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A B S T R A C T

Traditionally, evaluating a catalyst’s activity has focused on its intrinsic properties. However, the observed 
catalytic behavior can be significantly influenced by both systematic parameters and mesoscopic mass transport 
limitations. Although the independent roles of various factors are known, their intricate interplay within elec
trocatalysis remains elusive. This work presents a comprehensive investigation into the interplay between these 
factors in the selective generation of hydrogen peroxide (H2O2) via the oxygen reduction reaction (ORR) using 
Aux/C catalysts with varying particle sizes. By considering the exchange of surface-bound reaction intermediates 
between the electrode and bulk electrolyte, we reveal how the catalyst’s surface area can influence selectivity 
through kinetic competition. This effect becomes particularly relevant for technologically important reactions 
such as the ORR, where multiple product pathways exist. This study underscores the need for a multi-scale 
approach that considers all these factors, especially for reactions involving multiple reaction pathways. Pre
cise tuning of these parameters is essential for achieving a reliable and equitable assessment of electrocatalysts, 
paving the way for optimizing H2O2 production and similar multi-step electrocatalytic reactions.

1. Introduction

H2O2 has been listed as a key chemical component in the develop
ment of a more sustainable society, with remarkable growth in its pro
duction. In 2022, the global demand for H2O2 reached approximately 
4.4 million tonnes, and forecasts predict a rise at a 5.9 % compound 
annual growth rate until 2032 [1,2]. One promising path for the pro
duction of H2O2 is the decentralized electrochemical production without 
the use or handling of molecular hydrogen by a selective 2-electron 
oxygen reduction reaction (2e− ORR) [3]. Here, catalysts that reduce 
oxygen to H2O2 are needed. Traditionally, optimizing electrocatalysts 
for H2O2 production has focused on their intrinsic activity—an attribute 
that denotes the inherent catalytic efficiency and selectivity of the ma
terial in driving the two-electron oxygen reduction reaction. However, 
recent research suggests that observed catalytic behavior can be 

significantly influenced by factors beyond simply the intrinsic properties 
of the catalyst [4].

One key consideration is the role of systematic parameters. These 
parameters, such as interparticle distance and catalyst layer thickness, 
can significantly affect the local environment around the active sites and 
consequently influence the reaction pathway [5–7]. Additionally, mass 
transport limitations, which dictate the exchange of surface-bound re
action intermediates between the electrode and the bulk electrolyte, can 
play a crucial role in selectivity [8]. By influencing the availability of 
reactants and intermediates at the active sites, mass transport limita
tions can introduce kinetic competition, particularly for reactions like 
ORR with multiple possible product pathways (e.g., H2O2 vs⋅H2O). 
While the impact of intrinsic activity has been extensively studied, a 
comprehensive understanding that considers the interplay between 
intrinsic properties, systematic parameters, and mass transport 
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limitations remains elusive. Despite individual optimization efforts on 
the particle size [9–16], interparticle distance [13,17–21], and catalyst 
layer thickness [22–25] for the ORR, the collective influence on H2O2 
activity and selectivity is still not fully understood. This lack of a 
multi-scale approach can lead to misinterpretations of the observed 
catalytic behavior and hinder the development of truly optimized elec
trocatalysts for H2O2 production.

This work addresses this gap in knowledge by investigating the 
combined influence of these factors on H2O2 production via ORR elec
trocatalysis. We employ Aux/C catalysts with varying particle sizes as a 
model system to explore the interplay between intrinsic activity, sys
tematic parameters, and mass transport limitations. By utilizing a 

rotating ring-disk electrode (RRDE) setup for rapid catalyst screening, 
we systematically elucidate the specific effects of each factor on H2O2 
selectivity. This multi-scale approach provides a deeper understanding 
of the complex interplay governing H2O2 production and paves the way 
for the design of highly efficient electrocatalysts.

2. Results and discussion

2.1. Catalyst characterization

To evaluate the effect of particle size on the ORR, gold nanoparticles 
(Au NPs) with sizes of approximately 3, 4, 10, and 16 nm were utilized. 

