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Highlights

e Direct synthesis of Pt was applied to avoid changing of surface status of
Pt.

¢ Interdigitated array electrode was used for the in-situ detection of H,O,.

e The specific activity and mass activity are larger for the smaller-sized Pt.

e The proportion of different catalytic pathways can be calculated.

e The smaller-sized Pt undergoes about 43% of the 4-electron-pathway
reaction.
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Abstract

Platinum has long been recognized as a vital catalyst in energy conversion and utilization,
particularly in oxygen reduction reaction (ORR), due to its exceptional catalytic activity.
However, its exorbitant cost and scarcity have motivated researchers to explore the size-
activity correlation of Pt catalysts in ORR, aiming to reduce Pt loading density while
preserving high catalytic performance. In this work, we concentrate on the interdigitated-
array(IDA)-electrodes-based precise detection of the influence of Pt cluster size on catalytic
ability, focusing on (1) Direct synthesis of Pt catalyst onto electrodes surface, rather than
offline preparation and pasting, to avoid interference from other chemicals and changes to the
surface status of catalyst particles; (2) Use of IDA electrodes with largely improved
sensitivity for in-situ detection of reaction intermediates (H,O,) and provide insight into the
reaction pathway and electron transfer process. It indicates that the specific activity and mass
activity are larger for the smaller-sized Pt cluster. Specifically, the proportion of different
electron transfer pathways was analyzed with IDA results, and with the same amount of Pt
catalyst loading, the smaller-sized Pt cluster produces a higher percent of H,O,; the smaller-
sized Pt catalyzed ORR undergoes less proportion of 4-electron pathway than the larger-sized
Pt catalyst (about 43% total catalytic current is contributed by the 4-electron pathway for the
#6 Pt catalyst, and this number raises to 98% for the #1 Pt catalyst).

Keywords: Platinum; Electrodeposition; Oxygen reduction reaction; Interdigitated array
electrode; Sensor; Reaction intermediate; Peroxide

1. Introduction

Oxygen reduction reaction (ORR) is one of the essential fundamental reactions of energy
storage and utilization and its sluggish reaction rate necessitates the development of highly
efficient catalysts. Although platinum (Pt) and Pt-based catalysts exhibit high catalytic
activity, their high cost and limited availability continue to be a concern. Therefore,
improving the electrocatalytic activity of Pt-based catalysts while minimizing Pt usage is
critical for the commercialization of energy conversion devices that offer eco-friendly
solutions. To achieve this goal, numerous Pt and Pt-based catalysts have been developed to
reduce Pt dosage while maintaining high ORR performance, such as Pt skin-coated hollow
Ag-Pt structure [1], single-atom of Pt supported on titanium nitride nanoparticles[2, 3], Pt (5
wt%)-loaded sulfur-doped zeolite-templated carbon [4], size-controlled Pt particles in
nanocages [5], Pt-supported N-doped carbon nanofibers [6], Oxide-carbon composites and
yttrium-doped TiO,-C supported photo-deposit Pt nanoparticles [7], Pt monolayer/Pd/C [8],
Pt,Gd/C [9], various carbon supports for Pt particles [10], etc.



Despite extensive efforts that have been made to improve the utilization efficiency of Pt as an
ORR catalyst, one important issue, the size-activity relationship of the ORR on Pt, is not yet
completely understood and remains a topic of great interest. For example, Bregoli
demonstrated that as the diameter of Pt particle decreases from 14 nm to 3.5 nm, the specific
activity towards ORR decreases and suggested that the particle size effect might be attributed
to morphological changes of particles[11, 12]; A series of PtAu catalysts with different
particle size were synthesized and the one with larger size showed better performance [13];
Shao and coworkers demonstrated that both mass activity and specific activity depend on the
Pt particle size that the activities increase as the particle size grows from 1.3 to 2.2 nm[14] ;
graphene-supported Pt single atoms follow the two-electron pathway to generate H,O,, while
graphene-supported Pt nanoparticles prefer to a complete reduction to form H,O [15];
Chorkendorff and the coworkers reported that the specific activity of the ORR on Pt
nanoparticles decreases with decreasing particle size[16] .

