
Citation: Golubović, J.; Rakočević, L.;
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Abstract: PdPt bimetallic nanoparticles on carbon-based supports functioning as advanced electrode
materials have attracted attention due to their low content of noble metals and high catalytic activity
for fuel cell reactions. Glassy carbon (GC)-supported Pt and PdPt nanoparticles, as promising
catalysts for the oxygen reduction reaction (ORR), were prepared by the electrochemical deposition of
Pt and the subsequent spontaneous deposition of Pd. The obtained electrodes were examined using
X-ray Photoelectron Spectroscopy (XPS), Atomic Force Microscopy (AFM), and electroanalytical
techniques. An XPS analysis of the PdPt/GC with the highest ORR performance revealed that the
stoichiometric ratio of Pd: Pt was 1:2, and that both Pt and Pd were partially oxidized. AFM images of
PdPt2/GC showed the full coverage of GC with PdPt nanoparticles with sizes from 100–300 nm. The
ORR activity of PdPt2/GC in an acid solution approached that of polycrystalline Pt (E1/2 = 0.825 V
vs. RHE), while exceeding it in an alkaline solution (E1/2 = 0.841 V vs. RHE). The origin of the
improved ORR on PdPt2/GC in an alkaline solution is ascribed to the presence of a higher amount of
adsorbed OH species originating from both PtOH and PdOH that facilitated the 4e-reaction pathway.

Keywords: platinum nanoparticles; palladium; glassy carbon; oxygen reduction; electrocatalysis

1. Introduction

The oxygen reduction reaction (ORR) is one of the most studied fundamental reactions
in electrochemistry due to its application in energy-converting devices such as batteries
and fuel cells [1]. Pt-group metals are the most commonly used catalysts for cathode fuel
cell reactions, among which platinum has shown the highest ORR activity [2–5], and the
mechanism of which was studied in detail on Pt single crystals [6–8] and polycrystalline
platinum, Pt(poly) [9,10], in acidic and alkaline solutions.

Although platinum is the most active metal for oxygen reduction, it has disadvantages,
such as a low stability and a high price. Reducing the amount of pure platinum in a catalyst
and at the same time improving its catalytic performance is the major challenge for its com-
mercial use. A promising route to achieve this goal is the synthesis of electrocatalysts con-
sisting of various Pt nanoparticles supported by cheaper electro-conductive material [11–13].
Among the different supports [14], carbon-based materials such as glassy carbon, carbon
black, carbon nanotubes, and graphene are widely used [15–17]. Apart from a low cost, their
advantages include a good electrical conductivity, chemical stability, tunable size, shape,
and porosity. The ORR activity and durability of such catalysts can be improved by tuning
the morphology, composition, surface structure, and the size of Pt nanoparticles [11–13].
Among the various methods for nanostructured Pt-based catalysts’ preparation [18–21],
electrochemical deposition has been widely explored because of its simplicity [22,23]. The
main parameters that influence the amount and structure of the Pt-catalyst are the de-
position potential, the time and temperature, the type of the depositing solution and its
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concentration, and the type of carbon-based support [3,23–25]. Pt catalysts obtained by
the electrochemical deposition of Pt nanoparticles on GC exhibit a higher catalytic activity
with respect to ORR than a commercial Pt/C electrode [23]. Pt-nanostructured catalysts
with octahedral, tetrahedral, or isohedral shapes have showed high ORR performances in
perchloric acid solution [26], which indicated the necessity of adjusting the conditions to
obtain Pt nanoparticles with a controlled shape [3,13,26,27]. Pt nanoparticles supported
by carbon-based materials were synthesized using various methods to develop a highly
active and durable ORR catalyst [28]. For instance, Pt/CTD, and Pt NPs with 30 wt% Pt
loading, supported on different carbons, exceeded the ORR activity of commercial Pt/C
and achieved a high efficiency and an enhanced durability in proton-exchange membrane
fuel cells (PEMFC) [29,30].

Although Pt/C electrodes are the most efficient ORR catalysts, their activity can be
improved by the addition of another metal [5]. Palladium is a good candidate considering
that in the Volcano plot for ORR activity, it is next to Pt and its activity approaches that of
Pt [2]. Moreover, there are reports that the activity of Pd(100) exceeds that of Pt(110) [31],
and that with the addition of thin palladium films on Pt(111) the ORR activity is enhanced
in alkaline solution [32]. Therefore, the knowledge of the electrochemical performance of
single crystals is an important link to catalysts based on nanoparticles. PdPt bimetallic
nanoparticles supported by carbon-based materials have recently attracted attention with
respect to the ORR. By reducing Pt salt with Pd nanoseeds, the obtained Pd-Pt bimetal-
lic nanodendrites were two and a half times more active regarding the ORR (based on
equivalent Pt mass) than the commercial Pt/C [33]. A highly durable and active catalyst
consisting of Pt skin on PdPt alloy nanoparticles achieved almost three times higher ORR
activity and better stability when compared to the commercial state-of-the-art Pt/C cata-
lyst [34]. PdPt nanoflowers exhibited improved electrocatalytic ORR activity compared to
commercial Pt and Pd black catalysts [35], while PdPt alloy nanocubes showed enhanced
electrocatalytic activity towards the ORR compared to Pd nanocubes [36]. Hierarchical
porous carbon-PtPd catalysts, with different macropore sizes, showed a synergistic effect
between PtPd nanoparticles and porous carbon supports with a high performance with
respect to ORR activity [37].

Recently, PdPt nanoparticles supported either by carbon-based or by other materials
have been increasingly studied as catalysts for fuel cell applications as well as sensor
development. PdPt nanoparticles combined with ceria nanorods have shown high ORR
efficiency in direct ethanol fuel cells [38]. Core–shell Pd@PdPt nanoparticles supported by
a monodispersed Pd template showed a good electrocatalytic performance towards the
methanol oxidation reaction [39]. In addition, a PdPt bimetallic alloy catalyst dispersed in
an ionic liquid and immobilized on nanoclay [40], and DNA-modulated PdPt nanoparti-
cles [41], have been successfully applied in the development of biosensors with a potential
for their application in electrochemical analysis [40,41].