Fig. 1. (a-d) STEM images of 20 wt% Aux/C catalysts and (e-h) respective particle size distribution with varying particle sizes: 3 (a, e), 4 (b, f), 10 (c, g), and 16 nm 
(d, h). Insets show HAADF-(HR)STEM images of the corresponding unsupported Au NPs. N, dMean, and dSauter stand for the number of analyzed Au NPs, the mean 
number diameter, and the Sauter diameter, respectively. Further HAADF-(HR)STEM images of 3 nm (i-k) and 10 nm (m-p) Au nanoparticles are shown, along with 
the corresponding facet assignments. Insets present fast Fourier transform (FFT) images for the {1− 10} zone axis of the highlighted areas. (l) A schematic repre
sentation of single-crystal nanoparticle is provided, showcasing predominantly (111) and (100) facets.
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The unsupported Au NPs possess spherical character, as illustrated in the 
insets of Fig. 1a-d, characterized using high-angle annular dark field 
(high resolution) scanning transmission electron microscopy (HAADF- 
(HR)STEM). A detailed description of the parameters used is provided in 
the supporting information. Subsequently, the nanoparticles were ho
mogeneously supported on Printex XE2B (C), which has a BET surface 
area of 1000 m2 g− 1 [26], and evaluated through scanning transmission 
electron microscopy (STEM) investigations, as demonstrated in 
Fig. 1a-d. Statistical characterization of such 20 wt% Aux/C samples 
revealed average nanoparticle sizes of 3 (2.6 ± 0.3 nm, Au3/C), 4 
(3.7 ± 0.7 nm, Au4/C), 10 (9.9 ± 0.7 nm, Au10/C), and 16 
(15.4 ± 1.2 nm, Au16/C), as illustrated in Fig. 1e-h. These values are 
utilized for calculating interparticle distances of Au NPs. Conversely, the 
Sauter diameter—also known as the surface area mean diameter—was 
used to compare the specific surface area obtained by the electron mi
croscopy measurements with the electrochemically active surface area 
(ECSA) of the Au NPs. This approach provides a more accurate repre
sentation of the overall surface area of the Au NPs, as detailed in the 
particle size histograms of Fig. 1e-h. The mean number diameter (dMean), 
Sauter diameter (dSauter), and specific surface area of the Au NPs were 
calculated for each sample by counting individual particles and applying 
Eqs. 1, 2, and 3, respectively. 

dMean =

∑
di

N
(1) 

dSauter =

∑
d3

i
∑

d2
i

(2) 

Specific surface area =
6

ρAu × dSauter
(3) 

Where di, N, and ρAu are the diameters of the individual particles, the 
number of the particles, and the density of gold (19.3 g cm− 3), 
respectively.

To further examine the size-dependent morphological and structural 
characteristics between the samples, Fig. 1i-p presents a series of atomic- 
resolution HAADF-STEM images of unsupported Au nanoparticles with 
diameters of 10 and 3 nm. The images reveal local ordering consistent 
with face-centered cubic (fcc) packing of Au atoms, exhibiting charac
teristic lattice fringes corresponding to (111) and (100) crystal planes. 
Analysis of the nanoparticles indicates that while the 3 nm nanoparticles 
show a mixture of single-crystalline morphologies and some twinned 
particles, multiple grain boundaries are prevalent in the larger 10 nm 
particles. This observation is consistent with a recent study [27]. Close 
examination of the particles reveals a clear trend: as the particle diam
eter decreases from 10 to 3 nm, the dimensions of fcc (100) and fcc (111) 
facets diminish. This observation implies that in 3 nm particles, a 
significantly larger fraction of atoms occupy surface or near-surface 
positions, resulting in lower coordination numbers compared to bulk 
atoms [28]. Under-coordinated or unsaturated surface atoms typically 
exhibit enhanced reactivity, which is directly related to the superior 
ORR activity observed in 3 nm Au nanoparticles, as compared to their 
larger counterparts, as discussed in the following section.