While many studies have reported an increase in the specific activity with larger particle size,
there are also researchers who hold the opposite view. For example, Yamamoto et al.
demonstrated that the specific activity of Pt increased with decreasing particle size and that
the activity of a 0.9 nm cluster is more than 10 times higher than that of 2.5 nm [17]; Hayden
et al. found that the ORR-specific current density increases with increasing particle diameter
up to approximately 4 nm, at which point the activity begins to level off [18].

There are debates on how particle size and other factors (such as the structure of Pt, the
electrolyte, etc.) affect the catalytic ability and this has been the topic of many studies for
decades. Takasu et al. suggested that the particle-size effect was attributed to larger
adsorption energies due to the change in the electronic structure of smaller particles [19];
Nesselberger et al. reported that the relationship between activity and particle size is
independent of the supporting electrolyte [20]; Other researchers reported that the specific
activity does not depend on the particle size but the interparticle distance [21-23]; It was also
reported that the electronic charge transfer effect in the electrocatalytic activity of Pt is
weaker than the particle size, facet, or strain effects [24].

The wide discrepancy in ORR analysis of Pt may result from the fact that the activities of Pt
were mostly measured in different environments with the interference from the adhesion that
may to a certain degree affect the electron transfer between the Pt catalyst and the electrode.
To address this issue, we aimed to improve the precision of Pt catalyst detection and
investigate the influence of cluster size on catalytic ability. Specifically, our research focused
on: (1) Use of carbon-film-based interdigitated array (IDA) electrodes with largely improved
sensitivity for in-situ detection of reaction intermediates (H.O,) and provide insight into the
reaction pathway and electron transfer process, instead of conventional rotating ring disk
electrodes. (2) Direct synthesis of Pt catalysts onto IDA working electrodes, rather than
offline preparation and pasting onto electrodes surface with the mixing of Nafion [25-27], to
avoid interference from other chemicals and changes to the surface status of catalyst particles
[28] [29]. Various techniques can be harnessed to directly synthesize catalysts with controlled
dimensions. Examples encompass atomic layer deposition (ALD)[30, 31], which has enabled
the creation of platinum (Pt) nanoparticles ranging in size from 1.3 nm to 4.6 nm on titanium
dioxide nanotubes[32]; physical vapor deposition, through which palladium (Pd) particles
spanning 3 to 42 nm have been fabricated on a carbon substrate[33]; dispersing method,
yielding platinum particles sized at 10-100 nm[34]. The utilization of these methodologies
ensures a uniform dispersion of catalyst particles across the entire electrode surface.
Nevertheless, the use of IDA electrodes mandates an exacting arrangement of catalysts on the
IDA generator to facilitate precise investigations of the intended catalyst.
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Hence, in this study, electrochemical deposition was opted for as the technique to intricately
position Pt onto the IDA generator at a micron scale. This approach enables the meticulous
examination of catalytic behaviors exhibited by these Pt particles.

2. Experimental Section
2.1 Chemicals and apparatuses

Potassium ferricyanide, perchloric acid, potassium hexachloroplatinate, and sodium
hydroxide were used as purchased. A scanning electron microscope (SEM) (FEI, Apreo), x-
ray photoelectron spectroscopy (XPS) (Kratos Axis Ultra DLD, Al as anode material, 15 kV
beam energy, 16 A/cm? current density), and atomic force microscope (AFM) (Asylum
Research) were used for the physical characterization.

2.2 Preparation of carbon-film-based IDA electrodes and Pt catalyst

Preparation of carbon-film-based IDA electrodes. Carbon IDA electrodes were used as the
working electrode and the substrate for the Pt catalyst deposition. The carbon IDA electrodes
were fabricated by plating carbon-film-based patterns on Si wafer substrate, as reported in
our previous work [35]. Generally, the IDA patterns were obtained through the
photolithography technology, then annealed at 1100°C in a reducing atmosphere. The IDA
electrodes contain 101 electrode digits of about 2 um width and 1000 um length.

Preparation of Pt catalyst layer on carbon IDA electrodes. The Pt catalyst was prepared onto
the carbon IDA generator through electrodeposition in aqueous solutions of 0.1 M of HCIO,
and various concentrations of K,PtCls (1X10° M, 1%10* M, 5X10° M, 1X10° M, 5x10®
M, 1X10° M), the potential of IDA generator swept from 1.16 V to -0.2 V vs. Ag/AgCl 4
times at 0.05 V/s, and the obtained Pt samples were labeled as #1, #2, #3, #4, #5, and #6 Pt
clusters, respectively. The Pt deposition on the IDA collector was processed similarly with
2.0 mM K,PtClg in order to detect the ORR intermediate (H20,).