In this work, we investigated the electrochemical deposition of Pt nanoparticles on a
GC substrate at various applied potentials and at different times. The Pt/GC electrode that
showed the highest catalytic performance was examined in detail and used for a further
modification with Pd nanoparticles. Spontaneous deposition at the open circuit potential
(OCP) was used for the subsequent Pd deposition to obtainin PdPt/GC electrodes. The
most active Pt/GC and PdPt/GC electrodes were characterized by X-Ray Photoelectron
Spectroscopy (XPS) and Atomic Force Microscopy (AFM). The electrochemical deposition
was followed using Chronoamperometry (CA), while the electrochemical characterization
was performed using Cyclic Voltammetry (CV). Linear Sweep Voltammetry (LSV) with a
rotating disc electrode (RDE) was used to investigate the electrochemical performance of
the Pt/GC and PdPt/GC electrodes towards the oxygen reduction reaction in acidic and
alkaline solutions.
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2. Results and Discussion
2.1. The Electrochemical Deposition of Pt on GC

The electrochemical deposition of Pt on the GC substrate involves the reduction of
Pt(IV) to Pt(0), which includes two steps: Pt(IV) in the form of [PtCl6]2− is first reduced to
Pt(II) according to the Equation (1). After that, Pt(II) in the form of [PtCl4]2− is reduced to
Pt(0) according to the Equation (2).

[PtCl6]2− + 2e− = [PtCl4]2− + 2Cl− EΘ = 0.68 V (1)

[PtCl4]2− + 2e− = Pt0 + 4Cl− EΘ = 0.73 V (2)

The overall reduction process occurs with the exchange of 4e− according to Equation (3):

[PtCl6]2− + 4e− = Pt0 + 6Cl− EΘ = 0.70 V (3)

where EΘ is the standard equilibrium potential (the values are taken from ref. [42]).
According to the Nernst equation, for 10−4 M H2PtCl6, 0.05 M H2SO4 (pH = 1), and

EΘ = 0.70 V, the calculated Nernst equilibrium potential for Pt deposition is 0.64 V vs. RHE.
Figure 1 shows the CV of the bare GC electrode in 10−4 M H2PtCl6 + 0.05 M H2SO4

solution recorded in the potential range from 0.97 V to−0.07 V and the chronoamperometry
(CA) curves recorded at three different applied potentials over 30 min.
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Figure 1. The electrochemical deposition of platinum on the GC substrate from 10−4 M H2PtCl6 + 0.05 
M H2SO4 solution: (a) CV of bare GC electrode recorded at a scan rate of 50 mV s−1; (b) CA curves 
recorded at different deposition potentials. 

By scanning the potential in the cathodic direction, shown in Figure 1a, the processes 
originating from the Pt(IV) reduction and hydrogen adsorption/desorption on the depos-
ited Pt nanoparticles take place simultaneously. The low-intensity current density peak 
that appears in the potential region around 0.35 V corresponds to the reduction of [PtCl6]2− 
to [PtCl4]2− (reaction 1). At the potential of approx. 0.27 V, the current density increases 
and reaches the maximum value at approx. 0.12 V, giving rise to the second reduction 
peak corresponding to the reduction of [PtCl4]2− to Pt0 (reaction 2) and the simultaneous 
hydrogen adsorption on the already-deposited Pt nanoparticles. At more negative poten-
tials, a hydrogen evolution reaction on the deposited Pt nanoparticles begins. These re-
sults are consistent with other studies [43,44]. 
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different deposition potentials.

By scanning the potential in the cathodic direction, shown in Figure 1a, the processes
originating from the Pt(IV) reduction and hydrogen adsorption/desorption on the de-
posited Pt nanoparticles take place simultaneously. The low-intensity current density peak
that appears in the potential region around 0.35 V corresponds to the reduction of [PtCl6]2−

to [PtCl4]2− (reaction 1). At the potential of approx. 0.27 V, the current density increases
and reaches the maximum value at approx. 0.12 V, giving rise to the second reduction peak
corresponding to the reduction of [PtCl4]2− to Pt0 (reaction 2) and the simultaneous hydro-
gen adsorption on the already-deposited Pt nanoparticles. At more negative potentials, a
hydrogen evolution reaction on the deposited Pt nanoparticles begins. These results are
consistent with other studies [43,44].

The Pt/GC electrodes were prepared by applying three different potentials over
different deposition times. The deposition potentials were chosen from the first scan in the
cathodic direction as shown in Figure 1a, in the potential range of the increased current
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density associated with Pt deposition. Figure 1b shows the chronoamperometry curves
recorded at different applied potentials (0.22 V, 0.12 V, and 0.09 V) for the deposition time
of 30 min. Based on the Nernst equilibrium potential, the electrochemical deposition of
platinum occurs in the overpotential deposition (OPD) region in all cases. A sharp increase
in the current density at the beginning of the deposition process corresponds to platinum
nucleation. After that, an increase in the current density corresponds to the further growth
of independent nuclei or the formation of new nucleation sites, while the current density
decrease corresponds to the overlapping of nucleus diffusion zones and the coalescence
of the growth centers [22,45]. After a few minutes, the current density reaches a constant
value, meaning that the Pt deposition occurs at the same rate. The differences in the current
density profiles correspond to the different types of nucleation and particle growth [22].
Namely, when the nucleation occurs instantaneously with the formation of a small number
of nuclei that grow slowly (for the deposition potentials of 0.09 V and 0.12 V), this leads
to a smaller number of larger and thicker nanoparticles. On the other hand, a progressive
nucleation with a fast growth rate and many new nuclei (for the deposition at 0.22 V) leads
to a large number of smaller and thinner nanoparticles.

2.1.1. The Electrochemical Performance of Pt/GC Electrodes

After the electrochemical deposition of platinum on the GC substrate by applying
different deposition potentials and times, the cyclic voltammetry characterization of the
obtained Pt/GC electrodes, and their ORR activity testing results, are illustrated in Figure 2.