To investigate the Au binding energies in differently sized NPs, we 
compared high-resolution X-ray photoelectron spectroscopy (XPS) data 
of Au 4 f in Fig. 2. After peak deconvolution, the Au 4 f core level spectra 
revealed the spin-orbit splitting components of the Au 4 f7/2 and Au 4 f5/ 

2 doublets. Utilizing Au NPs of 40 nm of size as a reference, which is 
expected to exhibit catalytic properties closer to a bulk gold surface, we 
found that its 4 f7/2 binding energy at 83.7 eV closely matches the 
established 84.0 eV peak of bulk Au, with a characteristic 3.7 eV sepa
ration from the 4 f5/2 peak. As the particle size decreases from 10 to 
3 nm, the binding energy increases from 84.2 to 84.5 eV. This finding 
aligns with the general observation that smaller particle sizes result in 
higher binding energies [29,30]. Additionally, the major peaks for Au0 

in Aux/C (x = 3, 4, and 10) featured minor peaks of Auδ+ (0 < δ < 3), 
suggesting the presence of undercoordinated sites [31].

2.2. Impact of particle size effect on selectivity for H2O2

To better understand the correlation between the particle size of the 
Au NPs supported on carbon and their electrocatalytic activity, we 
performed thin-film rotating ring-disk electrode (RRDE) measurements. 
These experiments were carried out in an O2-saturated 0.1 M HClO4 
electrolyte, and the corresponding electrochemical data are shown in 
Fig. 3.

Fig. 3a presents the ORR polarization curves for 20 wt% Aux/C cat
alysts with varying sizes and a carbon reference catalyst. The currents 
were normalized to the geometric area of the glassy carbon disk or 
platinum ring electrode. The carbon support, utilized as a blank test, 
exhibited significant overpotentials of 0.35 VRHE. The averaged selec
tivity was calculated to be 83.6 %, based on measurements taken across 
a potential range from 0.5 to 0.1 VRHE using Equation S2. In comparison, 
Au NPs supported on carbon showed a particle size dependency in the 
maximum current density, specific activity (SA), and ORR onset po
tential. The SA is determined by normalizing the mass activity to the 
ECSA, which itself is calculated from stable cyclic voltammograms by 
integrating the charge under the oxide reduction peak using a charge 
density of 386 μC cm− 2

Au for the reduction of an oxide monolayer [32]. 
Experimental measurements of ECSA and specific surface area calcula
tions based on STEM data show considerable differences as Au NP size 
decreases (Figure S2), potentially due to occlusion by the high surface 
area carbon support [33–35]. As Aux/C particle size decreases from 
16 nm to 4 nm, the undercoordination of Au atoms increases, leading to 
a greater presence of surface steps, corner, and edge atoms on the Au 
surface. An increase in the surface fraction of these sites are expected to 
strengthen the adsorption of oxygenated species, such as O2, *O, *OOH, 
and OH, thereby influencing ORR activity [14,16,36–39]. Therefore, as 
the Au NP size decreases, the measured ECSA varies significantly, from 
approximately 8 to 45 m² g− 1

Au (Figure S2), this resulted in a 76 % 
decrease in SA at 0.5 VRHE, as shown in Fig. 3b. Further reducing the 
particle size to 3 nm, a clear size dependency in ORR activity is evident, 
with onset potentials shifting from 0.55 VRHE for 16 nm particles to 
0.67 VRHE for 3 nm particles, as shown in Fig. 3a. This intrinsic particle 
size effects on SA and ORR onset potentials are related to shifts in the 
reduction potential of Au oxide species (c.f. Fig. 3c). As particle size 