2.3 Samples characterization

Thickness of carbon film of IDA electrodes. The thickness of the carbon film is about 300 nm
according to the AFM results [35].

Thickness of Pt catalyst layer on IDA electrodes. The size and thickness of the Pt catalyst
layer were measured with the AFM for each sample. AFM operating mode: Tapping mode.
Scan rates: 2.44 Hz. Number of pixels per line: 256.

The total surface area of platinum particles. The real surface area of Pt catalyst loaded on
IDA generator was determined with the CO stripping method[36, 37], which was carried out
as below: Put IDA in 0.1 M HCIO,4 aqueous, purge pure CO and hold the potential of IDA
generator at -0.166 V for 120 s to adsorb CO. Then, purge the solution with N, for 10 min to
remove residue CO. After that, perform CO stripping cyclic voltammetry scans with IDA
generator between -0.16 V and 1 V, followed by 2 additional cycles of cyclic voltammetry.
No electrochemical CO oxidation can be observed in these two scans, indicating the full
oxidation of adsorbed CO.

Oxygen reduction reaction. The oxygen reduction reaction was carried out in an agueous
solution of 0.1 M NaOH, which was subjected to O, flow for 15 min before the reaction.

In all experiments, IDA electrodes were used as the working electrodes, and carbon rod and
Ag/AgCIl were used as the counter electrode and reference electrode, respectively. The
potential in ORR experiments was converted versus the Reversible Hydrogen Electrode
(RHE).
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3. Results and discussion

Carbon IDA electrodes were used as the navel tool to study the catalytic performance and
reaction process of Pt-catalyzed ORR, taking advantage of its capability of in-situ detection
and high sensitivity. The IDA electrodes are composed of two comb-like micron-size
working electrodes, the generator and the collector (Fig. 1), with a collection efficiency of up
to 90%.

In this work, the Pt catalyst was grown onto the IDA electrode surface directly through the
electrodeposition method; the free-standing catalyst particles maintain the surface status as
well as good conduct with the electrode, without any interference from the catalyst ink. So,
the "true" character of the Pt catalyst can be revealed.

3.1 Characterizations of Pt-deposited IDA

As shown in Fig. 1, the two working electrodes of IDA play different roles. The carbon IDA
generator is electrodeposited with Pt and performs the ORR catalytic reaction. The IDA
collector is used to detect any reaction intermediate (H,O,) from the Pt-catalyzed ORR on the
generator. To be noticed, the IDA collector was deposited with Pt as well since Pt is a good
catalyst reacting with H,O,. So, even though both the generator and collector are loaded with
Pt, only the one on the IDA generator was used as the ORR catalyst that was studied in this
work, while the one on the IDA collector was for H;O, detection.
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Fig. 1. Schematic diagram of IDA structure and working principle, and the SEM images of
#1-#6 Pt-decorated IDA electrodes, operating voltage: 5.00 kV.

The electrodeposition of Pt catalyst onto the IDA generator were shown in Fig. 2. The humps
near 0.4 and 0 V vs. Ag/AgCl are assigned to the reduction of Pt** to Pt** and the reduction
of Pt** to Pt° respectively[38]. The deposition currents decline with the decreasing
concentration of K,PtClg, indicating less deposition of Pt on the electrode surface.
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Fig. 2. The linear sweep voltammetry of Pt on IDA generators in solutions of 0.1 M of HCIO,
and various concentrations of K,PtCls of (a) 1x10° M, (b) 110 M, (3) 5x 10 M, (4)
1X10° M, (5) 5x10° M, (6) 1X10° M. respectively. Ag/AgCl as the reference electrode,
carbon rod as the counter electrode, scan rate of 0.05 V/s.

The IDA collector was electro-deposited with Pt as well in an aqueous solution with 2 mM
K,PtClg and 0.1 M HCIO,, aiming at the detection of reaction intermediates (Fig. 3).
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Fig. 3. The cyclic voltammetry of IDA collectors in an aqueous solution with 2 mM K,PtClg
and 0.1 M HCIQ, for the Pt deposition. Ag/AgCl as the reference electrode, carbon rod as the
counter electrode, scan rate of 0.01 V/s.