Catalysts 2022, 12, 968 4 of 20 
 

 

The Pt/GC electrodes were prepared by applying three different potentials over dif-
ferent deposition times. The deposition potentials were chosen from the first scan in the 
cathodic direction as shown in Figure 1a, in the potential range of the increased current 
density associated with Pt deposition. Figure 1b shows the chronoamperometry curves 
recorded at different applied potentials (0.22 V, 0.12 V, and 0.09 V) for the deposition time 
of 30 min. Based on the Nernst equilibrium potential, the electrochemical deposition of 
platinum occurs in the overpotential deposition (OPD) region in all cases. A sharp increase 
in the current density at the beginning of the deposition process corresponds to platinum 
nucleation. After that, an increase in the current density corresponds to the further growth 
of independent nuclei or the formation of new nucleation sites, while the current density 
decrease corresponds to the overlapping of nucleus diffusion zones and the coalescence 
of the growth centers [22,45]. After a few minutes, the current density reaches a constant 
value, meaning that the Pt deposition occurs at the same rate. The differences in the cur-
rent density profiles correspond to the different types of nucleation and particle growth 
[22]. Namely, when the nucleation occurs instantaneously with the formation of a small 
number of nuclei that grow slowly (for the deposition potentials of 0.09 V and 0.12 V), this 
leads to a smaller number of larger and thicker nanoparticles. On the other hand, a pro-
gressive nucleation with a fast growth rate and many new nuclei (for the deposition at 
0.22 V) leads to a large number of smaller and thinner nanoparticles. 

2.1.1. The Electrochemical Performance of Pt/GC Electrodes 
After the electrochemical deposition of platinum on the GC substrate by applying 

different deposition potentials and times, the cyclic voltammetry characterization of the 
obtained Pt/GC electrodes, and their ORR activity testing results, are illustrated in Figure 
2. 

 
Figure 2. Electrochemical characterization of different Pt/GC electrodes in 0.1 M HClO4: (a) CVs of 
Pt/GC prepared by Pt deposition for 30 min at different applied potentials, and (b) corresponding 
ORR polarization curves. (c) CVs of Pt/GC prepared by Pt deposition at 0.22 V for different times 
and (d) corresponding ORR polarization curves. CVs were recorded from deaerated and ORR po-
larization curves in oxygen-saturated solution at a scan rate of 50 mV s−1. 

0.0 0.2 0.4 0.6 0.8 1.0 1.2
-150

-100

-50

0

50

100 (a)

j (
μA

 c
m

-2
)

E (V) vs. RHE

         t = 30 min
 Edep= 0.22 V
 Edep= 0.12 V
 Edep= 0.09 V

0.0 0.2 0.4 0.6 0.8 1.0

-6.0

-5.0

-4.0

-3.0

-2.0

-1.0

0.0 (b)

 

 

E (V) vs. RHE

j (
m

A 
cm

-2
) 

 Edep = 0.22 V
 Edep = 0.12 V
 Edep = 0.09 V

ORR / 1600 rpm

0.0 0.2 0.4 0.6 0.8 1.0 1.2
-200

-150

-100

-50

0

50

100

150 (c)

j (
μA

 c
m

-2
 )

E (V) vs. RHE

 

 

Edep = 0.22 V
 30 min 
 45min 
 60 min 

0.0 0.2 0.4 0.6 0.8 1.0

-6.0

-5.0

-4.0

-3.0

-2.0

-1.0

0.0

 

 

(d)

j (
m

A 
cm

-2
) 

E (V) vs. RHE

 30min
 45min
 60min

ORR / 1600 rpm

 
Figure 2. Electrochemical characterization of different Pt/GC electrodes in 0.1 M HClO4: (a) CVs of
Pt/GC prepared by Pt deposition for 30 min at different applied potentials, and (b) corresponding
ORR polarization curves. (c) CVs of Pt/GC prepared by Pt deposition at 0.22 V for different times and
(d) corresponding ORR polarization curves. CVs were recorded from deaerated and ORR polarization
curves in oxygen-saturated solution at a scan rate of 50 mV s−1.
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The cyclic voltammograms in 0.1 M HClO4 of the Pt/GC electrodes obtained at three
different applied deposition potentials (0.22 V, 0.12 V, and 0.09 V) for the same time of 30 min
and the corresponding polarization curves for ORR are shown in Figure 2a,b, respectively.
Figure 2a shows that the CVs of different Pt/GC electrodes all have peaks characteristic
of Pt electrodes [6,10], including hydrogen adsorption/desorption, which occurs in the
potential range from 0.09 V to 0.40 V; the double-layer region from 0.40 V to 0.60 V; and the
subsequent Pt oxide formation/reduction at higher potentials. All cyclic voltammograms
show a cathodic peak at around 0.80 V originating from the reduction of Pt(IV). The
Pt/GC electrode prepared at a potential of 0.22 V shows the most pronounced reduction
peak, indicating that under these conditions, the highest amount of Pt is deposited on the
GC substrate.

The electrochemically active surface area (ECSA) of the platinum deposited on GC
was calculated as the ratio between the charge passed during the reduction of platinum
oxide from Pt/GC and polycrystalline platinum (420 µC/cm2), normalized to the geometric
surface area of the GC substrate (0.196 cm2). The charges calculated from the PtO reduction
peaks (CVs in Figure 2a) for the Pt/GC electrodes obtained at potentials of 0.09 V, 0.12 V,
and 0.22 V are: 107 µC/cm2, 150 µC/cm2, and 236 µC/cm2, which yields the ECSA values
of 0.05 cm2, 0.07 cm2, and 0.11 cm2, respectively.