Fig. 2. High-resolution XPS spectra of the Au 4 f region for Aux/C catalysts 
(x = 3, 4, and 10) and 40 nm Au NPs as a reference for bulk Au.
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increases, there is a corresponding positive shift in Au reduction peaks, 
indicating easier reduction of surface oxides on larger Au particles [14, 
40]. Conversely, smaller particles, with their stronger Au-O bonds 
indicated by lower reduction potentials, possess abundant 
low-coordination sites such as flaws, kinks, steps, or edges that strongly 
bind oxygen and oxygenated species [15,41]. This enhanced adsorption 
on smaller particles positively influences ORR catalytic activity. 
Enhanced activity in smaller Au NPs is also attributed to size-related 
changes; theoretical calculations suggest a narrowing of d-bands, a 
shift closer to the Fermi level, and stronger O2 adsorption [15,42,43]. 
This modification results in a marked preference for reducing O2 to 
water over H2O2, starkly contrasting with bulk Au, which generally 
exhibits high H2O2 selectivity due to lower *OOH binding energies [43]. 
Previous adsorption studies on single-crystal Au electrodes and DFT 
analyses have revealed the structural characteristics of Au surfaces 
strongly influence ORR activity and selectivity [16,28,44–55]. Specif
ically, Au(100) facets and low-coordination sites (e.g., edges and cor
ners) exhibit higher catalytic activity and preferentially follow the 
4-electron pathway to water, while Au(111) facets tend toward the 
2e− pathway, mainly in alkaline conditions. Smaller Au NPs, with a 
higher proportion of these low-coordination sites, mimic the behavior of 
Au(100) facets, enhancing ORR activity and water selectivity. A detailed 
discussion of these structure- and size-dependent effects is provided in 
the Supporting Information. Fig. 3d illustrates this effect, showing a 
decline in H2O2 selectivity from 96.7 % for 16 nm NPs to 84.5 % for 
3 nm Au NPs, under consistent experimental conditions: 20 wt% Au on 
carbon supports and 10 μg cm− 2 Au on the disk electrode, ensuring 

uniform catalyst layer thickness.
As particle size increases in catalysts with constant metal loading, the 

distance between particles (interparticle distance) changes. This directly 
impacts overall performance. Inaba et al. reported a decrease in oxo
philicity when decreasing the interparticle distance influencing the 
overall binding affinity of oxygen intermediates on Pt [19]. However, 
accurately measuring interparticle spacing in a 3D catalytic system 
presents challenges due to the inherent randomness and uncertainty. 
Moreover, techniques like TEM project 3D structures onto a 2D plane, 
making it less effective for determining interparticle distance in such 
systems [56]. To address these challenges and ensure consistent com
parisons with previous literature on metal-carbon composites [17,21, 
57], we calculated the edge-to-edge interparticle distance using Eq. 4
assuming a homogeneous distribution: 

dip =
̅̅̅̅̅̅̅̅̅̅
A/N

√
− dMean (4) 

Where dip, A, N, and dMean are the interparticle distance, BET surface 
area of the carbon support (for Printex XE2B was used 1000 m2 g− 1), 
number of Au NPs, and mean number diameter of Au NPs, respectively. 
The concentration of Au nanoparticles (NPs) is as follows: 2.21 × 1014 

NPs/mL for 3 nm, 4.37 × 1013 NPs/mL for 4 nm, 4.96 × 1012 NPs/mL 
for 10 nm, and 6.20 × 1011 NPs/mL for 16 nm. The calculated inter
particle distances are 30, 66, 191, and 548 nm for 3, 4, 10, and 16 nm 
Au/C, respectively. The notably shorter interparticle distance for the 
3 nm NPs could contribute to the decline in selectivity in conjunction 
with NP size. This observation motivates further investigation into how 
the compact interparticle distance between smaller NPs, and potentially 

