochemically active surface area (ECSA) as function of the metal loading. If the

ECSA is independent of the metal loading the absence of particle agglomeration is

confirmed. The average inter-particle distance can then be calculated from the BET

surface area of the carbon support, the number of Pt nanoparticles on the support as well

as the diameter of Pt nanoparticles, see experimental section. In Figure 3, the results of

the electrochemical characterization via rotating disk electrode (RDE) measurements are

summarized (representative cyclic voltammograms and CO stripping voltammograms of

the Pt/C catalysts and the analysis of the cyclic voltammograms are displayed in the

supplementary information in Figures S2, S3, and S4, respectively.). In Figure 3, each

color represents a different Pt particle size, i.e., 1.8, 2.8, and 3.9 nm in average diameter.

It is seen that the ECSA is indeed almost constant for each Pt particle size independent of

the metal loading. Only with a very large number of nanoparticles immobilized on the

support (high metal loadings and small nanoparticles) a substantial decrease in ECSA is

observed, indicating particle agglomeration during the particle immobilization step of the

catalyst preparation. In these cases, particle size and inter-particle distance effects are
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interwoven due to the limitations in catalyst synthesis. In the other cases, the ECSA values
for each sample are consistent with the individual particle size determined from the TEM
data assuming that 67 % of the particle surface of the supported Pt nanoparticles is
electrochemically accessible (see Figure S5).

The influence of particle size and inter-particle distance on the ORR activity is
demonstrated in Figures 3(b) and 3(c). It is seen that the Pt surface area-based specific
ORR activity (SA) (i.e., the reaction rate normalized to the number of catalytically active
sites) depends on the particle size as well as on the inter-particle distance. For smaller
(1.8 nm) Pt nanoparticles the influence of the inter-particle distance on the SA is most
prominent. The SA at 0.9 Vrug increases by ca. 220 % (all values are rounded) when the
average inter-particle distance is decreased from 11.5 nm to 1.4 nm. This trend is opposite
to the one reported by Watanabe et al. in the 1980’s where the SA decreases with a
decrease in the inter-particle distance between 14-20 nm?®, It should be noted that the
inter-particle distance values are not exact when Pt agglomeration is suspected and the
ECSA is decreased (60 and 70 wt.% for the 1.8 nm sized Pt particles) because its influence
is not considered in the inter-particle distance calculation. However, in the present work,
even if the data points where Pt agglomeration is suspected are discarded, the SA still

increases by 170 % with decreasing inter-particle distance from 11.5 nm to 2.7 nm. The
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increase in SA with the particle size can be extracted based on the activity values at high
inter-particle distance. Here, the nanoparticles can be considered as individual, supported
particles. Based on the data at 0.9 Vryg, the SA increases by 190 % when increasing the
average particle size from 1.8 nm to 3.9 nm. This trend of the SA with the particle size is
in good agreement with the results obtained from the measurements of sputtered Pt/GC
(glassy carbon) model electrodes®® and Nafion-free measurements of carbon supported
Pt/C catalysts®! reported in literature, see Figure 4. In general, this “intrinsic” particle size
effect can be related to a shift in the reduction potential of Pt oxide species, see ref.!” and
Figure 5. The results demonstrate that the inter-particle distance is equally important as
the particle size for the SA of the ORR. Analyzing the Tafel plots of the SA with changing
the inter-particle distance at same loadings, see Figure S6, demonstrates that the Tafel
slopes of the respective catalysts are identical which confirms that these results are not

due to experimental artifacts in the measurement but due to changes in reaction kinetics.