Figure 2b shows the corresponding polarization curves for the ORR activity. The
Pt/GC electrode obtained at 0.22 V shows the highest ORR activity following the result
obtained by cyclic voltammetry, where the intensity of all the peaks depends on the
depositing potential and depositing time. Moreover, the OCP values increase sharply
from 0.694 V for the bare GC substrate with Pt deposition. The OCP values of the Pt/GC
electrodes obtained at the applied potentials of 0.09 V, 0.12 V, and 0.22 V are 0.976 V,
0.976 V, and 0.986 V, respectively. All the OCP values for the Pt/GC electrodes fall within
the potential range of Pt oxide formation (see Figure 2a) and at the beginning of oxygen
reduction (see Figure 2b). A higher OCP coincides with the higher ECSA and ORR activity
for the Pt/GC obtained at 0.22 V.

In order to achieve the full coverage of the GC substrate with deposited Pt at a
potential of 0.22 V, the deposition time had to increase. Figure 2c shows the CVs of the
Pt/GC electrodes obtained by applying a deposition potential of 0.22 V for the deposition
times of 30, 45, and 60 min. With the increasing deposition time, all the characteristic
peaks become more pronounced. The charges calculated from the PtO reduction peaks
for the deposition of 45 and 60 min are 306 µC/cm2 and 450 µC/cm2, which yields the
ECSA values of 0.14 cm2 and 0.21 cm2, respectively. For the deposition of 60 min, the
ECSA exceeds the geometric area of the GC substrate, indicating a full coverage with
the deposited platinum, which is confirmed by the AFM images (see below). Figure 2d
shows the corresponding polarization curves for ORR activity showing that the Pt/GC
obtained after Pt deposition for 60 min was the most active regarding the ORR, which is
in accordance with the CVs. In addition, the OCP value for this electrode increased to
0.992 V—comparable to the OCP value of 0.998 V obtained for bare Pt(poly)—and coincides
with the higher ORR activity. Only the most ORR active Pt/GC electrode obtained at a
deposition potential of 0.22 V for 60 min of Pt deposition was characterized and further
used for PdPt/GC electrode preparation.

2.1.2. PdPt/GC Electrode Preparation

The PdPt/GC electrodes were prepared by the immersion of the most ORR active
Pt/GC electrode into the depositing (1 mM PdSO4 × 2H2O+ 0.05 M H2SO4) solution for
various deposition times. The preliminary testing of their ORR performance (not shown)
indicated that the spontaneous deposition of Pd for 10 min on previously prepared Pt/GC
gives PdPt/GC electrode the highest ORR activity. Lower deposition times have shown no
significant contribution of added Pd, while the electrodes obtained for higher Pd deposition
times has shown a tendency towards ORR inhibition. Therefore, the material presented
below only includes the results for the PdPt/GC electrode prepared by the electrochemical
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deposition of Pt at 0.22 V for 60 min and an additional spontaneous Pd deposition for
10 min.

2.2. Characterization of the Most Active Pt/GC and PdPt/GC Electrodes
2.2.1. XPS Analysis of Pt/GC and PdPt/GC

Figure 3 shows the survey spectra of Pt/GC and PdPt/GC, as well as the high-
resolution spectra of the C 1s line for the glassy carbon substrate electrode. The survey
spectra, shown in Figure 3a, confirm the presence of Pt, C, and O on the Pt/GC and Pt, Pd,
C, and O on the PdPt/GC electrode surfaces. The other elements that might originate from
the traces of impurities during the electrode preparation were not detected.
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Figure 4 shows the high-resolution spectra recorded for the Pt 4f, Pd 3d overlapped
with Pt 4d, and O 1s lines, characteristic of the constituents of the Pd/GC and PdPt/GC elec-
trode. The Pt 4f doublet, consisting of Pt 4f7/2 and Pt 4f5/2 lines, fitted to two components,
is almost identical for Pt/GC and PdPt/GC, except that for the later one, the intensities
are slightly lower due to the presence of Pd (Figure 4a). For each line, the components
at lower binding energies (71.2 eV for Pt 4f7/2 and 74.6 eV for Pt 4f5/2) correspond to the
metallic Pt [48], Pt adlayer [49], or Pt nanoparticles [50,51]. The components at higher
binding energies (71.7 eV for Pt 4f 7/2 and 75.0 eV for Pt 4f5/2) correspond either to Pt(OH)x
or to PtO [48–51]. The fractions of the two Pt components yield 63.2% of the metallic Pt
and 36.8% of the PtO and/or PtOH. The O 1s component at 532.7 eV is associated with
adsorbed oxygen or water, while the one at 530.9 eV, Figure 4b, corresponds either to a
hydroxyl group associated with the adsorbed OH on the deposited Pt nanoparticles or to
PtO [50,51].
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Figure 4. High-resolution XPS spectra of (a) Pt 4f for both Pt/GC and PdPt/GC; (b) O 1s for Pt/GC;
(c) Pd 3d and Pt 4d3/2 for PdPt/GC; and (d) O 1s for PdPt/GC.

Figure 4c shows a Pd 3d doublet consisting of Pd 3d5/2 and Pd 3d3/2 lines, overlapped
with Pt 4d3/2 line. Each Pd 3d line is deconvoluted to two components associated with two
different oxidation states of palladium. The lines at lower binding energies (Pd 3d5/2 at
335.8 eV and Pd 3d3/2 at 340.9 eV) correspond to the metallic Pd [52–54], while the lines
at higher binding energies (Pd 3d5/2 at 338.0 eV and Pd 3d3/2 at 342.6 eV) correspond to
PdOx or Pd(OH)x [52–54]. The fractions of the two Pd components yield 43.7% of the
metallic Pd and 56.3% of the oxidized Pd. The O 1s line, in Figure 4d, apart from the two
peaks at almost identical positions—as described above for the Pt/GC—consists of a third
component at 535.6 eV corresponding to the Pd 3p3/2 peak most likely originating from Pd
bond with Pt.

Table 1 shows the atomic percentage of the constitutive elements for Pt/GC and
PdPt/GC estimated from the high-resolution spectra. The ratio between the atomic per-
centages of Pt (1.5 At%) and Pd (0.7 At%) is 2.1 ± 0.1, which gives the stoichiometric Pt:Pd
ratio of 2:1. Accordingly, the PdPt/GC electrode that shows the highest ORR activity will
be denoted further as PdPt2/GC.