Fig. 3. ORR performance of Aux/C catalysts with a metal loading of 20 wt%. (a) RRDE voltammograms obtained in an O2-saturated 0.1 M HClO4 electrolyte with a 
scan rate of 10 mV s− 1 at 900 rpm (only the cathodic scan is shown), together with the detected H2O2 current on the ring at a fixed potential of 1.4 VRHE. The Au 
loading on the electrode was fixed at 10 μg cm− 2. (b) Specific activity (SA) at 0.5 VRHE for Aux/C (x = 4, 10, and 16) and 0.6 VRHE for Au3/C. (c) Au-oxide reduction 
peak potential recorded in a N2-saturated 0.1 M HClO4 electrolyte by sweeping the potential between − 0.1 and 1.7 VRHE at a scan rate of 100 mV s− 1. (d) Averaged 
H2O2 selectivity from 0.5 to 0.1 VRHE for Aux/C (x = 4, 10, and 16) and 0.6–0.1 VRHE for Au3/C. Error bars denote 95 % confidence intervals from at least two 
independent measurements.
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other systematic factors, influence selectivity, a topic explored in the 
subsequent section.

2.3. Impact of interparticle spacing on selectivity for catalysts

Fig. 4a presents a schematic that illustrates the influence of inter
particle distance on H2O2 selectivity. To experimentally manipulate this 
distance, we utilized a colloidal suspension of Au NPs, varying the Au to 
carbon ratios. This approach allowed us precise control over the spacing 
between nanoparticles, effectively avoiding particle agglomeration. 
Among the various catalysts tested, the Au3/C catalyst was selected for 
deeper exploration owing to its unique ability to generate both H2O2 and 
H2O. The catalytic activity of the ORR for the Au3/C catalyst, with 
variations in interparticle distances, is depicted in Fig. 4b. Each color 
represents a different Au loading on the electrode, i.e., 5, 10, and 
20 μg cm− 2 at a certain interparticle distance. Fig. 4b demonstrates a 
slight decrease in the SA value with increasing interparticle distance, 
considering the small shift of ORR onset potential (c.f. full LSV curves 
provided in Figure S3). On the other hand, as seen in Fig. 4c, an increase 
in interparticle distance led to notable variations in H2O2 selectivity, 
correlating with the amounts of Au on the electrode.

The relationship between interparticle distance and H2O2 selectivity 
revealed that expanding the interparticle space from 30 to 60 nm be
tween Au NPs in the Au3/C catalyst significantly boosted H2O2 selec
tivity. This enhancement was more pronounced with greater Au 
loadings on the electrode. Specifically, a 2 % increase in selectivity was 
noted with a loading of 5 μg of Au per unit area of the electrode, and this 
effect was more significant with larger amounts of Au, resulting in 
selectivity improvements of 8 % and 16 % at Au loadings of 10 and 
20 μg cm− 2, respectively. By contrast, when the interparticle distance 
was altered from 30 to 47 nm, a minor decrease in selectivity, by 2 % 
and 1 % for Au loadings of 10 and 20 μg cm− 2, respectively, was 
observed. This indicates an interplay between the interparticle distance 
and the catalyst layer thickness, both of which significantly influence the 
catalytic performance by altering intermediate diffusion and the prob
ability of re-adsorption.

As the interparticle distance was adjusted by varying the Au to car
bon ratio, maintaining a consistent catalyst layer thickness proved 
challenging. For instance, widening the interparticle gap to 47 nm 
thickened catalyst layer significantly impacts mass transport dynamics. 
This alteration results in increased trapping of produced H2O2 within the 
pores of the catalyst layer, heightening the probability of re-adsorption 
and continued reduction. The closer proximity of Au NPs in the sur
rounding area further facilitates this process, promoting the subsequent 

reduction of H2O2 to H2O and, consequently, reducing H2O2 selectivity. 
These phenomena are particularly evident at lower interparticle dis
tances (30 and 47 nm) and higher catalyst loadings (10 and 
20 μg cm− 2). However, at an interparticle distance of 60 nm, the influ
ence of interparticle distance became more dominant over the effects of 
layer thickness. This is supported by the observed minor selectivity 
variation of 6 % at this interparticle distance changing the Au amounts.