The amount of loaded Pt on each IDA generator was calculated by integrating the deposition
current with time. The calculation shows that the #1 to #6 electrodes were deposited with Pt
of 3.1x10% g, 65%x10° g, 42x10° g, 1.6x10° g, 4.3%x10™ g, and 3.1x10™° g,
respectively. The SEM images of the Pt-loaded IDA electrodes are shown in Fig. 1. It can be
seen that the size and loading density of Pt can be regulated as desired by varying the
concentration of precursor; The size and loading density of Pt cluster decrease by lowering
the concentration of precursor. The deposited Pt cluster is more like a cone shape, so the
height of each deposited Pt cone is used to represent the size of the cluster. As shown in Fig.



4., the density of Pt clusters decreases with lower concentrations of precursor, and the height
of Pt clusters change from about 60 nm to around 2.5 nm (Fig. 4).
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Fig. 4. The AFM image of Pt obtained from Pt precursors of different K,PtClg concentrations
and the insets are statistical analyses of height of the Pt clusters from AFM result. (a) #1, (b)
#2, (c) #3, (d) #4, (e) #5, (f) #6. (g) Pt particle height changes with the concentration of
K,PtClg. Error bars indicate the standard deviation of particle heights measured from each

condition.

The valence state of the Pt was investigated using XPS (No sputtering ion beam was used in
the measurement. Al was used as anode material, beam energy is 15 kV, and current density
is 16 A/lcm?). And Cls peak at 284.8 eV was used to calibrate all binding energies. The
typical signals of Pt 4f are shown in Fig. 5. In the case of Pt/C, the Pt 4f spectra are fitted



Journal Pre-proof

with three transitions corresponding to the different oxidation states of Pt (Pt°, Pt**, and Pt*")
through Avantage software, and several conditions were constrained in peak fitting analysis:
The peak positions according to the references were fixed as mentioned later, FWHM (full
width at half maximum) was restrained between 1 and 1.50, and the ratio of peak area
between f5/2 to f7/2 is restrained roughly at 3:4. The Pt 4f;, and Pt 4fs;, are centered at
71.60 eV and 74.95 eV, respectively. The Pt** 4f;;, and Pt** 4fs), are centered at 72.40 eV and
75.75 eV, respectively. The Pt*" 4f;, and Pt** 4fs;, are centered at 73.90 eV and 77.25 eV,
respectively [6, 17]. The XPS result suggests that the platinum clusters are mainly in the
form of Pt’ for larger-sized Pt particles, and some in the oxidized form (Pt** and Pt**). The
smaller size of the clusters, the larger ratio of oxidized Pt it contains.
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The fitted peaks are indicated in the figures.
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3.2 Electrochemical investigation

As mentioned earlier, the IDA generator-collector mode could realize the in-situ detection of
reaction intermediates of the aimed catalytic reaction. The detection of the ORR process
catalyzed by Pt with IDA generator-collector mode has been studied here, of which the
specific surface area was used to calibrate the currents. For the generator, the surface areas of
the deposited Pt particles were obtained through the CO stripping method [36, 39] (Fig. 6 and
Table 1), the generator current was then divided by the total surface area of Pt particles,
obtaining the generator current density (current per unit surface area of Pt particles), which is
also known as the specific activity.
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Fig. 6. The cyclic voltammetry of Pt-loaded IDA generator in 0.1 M HCIO, aqueous solution
saturated with CO, Ag/AgCl as the reference electrode, carbon rod as the counter electrode,
scan rate of 0.1 V/s.

Table 1. Calculated total surfaces of Pt particles for different samples.
#1 #2 #3 #4 #5 #6