Table 1. Atomic percentage of the elements for Pt/GC and PdPt/GC.

Line Pt/GC
At%

PdPt/GC
At%

C 1s 86.2 ± 0.1 85.0 ± 0.1
O 1s 12.1 ± 0.1 12.8 ± 0.1

Pt 4f7/2 1.7 ± 0.1 1.5 ± 0.1
Pd 3d5/2 0.7 ± 0.1
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2.2.2. Height and Phase AFM Imaging of Pt/GC and PdPt2/GC

Figure 5 shows the AFM images of the Pt/GC surface (left column) and the PdPt2/GC
surface (right column). The height AFM image of the Pt/GC, displayed in Figure 5a
and showing the surface topography, reveals that the lateral size of the individual and
agglomerated Pt nanoparticles ranged from 50–250 nm, while their height ranged from
20–50 nm.
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Figure 5. AFM images of Pt/GC surface obtained by the electrochemical Pt deposition (left column),
and PdPt2/GC surfaces obtained by the additional spontaneous Pd deposition (right column):
(a,d) height AFM images of Pt/GC (z-scale = 131 nm) and PdPt2/GC (z-scale = 118 nm); (b,e) phase
AFM images of Pt/GC (z-scale = 7.2 Deg) and PdPt2/GC (z-scale = 7.2 Deg); (c,f) corresponding
phase angle distributions showing the chemical difference between the constituents.

The estimated average Pt/GC surface roughness is 17.8 nm. In the simultaneously
recorded phase AFM image, shown in Figure 5b, the contribution of the GC substrate can
be subtracted due to the chemical contrast between the deposit and substrate. As a result,
the estimated coverage of the GC surface with the deposited Pt nanoparticles is (96 ± 2)%.
The phase angle distribution, shown in Figure 5c, shows a single peak associated with the
deposited platinum and a shoulder with the effect of the small, uncovered area of the GC
substrate on the chemical properties of the Pt deposit.
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Accordingly, the height AFM image of PdPt2/GC, shown in Figure 5d, reveals that
the PdPt nanoparticles are larger than in the previous case, concerning both lateral size
(100–300 nm) and height (20–70 nm). The average PdPt2/GC surface roughness of 14.6 nm
is slightly lower, meaning that the additional spontaneous deposition of Pd on top of the
Pt/GC surface has a leveling effect on the surface roughness. The corresponding phase
AFM image, in Figure 5e, shows that the GC substrate is fully covered with the PdPt deposit.
The phase angle distribution, in Figure 5f, shows the presence of two chemically different
components. The clear separation between the two indicates the different chemical nature
of the two components. As it is known that the GC surface is covered with the deposit,
there is no chemical contribution of the substrate, meaning that these two separate peaks
originate from platinum and palladium.

2.2.3. Cyclic Voltammetry of Pt/GC and PdPt2/GC Electrodes

Cyclic voltammograms of Pt/GC and PdPt2/GC electrodes in acidic and alkaline
solutions are presented in Figure 6. Figure 6a shows CVs of the Pt/GC and PdPt2/GC
electrodes in deaerated 0.1 M HClO4 solution recorded in the potential range from 0.09 V
to 1.27 V. The CV of Pt/GC is similar to that of polycrystalline Pt in the perchloric acid
solution. The presence of HClO4

- anions does not affect any electrochemical process due
to its weak adsorption on the surface covered with the platinum deposit [55]. A lower
potential limit was chosen to avoid hydrogen evolution. On noble metals such as Pt, Pd’s
hydrogen adsorption occurs at potentials more positive than the equilibrium potential
for hydrogen evolution. On The Pt/GC electrode, reversible cathodic and anodic peaks
originating from weaker and stronger adsorbed hydrogen species can be observed in the
potential region from 0.09 V to approx. 0.40, characteristic of Hupd adsorption/desorption
on platinum.
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Figure 6. Cyclic voltammogrms of PtGC and PdPt2/GC electrodes recorded in: (a) 0.1 M HClO4 so-
lution; (b) 0.1 M NaOH solution. Scan rate 50 mV s−1. 

At the potential of approx. 0.80 V the formation of PtO begins, preceded by OH ad-
sorption at a lower potential. A higher potential limit (1.27 V) was chosen to avoid oxygen 
evolution. The main reduction peak occurs at ca. 0.80 V. The CV of the PdPt2/GC electrode 
shows differences from the CV of Pt/GC. The hydrogen adsorption/desorption processes 
occur in the same potential range, as on bare palladium, while the double layer region 
remains the same. The oxide formation begins at a potential of approx. 0.72 V and contin-
ues further at higher potentials. The main reduction peak occurs at 0.82 V. 
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tion/desorption process, a wider double layer originating from the adsorption of OH-, and 

Figure 6. Cyclic voltammogrms of PtGC and PdPt2/GC electrodes recorded in: (a) 0.1 M HClO4

solution; (b) 0.1 M NaOH solution. Scan rate 50 mV s−1.

At the potential of approx. 0.80 V the formation of PtO begins, preceded by OH
adsorption at a lower potential. A higher potential limit (1.27 V) was chosen to avoid
oxygen evolution. The main reduction peak occurs at ca. 0.80 V. The CV of the PdPt2/GC
electrode shows differences from the CV of Pt/GC. The hydrogen adsorption/desorption
processes occur in the same potential range, as on bare palladium, while the double layer
region remains the same. The oxide formation begins at a potential of approx. 0.72 V and
continues further at higher potentials. The main reduction peak occurs at 0.82 V.
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The CVs of Pt/GC and PdPt2/GC electrodes in deaerated 0.1 M NaOH solution
are presented in Figure 6b. For The Pt/GC electrode, the CV shows the hydrogen ad-
sorption/desorption process, a wider double layer originating from the adsorption of
OH−, and platinum oxide formation/reduction. At lower potentials, the hydrogen ad-
sorption/desorption (Hupd) processes correspond to two pairs of reversible cathodic and
anodic peaks at ca. 0.28 V and 0.40 V.