However, many studies for energy conversion reactions such as 
4e− ORR, the cathode reaction in a fuel cell, that regulate interparticle 
distance by adjusting the metal-to-carbon support ratio often overlook 
the catalyst layer thickness, which inevitably accompanies the control of 
interparticle distance [19,20,56,58]. When intermediates such as H₂O₂ 
are the desired final products, as in the case of the ORR, this factor be
comes critical and must not be overlooked. Regarding this issue, a more 
detailed discussion is provided in the following section. Here, the esti
mated catalyst layer thickness ranges from 90 nm to 1.53 μm, depending 
on the interparticle distance and Au loading, which complicates the 
analysis of the interparticle distance effects, as mentioned earlier. To 
isolate the impact of interparticle distance, we focused on samples with 
consistent catalyst layer thicknesses (380–470 nm), effectively mini
mizing the influence of variables such as particle size and layer thickness 
(Figs. 5b and 5c). With ECSA values held constant (Fig. 5b), a minor 
decrease in specific activity was observed, while selectivity for H2O2 
surged from 76 % to 93 % as the interparticle distance increased from 30 
to 65 nm. Our group’s previous studies demonstrated that interparticle 
distance critically influences H2O2 selectivity by modulating 
re-adsorption dynamics [21,59]. Building on these findings, our current 
experimental results (Fig. 5 and S3) further confirm this relationship, 
indicating that reduced interparticle distance and thicker catalyst films 
enhance H2O2 re-adsorption and its subsequent reduction. Mechanisti
cally, computational and in situ spectroscopic studies confirm that the 
*OOH intermediate plays a central role in ORR on Au surfaces [52–54, 
60–62]. The adsorption of *OOH and its subsequent protonation to form 
H2O2 are energetically favorable on Au surfaces, especially on Au(111), 
where the moderate binding energy prevents O–O bond scission and 
enhances selectivity toward H2O2. Electrochemical data further suggest 
that at potentials more negative than the potential of zero charge (PZC, 
~0.5 VRHE), electrostatic repulsion suppresses HO2⁻ adsorption, limiting 
further reduction of H2O2 [46,50,63]. This mechanism supports the 
hypothesis that H2O2 selectivity decreases at lower interparticle dis
tance due to enhanced re-adsorption and further reduction. At lower 
interparticle distance and with thicker catalytic films, the decline in 
H2O2 selectivity is more prominent, suggesting that H2O2 production 
dominates under these conditions. Higher overpotentials (<0.4 VRHE, c. 

Fig. 4. (a) Schematic representation of the impact of interparticle distance on the H2O2 selectivity with particles embedded in a porous carbon support on a glassy 
carbon (GC) support. (b) Specific activity (SA) at 0.6 VRHE for Au3/C catalyst, with interparticle distances adjusted by Au to carbon ratio in the O2-saturated 0.1 M 
HClO4 electrolyte with a scan rate of 10 mV s− 1 at 900 rpm. It also examines the impact of catalyst loading on these interparticle distances. (c) Averaged H2O2 
selectivity, calculated across a potential range from 0.6 V to 0.1 VRHE, as a function of interparticle distance.
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f. Figure S3) amplify the likelihood of H2O2 re-adsorption, driven by the 
stronger reductive potential, while denser nanoparticle populations in 
thicker films exacerbate this effect. This interplay between H2O2 
desorption, diffusion, and re-adsorption underpins the observed selec
tivity trends. These findings underscore the pivotal role of both layer 
thickness and interparticle distance in catalytic performance, high
lighting their critical importance in catalyst screening and optimization.

2.4. Impact of electrode thickness on H2O2 selectivity

To investigate the interplay between mass transport and H2O2 
selectivity, we systematically adjusted the total catalyst loadings per 
geometric area of the electrode for each Au size. This adjustment 
allowed us to vary the thicknesses of the catalyst layer, as demonstrated 
in Fig. 6a. The estimated thickness of the catalyst layer, determined 
using the carbon density of 1.90 g cm− 3 and an electrode area of 
0.24 cm2, resulted in values of 110, 210, and 420 nm for catalyst load
ings of 25, 50, and 100 μg cm− 2, respectively. However, since this 
estimation assumes ideal packing, the actual layer thickness could be 
greater, considering the voids or spaces between primary carbon parti
cles. To focus solely on the effect of catalyst layer thickness (i.e., with 
varying loading), we standardized the Au loading on the carbon support 
at 20 wt%. This ensured a consistent interparticle distance, also known 
as a crucial factor influencing catalytic performance. The SA remains 
almost constant for each Au particle size, independent of the catalyst 