0.013 0.0055 0.0025 | 0.00076 | 0.00024 | 0.00022

Areas of Pt
particles /cm?
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Taking the #1 Pt as an example (Fig. 7a), the generator current density starts to rise sharply at
around 0.9 V, indicating a fast reduction of O, on the IDA generator. Then, it reaches the
maximum at around 0.62 V and keeps at a steady state, representing a diffusion-controlled
current at the region. All other samples have been investigated with ORR, as show in Fig.
7(b)-(f). Three things worth noticing from the result: 1) With the decreasing loading amount
and Pt particle size, the specific activity of the Pt catalyst on the IDA generator increases,
indicating that a larger number of active sites per unit area becomes accessible for the
smaller-sized Pt particles in comparison to their larger counterparts. 2) At the potential lower
than 0.6 V, the catalytic current (current on the generator) converts from the diffusion control
to the mixed diffusion-kinetic control, which can be explained as the change of mass transfer
near the electrode surface, i.e. both efficient mass transfer and catalytic ability contribute to
the catalytic current obtained from the smaller size and looser distributed Pt catalysts. 3) The
observed onset potential of the catalytic reaction moves towards the negative direction for the
smaller-size Pt catalysts. Taking the potential at which 10% of its maximum current density
obtained as the onset overpotential, as summarized in the inset in Fig. 7(g), the overpotential
is larger for the smaller-sized Pt catalysts. A possible reason is that the smaller size and less
density of Pt would generate a larger amount of oxidized Pt per unit mass of the catalyst, the
oxidized Pt on the electrode surface may block the adsorption of O, to the catalyst surface
[40], and result in a larger overpotential.

The production of H,0, was tracked through the IDA collector (Fig. 7), here the collector
current was divided by the Pt cluster area as well, indicating the H,O, produced by the unit
area of Pt. The collector current changes along with the reduction of O, on the generator. For
the larger-sized Pt, the production of H,0, is relatively low and shows a peak at around 0.7 V.
For the smaller-sized Pt, the collector current keeps increasing with the reduction reaction of
0., indicating a continuous and relatively large production of H,O, from the ORR.
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onset overpotential of different Pt samples. The potential of generator scans and the potential
of collector is at 1.2 V' vs. RHE.

Mass activity is calculated by dividing currents by the specific mass of catalysts. As shown in
Fig. 8, the generator current increases, and the collector current increases along with it when
sweeping the potential to the negative direction. Comparing all six Pt samples’ mass
activities, it shows that the smaller the cluster size, the larger the mass activity and the
collector currents. The yield of H,O, increases with the smaller-size Pt particles.
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Fig. 8. The mass activity of the different Pt catalysts towards ORR. (a)-(f) are the current
response with the generator-collector mode and the percent yield of H,O, for the #1 - #6
samples. 0.1M NaOH aqueous solution was used for ORR. The potential of generator scans
and the potential of collector is at 1.2 V vs. RHE.

The generator currents and collector currents were compared in detail in Fig. 9. For the
generator currents, two distinguishing features should be noticed: 1) Overpotential. ORR
catalyzed with Pt of smaller size shows larger overpotential than the one with larger particle
size, which is in accordance with the previous report [18]. For example, the catalytic current
starts to increase at 0.9 V vs. RHE for the #1 Pt (larger-sized Pt), and it is 0.7 V' vs. RHE for
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the #6 Pt (smaller-sized Pt). As mentioned earlier, the larger overpotential may result from
the larger oxidized surface for the smaller-sized Pt. 2) Mass activity. A larger size leads to
lower mass activity. Taking the currents at the potential of onset overpotential plus 0.03 V as
an example (the kinetic-controlled region), the current for #2 to #6 Pt particles (which are
142.0 Alg, 183.8 Alg, 234.6 Alg, 680.9 A/g and 1242.5 Alg, respectively) enhanced to 4.2
times, 5.5 times, 7.0 times, 20.4 times and 37.2 times, respectively, compared with the
current of #1 Pt (33.4 A/g), while the particle height decrease from about 60 nm to 2.5 nm.
The larger mass activity of catalysts with smaller particle sizes results from the increased
active sites that are exposed to the solution. For the collector, the current on it represents the
oxidation of H,O,. As we can see, the collector current starts to increase along with the
ongoing O, reduction on the IDA generator. The small-sized Pt shows a large current per unit
mass, which means more H,O; is generated from the ORR. Taking the collector currents at
the potential of onset overpotential plus 0.03 V as an example, it increased 227 times when Pt
cluster sizes decrease from the #1 to #6 sample, indicating a largely generated H,O, with
smaller-sized Pt particles. Compared with the increase of mass activity on the IDA generator
for smaller-sized Pt clusters, the current change on the collector (the production of H,0,) is
much more significant. Based on the current analysis, it can be inferred that the rise in
collector current (the generation of H,O,) is not solely due to the increase in active sites when
smaller-sized Pt particles are used. Rather, it is also likely attributed to a shift in reaction
pathways, potentially favoring the 2-electron pathway over the 4-electron pathway. This shift
could result in an enhanced production of H,0,. Fig. 9(c-d) summarizes the percentage
production of H,O, and the corresponding average electron transfer number (n) for ORR.
Large-sized Pt shows an n of about 4 and H,0,% of less than 10%. The smaller the particle
size, the lower the n and the higher the H,O,%.
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Fig. 9. The comparison of all the generator currents (a), all the collector currents (b), all the
electron transfer numbers (c), and all the percentage yield of H,O, of all #1-#6 samples (d).