Oxide formation begins at 0.77 V, while an oxide reduction peak appears at 0.75 V.
In the case of the PdPt2/GC electrode, hydrogen adsorption/desorption occurs at more
negative potentials. The two Hupd peaks tend to compress into one with a lower intensity,
which is more pronounced in an alkaline solution. The OH- adsorption on the PdPt2/GC
occurs at more negative potentials of approx. 50 mV compared to Pt/GC due to the presence
of Pd species. On the other hand, the reduction peak appears at the same potential.

The values of the charge calculated from the oxide reduction peaks (CVs in Figure 6a,b) for
Pt/GC and PdPt2/GC for the upper potential limit of 1.27 V for 0.1 M HClO4 are 450 µC cm−2,
which gives the ECSAs values of 0.21 cm2. In addition, the OCP value of 0.988 V for
PdPt2/GC in the acid solution equals that of Pt(poly) and exceeds that of Pt/GC. The OCP
values of Pt/GC and PdPt2/GC in alkaline solution are 1.070 V and 1.100 V, respectively. In
all cases, the OCP values fall within the potential region of Pt and/or Pd oxide formation
(see Figure 6) and coincide with the beginning of oxygen reduction (see below).

2.3. Oxygen Reduction Reaction on Pt/GC and PdPt2/GC Electrodes

The oxygen reduction reaction on the obtained Pt/GC and PdPt2/GC electrodes was
studied in acidic and alkaline solutions using the RDE method. The polarization curves for
the ORR were recorded for five different rotation rates in the cathodic direction, starting
from the positive potential limit of 1.05 in 0.1 M HClO4 and 1.15 V in 0.1 M NaOH solutions.

2.3.1. ORR on Pt/GC and PdPt2/GC in 0.1 M HClO4 Solution

Figure 7 shows the polarization curves for the ORR on the Pt/GC and PdPt2/GC
electrodes recorded in oxygen-saturated 0.1 M HClO4 and corresponding Koutecky–Levich
(K–L) plots. Comparing the polarization curves from Figure 7a,c with the CVs from
Figure 6a, it is evident that on the Pt/GC and PdPt2/GC electrodes the oxygen reduction
reaction begins in the potential region of Pt and Pd oxide formation, respectively.

The ORR polarization curves were analyzed using the Koutecky–Levich equation:

1
j
=

1
jk
+

1
jl
=

1
jk
+

1
Bω1/2 (4)

where j is the measured, jk the kinetic, and jl the diffusion-limited current densities. B is a
constant, expressed as:

B = 0.62nFCO2 D2/3
O2

ν−1/6 (5)

where n is the total number of electrons exchanged; F is Faraday’s constant (96,485 C mol−1);
CO2 is the oxygen solubility (1.26 × 10−3 mol L−1 [56]); DO2

is the oxygen diffusivity
(1.93 × 10−5 cm2 s−1 [56]) in 0.1 M HClO4 solution; and ν is the kinematic viscosity
(0.01 cm2 s−1 [56]) of the solution.

The Koutecky–Levich plots, shown in Figure 7b,d, were constructed using the data
from the polarization curves (Figure 7a,c), where the inverse current density (1/j) was
plotted as a function of the inverse of the square root of the rotation rate (ω1/2). The K–L
plots obtained from the polarization curves in 0.1 M HClO4 for both the PdPt2/GC and
Pt/GC electrodes are linear, indicating first-order kinetics with respect to molecular oxygen.
They are not parallel, meaning that the number of exchanged electrons changes with
the potential.
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Figure 7. Polarization curves for ORR in 0.1 M HClO4 on (a) Pt/GC; (b) Corresponding K–L plot;
(c) PdPt2/GC; and (d) Corresponding K–L plot. Scan rate 50 mV s−1.

The total number of exchanged electrons calculated from Equation (5) using the
experimental values from K–L plots is four for both the PdPt2/GC and Pt/GC electrodes.
The ORR activity also proceeds through a four-electron reaction pathway on various Pt
single crystals [57] and polycrystalline Pt [9,58].

Figure 8 shows the polarization curves for the ORR on the PdPt2/GC and Pt/GC
electrodes recorded in oxygen-saturated 0.1 M HClO4 with the same rotation rate of
1600 rpm and corresponding Tafel slopes. For comparison, the polarization curve for
Pt(poly) is also shown.
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Figure 8. Comparison of the polarization curves for ORR on PdPt2/GC, Pt/GC, and Pt(poly)
electrodes in 0.1 M HClO4: (a) Current densities are given with respect to the geometric area of the
GC electrode; (b) Current densities in the activation control region are given with respect to the ECSA;
insert shows corresponding Tafel plots.
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In Figure 8a, the current densities are given relative to the geometric surface area. The
initial potentials for the ORR (jk = 0) are 1.02 V and 1.05 V for the PdPt2/GC and Pt/GC
electrodes, respectively. Concerning the initial potentials, the addition of Pd contributes
to a slight decrease in the Pt/GC activity. The ORR activity of the Pt/GC exceeds that
of Pt(poly) for 50 mV, while the activity of PdPt2/GC exceeds that of Pt(poly) for 20 mV.
Figure 8b shows kinetic currents in the activation control region, which are given relative
to the ECSA.

The Tafel slopes for the ORR on the Pt/GC and PdPt2/GC electrodes (insert in
Figure 8b) in the activation control region are −69 mV dec−1 and −70 mV dec−1, re-
spectively. These slopes are close to the value of −60 mV dec−1 for the Pt electrodes in
0.1 M HClO4 solution [55,57,59,60]. The value of −60 mV dec−1 was also obtained for
different Pt/C catalysts [61], indicating that the transfer of the first electron to the O2
adsorbed on the surface is the rate-determining step [57,58]. Similarly, the Tafel slope of
−60 mV dec−1 was obtained for PdAu/GC, prepared by the electrochemical deposition of
Au, followed by spontaneous Pd deposition [62].