loading, as shown in the upper panel of Fig. 6b. For further insights, the 
complete LSV curves are available in Figure S4 of the Supporting In
formation. Similarly, the trend for mass activity (MA) which reflects the 
reaction rate per unit mass of Au, exhibits minimal variability across 
different catalyst layer thicknesses. On the other hand, catalysts with 
higher activity levels exhibited more pronounced variations in H2O2 
selectivity as a result of changes in catalyst loading. For Au10/C, which 
necessitates higher overpotentials for ORR initiation, the selectivity 
remained relatively consistent across various loadings, as illustrated in 
Fig. 6c. In contrast, for Au4/C, selectivity decreased from 93 % at 
25 μg cm− 2 to 77 % at 100 μg cm− 2. A similar trend was observed in 
Au3/C, where H2O2 selectivity shifted from 92 % to 76 % as the catalyst 
layer thickness increased.

The results unequivocally demonstrate that the electrocatalytic 
performance and specificity of the 2e− ORR are significantly influenced 
by the catalyst loading on the disk electrode, which directly affects the 
thickness of the catalyst layer. Higher loading results in a thicker cata
lyst layer, potentially hindering the mass transport of both, the reactant 
and the intermediate H2O2 [24]. However, SA values demonstrating 
consistent 2-electron transfer oxygen reduction efficiency across 
different catalyst loadings imply that reactant transport through the 
catalyst layer does not limit oxygen reduction, even for Au particles in 
close proximity to the glassy carbon substrate [64]. Conversely, the 
produced H2O2 may be trapped within the pore system of the catalyst 
layer, facilitating its further reduction or chemical decomposition before 

Fig. 5. (a) Schematic illustration of the impact of interparticle distance on the H2O2 selectivity within the similar catalyst layer thickness. (b) Specific activity (SA) at 
0.6 VRHE in the upper panel and ECSA of the Au3/C catalysts in the lower panel with varying interparticle distances in O2-saturated 0.1 M HClO4 electrolyte, 
measured at a scan rate of 10 mV s− 1 and rotation speed of 900 rpm. (c) Averaged H2O2 selectivity calculated from RRDE responses. The values for (b) and (c) were 
taken from Fig. 4b and Fig. 4c, respectively.

Fig. 6. (a) Schematic representation of the impact of catalyst loading on the ORR, showing how layer thickness affects re-adsorption and further reduction to water. 
(b) Specific activity (SA, upper panel) and mass activity (MA, lower panel) at 0.5 VRHE for 20 wt% Aux/C (x = 4 and 10) measured in O2-saturated 0.1 M HClO4 
electrolyte at a scan rate of 10 mV s− 1 and rotation speed of 900 rpm at various catalyst thicknesses. The SA and MA of Au3/C were taken at 0.6 VRHE. (c) Averaged 
H2O2 production selectivity from 0.5 to 0.1 VRHE for Aux/C (x = 4, and 10) and 0.6–0.1 VRHE for Au3/C.
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diffusing into the bulk electrolyte. This process potentially reduces H2O2 
selectivity by increasing catalyst loading, as shown in Fig. 6a and Fig. 6c.

In addition to trapping effects, the thickness of the catalyst layer also 
influences collection efficiency, which is determined by the ratio of the 
amount produced at the disk electrode to the amount detected at the ring 
electrode and largely depends on the dimensions of these electrodes [23, 
65]. Increased catalyst loading could lead to surface roughness due to 
cracking in the catalyst layer, changing the geometry of the RRDE and 
disrupting its hydrodynamic linearity [22,65]. Consequently, this affects 
collection efficiency and ultimately alters the selectivity of electro
catalysis. Conversely, insufficient catalyst loading may result in a sub
strate effect, where the observed activity predominantly originates from 
the substrate rather than the catalyst [66]. These findings emphasize the 
importance of considering catalyst loading, relating to catalyst layer 
thickness when determining optimal conditions for precise and equi
table catalyst screening, especially in reactions that involve multiple 
pathways and require control over reaction selectivity.