The trend for the mass activity (MA), i.e., the reaction rate per mass of Pt, is more
complicated as the MA depends on the SA and the ECSA (MA = SA - ECSA). At large
inter-particle distance (low metal loading) the MA of the 1.8 and 2.8 nm Pt nanoparticle

catalysts is the same, while the 3.9 nm nanoparticle catalyst has a slightly lower MA.
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However, decreasing the inter-particle distance (increasing metal loading), the MA of the
1.8 nm Pt nanoparticle catalyst exhibits a maximum due to particle agglomeration (see
Figure 2d). First, the MA increases due to the particle proximity effect and then decreases
due to a loss in ECSA because of agglomeration. In summary, the optimization of particle
size and inter-particle distance in the here prepared catalyst leads to a maximum MA of
1300 A g'! at 0.9 Vrug for the Pt/Vulcan catalyst, which is more than twice of the MA we

determined for standard commercial Pt/C catalysts'®.
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sized Pt nanoparticles, respectively) are plotted as a function of ECSA. The experimental

data for polycrystalline Pt is added to the plot at an ECSA value of 0.

As mentioned above, different effects can cause the observed particle proximity effect. In
literature effects ranging from changes in the EDL structure at the catalyst-electrolyte
interface!* to changes in the intrinsic electronic properties of the nanoparticles due to a
screening of the charge transfer barrier due to electron tunneling® are discussed.
Previously, it has been reported that for smaller particle sizes the Pt-OH reduction peak
potential in cyclic voltammograms (CVs) of Pt/C measured in Ar purged electrolyte shifts
to more positive values with decreasing inter-particle distance®®. This behavior which is
often associated with higher ORR activity!? is here confirmed with the prepared Pt/Vulcan
catalysts, see Figure 6. In Figure 6, it is seen that the reduction peak potential value of the
Pt nanoparticles approaches that of bulk Pt with a decrease in the inter-particle distance.
The observed trends in oxophilicity suggest that the surface properties of the Pt
nanoparticles become more “bulk-like” with decreasing the inter-particle distance.
Interestingly, the proximity effect on the Pt reduction peak potential as well as the increase
in SA are the most prominent for small (1.8 nm) Pt nanoparticles. This could be related
to the fact that the “larger” Pt nanoparticles are more “bulk-like” to begin with (i.e., at

large inter-particle distance). A similar trend, i.e., indications that the surface properties
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of the Pt nanoparticles become more “bulk-like” with decreasing the inter-particle

distance can be seen by an analysis of the CO oxidation peaks in the CO stripping

voltammograms (Figure S7). While the peak position of the CO oxidation peaks is

independent of the inter-particle distance, its width decreases with decreasing inter-

particle distance.
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Figure 6. (a) Typical cyclic voltammogram of Pt/Vulcan catalyst measured in Ar-purged
0.1 M HCIOs electrolyte. In this case, Pt reduction peak is seen at around 0.75 V. (b)
Reduction peak potential of the Pt/Vulcan catalysts with various metal loadings and

nanoparticle sizes.

The trend in oxophilicity can also be observed in X-ray photoelectron spectroscopy (XPS)
and X-ray absorption spectroscopy (XAS). As previously reported!? ex situ Pt 4f XPS
spectra, Figure S8, demonstrate that after preparing Pt/Vulcan catalysts with the same
nanoparticle size (1.8 nm), but different inter-particle distance and exposing them to air,

their degree of oxidation state decreases with decreasing inter-particle distance
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(increasing metal loading). The same trend in reduced oxophilicity with decreasing inter-
particle distance is observed in ex situ recorded extended X-ray absorption fine structure
(EXAFS) and X-ray absorption near edge structure (XANES) measurements, see Figures
S9, S10 and Table S2. Decreasing the inter-particle distance (increasing metal loading)
the determined Pt-O coordination numbers decreases, while the Pt-M coordination
numbers stay almost constant with slight variations.)!2. Concurrently, the white line
intensity in the Pt L3 edge XANES spectra decreases'’. One could argue that the
established trend in reduced oxophilicity with decreasing inter-particle distance is
observed ex situ after exposure to air and therefore not relevant for the electrochemical
performance.