The specific activity (SA) for the ORR at a given potential is calculated according to
the following equation:

SA = Ik/ECSA, (6)

where Ik is the kinetic current at a given potential, and ECSA is the electrochemically active
surface area of the electrode.

The overall four-electron pathway in which O2 is reduced into two H2O molecules
can be described as follows:

O2 + 4e− +4H+ → 2H2O EΘ = 1.23 V (7)

where EΘ is the standard potential (for 1 M [H+] corresponding to pH = 0) vs. SHE [63].
The correction for 0.1 M HClO4 (pH = 1.1) using the Nernst equation yields the equilibrium
reduction potential of 1.17 V vs. SHE and 1.22 V vs. RHE.

The exchange current density, jo, was obtained from the Tafel plot by extrapolating
the current density to its intercept with the ORR equilibrium potential (vs. RHE), while
the charge transfer coefficient, α, was calculated from Tafel slope. Table 2 provides the
half-wave potential, specific activity at 0.93 V, and kinetic parameters for the ORR on the
Pt/GC and PdPt2/GC electrodes in 0.1 M HClO4 solution at 1600 rpm.

Table 2. Half-wave potential, specific activity, and kinetic parameters for ORR on Pt/GC and
PdPt2/GC in 0.1 M HClO4 solution, compared to Pt(poly).

Catalyst E1/2 (V) SA at 0.93 V
(mA cm−2)

Tafel Slope
(mV dec−1)

j0 × 10−5

(mA cm−2) α

Pt(poly) 0.823 −0.12 −67 0.62 0.882
Pt/GC 0.836 −0.25 −69 1.05 0.844

PdPt2/GC 0.825 −0.21 −70 1.61 0.857

2.3.2. ORR on Pt/GC and PdPt2/GC in 0.1 M NaOH Solution

Figure 9 shows the polarization curves for the ORR in oxygen-saturated 0.1 M NaOH
solution recorded in the cathodic direction for five rotation rates and corresponding Koutecky–
Levich plots. The K–L plots are linear, indicating the first-order kinetics with respect to the
molecular oxygen (CO2 is 1.22 × 10−3 mol L−1 [64] and DO2

is 1.90 × 10−5 cm2 s−1 [64]).
The overall number of exchanged electrons slightly varied with the potential, as indicated
by the non-parallelism in THE K–L plots. As in an acid solution, the ORR reduction on
both electrodes in an alkaline solution proceeds through a four-electron reaction pathway.
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Figure 10a shows the polarization curves for the ORR on the PdPt2/GC and Pt/GC
electrodes at the same rotation rate of 1600 rpm, where the current densities are given
relative to the geometric area of electrodes. The polarization curve for Pt(poly) is given
for comparison.
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Figure 10. Comparison of the polarization curves for ORR on PdPt2/GC, Pt/GC, and Pt(poly)
electrodes in 0.1 M NaOH: (a) Current densities are given with respect to the geometric area of the GC
electrode; (b) Current densities in the activation control region are given with respect to the ECSA;
insert shows corresponding Tafel plots.
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The ORR initial potentials (for jk = 0) for Pt/GC and PdPt2/GC are 1.09 V and 1.12 V,
exceeding the initial potential for polycrystalline Pt (1.00 V vs. RHE) for 90 mV and
120 mV, respectively.

Figure 10b shows the same polarization curves for the ORR in the kinetic control region
with current densities relative to the ECSA. The insert shows that the obtained Tafel slope
for all three electrodes is close to −60mV dec−1, indicating that the rate-determining step is
the exchange of the first electron. The same Tafel slope of −60 mV dec−1 in the activation
control region was obtained for the Pt monolayers deposited on single crystals [65], Pt/C
catalysts [66,67], and for various Pd-based catalysts [52,68].

The overall four-electron pathway in which O2 is reduced into four OH− in an alkaline
solution can be described as follows:

O2 + 4e− +2H2O→ 4OH− EΘ = 0.40 V (8)

where EΘ is the standard potential (for 1M [OH−] corresponding to pH = 14) vs. SHE [63].
For 0.1 M NaOH (pH = 13), the equilibrium reduction potential is 0.46 V vs. SHE and
1.23 V vs. RHE.

Table 3 provides the half-wave potential, the specific activity at 0.91 V, and kinetic
parameters for the ORR on the Pt/GC and PdPt2/GC electrodes in 0.1 M NaOH solution at
1600 rpm.

Table 3. Half-wave potential, specific activity, and kinetic parameters for ORR on Pt/GC and
PdPt2/GC in 0.1 M NaOH solution, compared to Pt(poly).

Catalyst E1/2 (V) SA at 0.91 V
(mA cm−2)

Tafel Slope
(mV dec−1)

j0 × 10−5

(mA cm−2) α

Pt(poly) 0.834 −0.10 −62 1.00 0.953
Pt/GC 0.828 −0.18 −66 1.87 0.909

PdPt2/GC 0.841 −0.28 −64 2.96 0.923

2.3.3. Comparison of the ORR Catalytic Activity of Different Pt/GC and PdPt2/GC

The ORR activity of the representative Pt/GC electrode differs in acidic and alkaline
media. This is obvious from the difference between the initial (1.05 V in 0.1 M HClO4
and 1.04 V in 0.1 M NaOH) and equilibrium potentials (1.22 V in 0.1 M HClO4 and 1.23 V
in 0.1 M NaOH solutions), which are 0.17 V for acid and 0.19 V for an alkaline solution.
This difference indicates the slightly better catalytic activity of the same Pt/GC electrode
in an acidic compared to an alkaline solution. These findings are in agreement with the
earlier report [6], according to which OHads originating from PtOH has an inhibiting effect
on ORRs in both acid and alkaline solutions. A more pronounced inhibiting effect in an
alkaline solution was attributed to the higher concentration of OHads on the surface. In
this work, the existence of PtOH on the Pt/GC surface was confirmed by XPS analysis.
Moreover, according to the presented results, the beginning of the ORR on the Pt/GC
coincides with the first step of Pt oxidation, attributed to PtOH formation [6].