Unless the ORR directly progresses to water through a dissociation 
pathway without involving H2O2 intermediates, systematic parameters 
and mesoscopic mass transport limitations, along with intrinsic pa
rameters, will influence selectivity. These factors depend on the in
termediates’ residence time and their tendency for desorption and re- 
adsorption, which are strongly correlated with the affinity between 
oxygen/oxygen-containing intermediates and active sites. We demon
strated these effects using Au-based model catalyst, which binds weakly 
to oxygen/oxygen-containing intermediates. Therefore, the observed 
impact on ORR performance could be even more significant for catalysts 
with stronger oxygen affinity, such as platinum group metals (Pt, Pd, 
and Rh) [67,68] and non-noble metals (Co, Ni, and Fe) [24,25], ac
cording to the binding energy criteria. For ORR occurring on Fe- or 
Co-based catalysts, the reaction pathway can alter with variations in 
catalyst loading. A notable increase in H2O2 generation is observed as 
the catalyst loading decreases [24,25]. Furthermore, the produced H2O2 
on these catalysts decomposes into reactive oxygen species, such as 
hydroxyl or hydroperoxyl radicals, during diffusion into the bulk elec
trolyte via Fenton/Fenton-like reaction [69]. This process can degrade 
the catalytic system or the membrane of polymer electrolyte membrane 
(PEM) fuel cells [70,71]. Translating our findings to practical 
H2O2-generating devices underscores the need to optimize interparticle 
distance and catalyst layer design in membrane electrode assemblies 
(MEAs) and gas diffusion electrodes (GDEs)—systems more reflective of 
industrial environments. Careful design can enhance mass transport, 
minimize H2O2 re-adsorption, and improve overall selectivity, thereby 
ensuring the long-term durability and efficiency of the H2O2 electro
synthesis process and supporting the scale-up of electrochemical de
vices. We emphasize the importance of integrating engineering 
solutions—such as tailored catalyst layer architectures and advanced 
support materials—to complement improvements in intrinsic catalytic 
activity and enable scalable, efficient H2O2 production. Specifically, in 
the context of H2O2-PEM electrolyzers, optimizing catalyst supports to 
facilitate the rapid transport of H2O2 away from the MEA, along with 
reactor designs that account for fluid dynamics to reduce intermediate 
residence time and limit re-adsorption, will be essential for advancing 
device performance.

3. Conclusion

Our study puts attention beyond traditional approaches of electro
catalytic evaluation by unveiling the critical interplay between intrinsic 
activity, systematic parameters, and mass transport limitations. We 
demonstrate that focusing solely on intrinsic catalyst properties provides 
an incomplete picture, as factors like interparticle distance, catalyst 
layer thickness, and surface area significantly influence selectivity in 
reactions with multiple pathways, like H2O2 production via ORR. The 
influence of these parameters on the selectivity depends strongly on the 
employed catalysts. This is evident from our findings with varying Au 

particle sizes supported on C, where the observed effects on catalytic 
performance could be even more significant for catalysts with stronger 
oxygen affinity, such as platinum group metals (Pt, Pd, and Rh), or in 
other electrocatalytic reactions. This work paves the way for optimizing 
H2O2 production through meticulous control of these parameters and 
provides a valuable framework for understanding and optimizing other 
multi-step electrocatalytic reactions. It highlights that previously 
observed changes in selectivity attributed solely to active site structure 
or electronic effects might be due, at least in part, to the interplay of 
these identified factors and that a collective investigation of all factors 
contributes to the overall performance. This broader understanding 
opens doors for the rational design of next-generation electrocatalysts 
with superior performance and selectivity.
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