Therefore, considerable effort was undertaken to establish operando spectroscopic
evidence of the particle proximity effect in addition to the trends of the specific ORR
activity and the shift in the Pt-OH reduction peak potential obtained from the CVs. Here,
to the best of our knowledge we demonstrate for the first time such evidence using
operando electrochemical XAS. In Figure 7, it is shown that XAS spectra recorded under
potential control reveal the same trend in oxophilicity with inter-particle distance as the
ex situ data. Plotting the ratio of the Pt-O and Pt-Pt coordination numbers extracted from

the operando Pt L3 edge EXAFS spectra as a function of the electrode potential for the
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443  different Pt/Vulcan catalysts it can be seen that the degree of oxidation (i.e., at fixed
444  electrode potential) changes with decreasing the inter-particle distance (increasing the

445  metal loading). Furthermore, the hysteresis®>>*

, 1.e., difference in oxide coverage when
446  stepping the electrode potential in positive or negative direction, is less pronounced with
447  the highly loaded Pt/Vulcan catalyst. The data clearly demonstrate that a small inter-

448  particle distance of the Pt nanoparticles supported on the Vulcan leads to a lower oxide

449  coverage, which in turn leads to an improved specific ORR activity.

450
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452  Figure 7. Operando electrochemical EXAFS data of 1.8 nm Pt/Vulcan catalysts with
453  different metal loadings, 30 wt. %, 50 wt. %, and 70 wt. %, that results in different inter-

454  particle distances. The plots show the calculated ratio of both coordination numbers N(Pt-
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0O) and N(Pt-Pt) as a function of the applied electrode potential. The arrows indicate if the
spectra were recorded coming from a lower or higher electrode potential. Measurements
with 10 wt. % were not feasible due to too thick catalyst layers required for good quality
XAS spectra. The error bars indicate the standard error obtained from the fit analysis

using the EXAFS equation.

4. Conclusions

In an extensive effort of varying particle size and inter-particle distances for Pt based

ORR catalysts independent of each other, we manage to disentangle the influence of the

inter-particle distance and the particle size on the specific ORR activity. It is found that

both effects are equally important when optimizing the specific ORR activity for a

catalyst. Larger Pt nanoparticles exhibit a higher specific ORR activity than smaller ones,

when the inter-particle distance is large. However, the specific ORR activity of Pt

nanoparticles can be improved when immobilizing them at high coverage on a carbon

support. This influence of the inter-particle distance on the catalytic ORR activity is most

pronounced for smaller nanoparticles as compared to larger ones. Although high metal

loadings also favour particle agglomeration during synthesis, in particular for small

nanoparticles a clear increase in activity with the inter-particle distance is seen when

limiting the discussion to the metal loadings where the ECSA proofs constant dispersion

(and thus constant particle size). As a consequence, we observe the highest mass

normalized ORR activity for small nanoparticles at high coverage.
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As compared to the long-discussed particle size effect, inter-particle distance effects are
a fairly recent topic in catalysis and the underlying mechanisms have been addressed by
only few research groups. Essentially two explanation models have been suggested in
literature. One focussing on the effect of the inter-particle distance on the EDL

structure'*3’

and one focusing on electronic cross-coupling effects as a result of changes
in the screening of charge transfer barriers between the particles?®.

Concomitantly with the increase in ORR activity with decreasing inter-particle distance,
a decrease in oxophilicity is observed. In the present work we could for the first time
demonstrated the correlation of the particle proximity effect to a reduced oxophilicity of
the Pt nanoparticles by operando electrochemical XAS. Although none of the explanation
models of the particle proximity effect can be excluded. Two findings point towards the
importance of electronic cross coupling effects. First, the particle proximity effect is
clearly more pronounced at small nanoparticles. Second, the same trend of reduced
oxophilicity at low inter-particle distance is observed in operando XAS and ex situ XAS
and XPS spectroscopy. Therefore, we propose that the electronic properties of
nanoparticles are influenced by the inter-particle distance in a more fundamental way than

only by a change in the EDL. As a consequence, mesoscopic properties such as the inter-

particle distance are an important design parameter for catalytic processes.
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