Fig.10(a) shows the Tafel plots derived from the ORR catalytic reaction on IDA generator.
The Pt catalyst with relatively large particle sizes shows small Tafel slopes of 60 mV/decade,
57 mV/decade, and 59 mV/decade for the #1, #2, and #3 Pt catalyst, respectively. This
current region corresponds to the Temkin isotherm adsorption of O,, where the adsorbed
hydroxyl species at the Pt surface determines the electrode activity[25]. For the Pt particles
with smaller sizes, the related Tafel slopes are found to split into two parts: At the low
overpotential region, it shows the same Tafel slope as the one of large-sized Pt, around 60
mV/decade; At the high overpotential region, the Tafel slope increases to 109-132 mV/dec.
The Langmuir isotherm (low coverage of Oy) at high overpotential is commonly interpreted
as a two-electron transfer reaction as the rate-determining step [41-43]. This result is in
accordance with the IDA results shown in Fig. 7 and 8.
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Fig. 10. (a)The Tafel plot of ORR for #1-#6 samples; (b) The difference of generator and
collector currents (labeled as “Gen-Col”) of all #1-#6 samples; (c) The percentage of the
difference of generator and collector currents in all generator currents, i.e. the percentage of
“pure” 4-electron pathway for all #1-#6 samples.

Notably, the difference between the generator current and collector current was calculated,
and found interesting results. As demonstrated earlier, the generator current represents the
total catalytic currents, i.e. the current caused by all the electrons transferred through the
reaction, which includes the possible 2-electron-transfer reaction with the production of H,O5,
the 4-electron-transfer reaction process with the production of H,O, and any other possible
side reactions. Suppose the real reaction is a simple combination of a certain amount of “pure”



Journal Pre-proof

2-electron-transfer reaction and a certain amount of “pure” 4-electron-transfer reaction, since
the collector current is the direct reflection of the 2-electron-transfer process, then by
subtracting the collector current from the generator current, the leftover generator current
would represent the “pure” 4-electron-transfer process. As shown in Fig. 10(b), smaller-sized
Pt catalyzes ORR that undergoes more 4-electron-transfer process than 2-electron-transfer
process, catalyzed by unit mass of catalyst. Furthermore, the “pure” 4-electron-transfer
current (i.e. generator current subtracts collector current) divides by the total catalytic current
(i.e. the generator current) gives the percentage of “pure 4-electron-transfer current” to the
total current, as shown in Fig. 10(c). In summary, the IDA results provide a comprehensive
understanding of the total catalytic currents and the reaction process for the Pt catalysts of
different sizes. Specifically, the smaller-sized Pt exhibits a greater total catalytic current and a
higher percentage yield of H,O, compared to the larger-sized Pt. Further analysis of the IDA
results reveals that the ORR catalytic current catalyzed by the smaller-sized Pt (#6) is
contributed by approximately 45% of the 4-electron pathway and 55% of the 2-electron
pathway, while the ORR catalyzed by the larger-sized Pt (#1) mainly follows the 4-electron
pathway with a nearly 100% contribution.

4. Conclusion

The size effect of Pt particles on catalyzing ORR has beeri carefully examined with a special
tool of IDA electrodes. The use of IDA electrodes shows two advantages: 1) the direct
transfer of electrons between catalyst and electrode was realized without the involvement of
the catalyst adhesion and the possible effect from it. 2) high collection efficiency of IDA
enables more sensitive in situ detection of H,O, since the collection efficiency of IDA (above
80%) is largely improved than RRDE (around 30%). The ORR process catalyzed with Pt
particles of different sizes and the corresponding H,O, production were analyzed with IDA.
Based on the analysis, the study concludes that the specific activity and mass activity of Pt
catalyst decrease with increasing particle size. The overpotential of ORR catalyzed by
smaller-sized Pt is higher than that by larger-sized Pt. The smaller-sized Pt catalyzed ORR
shows a lower proportion of the 4-electron pathway compared to the larger-sized Pt, and vice
versa.
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