The Pd addition to the Pt/GC substrate showed the inhibition of the ORR in the acidic
solution. According to the previous reports, the inhibition of the ORR on thin films of Pd
on Pt(111) is related to the adsorption of oxygenated species on the Pd surface in an acidic
solution, unlike in alkaline, where that contributed to the better catalytic activity [32].

According to the most comprehensive scheme involving all the possible elementary
steps during the oxygen reduction reaction [69], OHads could also facilitate the ORR through
a 4e-reaction pathway in an alkaline solution, which was confirmed experimentally a little
later for the ORR on Au(100) [70]. Namely, OHads could be a participant in one of the
elementary steps during the reduction of a hydrogen peroxide anion as an intermediate:

HO2
− + H2O + e− = 2OH− + *OHads (9)
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*OHads + e− = OH− (10)

Here, we also report that with the same amount of Pd, in an alkaline solution, the
PdPt2/GC electrode exceeds the catalytic activity for the ORR on Pt(poly) and Pt/GC
electrodes, with respect to the initial and half-wave potentials. The remarkable initial
potential of 1.12 V exceeds the initial potential for the ORR on the Pt/GC for 30 mV. The
higher catalytic activity for the ORR on the PdPt2/GC than on the Pt/GC electrode in an
alkaline solution can be explained by the presence of Pd(OH)x on the surface, as revealed
by the XPS analysis. Moreover, in the beginning of oxygen reduction, the CVs revealed the
presence of OH on the electrode surface’s originating from the oxidation of Pd nanoparticles
to PdOH.

The onset potential, half-wave potential, and Tafel slope for the ORR on various Pt and
PdPt nanoparticles supported by carbon-based materials, compared to the results obtained
in this work, are given in Table 4.

Table 4. Comparison of the catalytic activity for ORR on various Pt and PdPt nanoparticles supported
by carbon-based materials.

Catalyst Solution Eonset (V) E1/2 (V) Tafel Slope
(mV dec−1) Reference

Pt/TiO2@CNT 0.1 M HClO4 1.050 0.927 64.9 [71]
Pt/C 0.1 M HClO4 0.997 0.880 62.4 [71]

10nmPt/GC 0.1 M HClO4 - 0.809 64 [72]
20 wt% Pt/C 0.1 M HClO4 - 0.850 67 [73]
20 wt% Pt/C 0.1 M NaOH - 0.850 69 [73]

Pt/rGO 0.1 M HClO4 0.858 0.710 - [74]
Pt/N-rG 0.1 M HClO4 0.900 0.740 - [74]

Pt1-N/BP 0.1 M HClO4 - 0.760 - [75]
Pd36Pt64 0.5 M H2SO4 - 0.830 62 [36]
Pd54Pt46 0.5 M H2SO4 - 0.810 62 [36]

PtPd/f-p-CNF 0.1 M HClO4 0.950 0.826 - [76]
PtPd/CKN 0.1 M KOH 0.900 0.821 - [77]

Pt/GC 0.1 M HClO4 1.050 0.836 69 This work
Pt/GC 0.1 M NaOH 1.090 0.828 60 This work

PdPt2/GC 0.1 M HClO4 1.020 0.825 70 This work
PdPt2/GC 0.1 M NaOH 1.120 0.841 64 This work

Table 4 shows recently published results on the catalytic activity for the ORR on
different Pt nanoparticles supported by various carbon-based materials or commercial
Pt/C electrodes compared to the results presented in this work. The highest catalytic
activity concerning the onset potential was observed for the Pt/GC electrode in this work
and for the Pt/TiO2@CNT catalyst [71], showing the same onset potential of 1.050 V vs.
RHE. The Pt/TiO2@CNT showed a higher half-wave potential attributed to the lower
oxygen adsorption energy on the Pt nanoparticles caused by the deposition around the
TiO2 nanoparticles [71]. Regarding the bimetallic PdPt-based catalyst, the PdPt2/GC
catalyst obtained in this work showed the highest catalytic activity for the ORR, concerning
the onset and half-wave potentials, but approximately the same Tafel slope in the activation
control region.

3. Materials and Methods
3.1. Materials Preparation

GC disc (7 mm diameter, 0.385 cm2) was used as a supporting electrode for AFM
and XPS measurements and GC disc (5 mm diameter, 0.196 cm2) embedded in a Teflon
holder was used for the electrochemical measurements. The supporting GC electrode was
prepared by mechanical polishing, using silicon carbide grinding paper (grit 4000), and then
with 1 mm, 0.3 mm, and 0.05 mm alumina slurry on a cloth polishing pad. After rinsing
in an ultrasonic milliQ water bath, the electrode was electrochemically activated by a
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potential cycling in the base 0.1 M HClO4 or 0.1 M NaOH solutions. The functional Pt/GC
electrodes were prepared by the electrochemical deposition of platinum from 10−4 M
H2PtCl4 + 0.05 M H2SO4 solution at different applied potentials and for various deposition
times. PdPt2/GC electrodes were prepared by the additional spontaneous deposition of
palladium, which was performed by immersion of previously prepared Pt/GC electrodes
into the depositional 1 mM PdSO4 × 2H2O + 0.05 M H2SO4 solution for various times.

3.2. Materials Characterization

Survey XPS spectra (1000–0 eV binding energy) of Pt/GC and high-resolution spectra
for Pt 4d +Pt 3d photoelectron lines of PdPt2/GC XPS spectra were recorded and analyzed
using SPECS Systems. The spectra were recorded with XP50M X-ray source for Focus 500
and PHOIBOS 100/150, AlKα source (1486.74 eV) at 12.5 kV, and 32 mA at a pressure of
9 × 10−9 mbar. C 1s peak at 284.5 eV was used as a reference for all peak positions.

AFM images of the Pt/GC and PdPt2/GC were recorded ex situ using an NTEGRA
Prima atomic force microscope (NT-MDT, Moscow, Russia) in an intermittent-contact AFM
mode. An NT-MDT NSGO1 silicon, n-type, antimony-doped cantilever with Au reflective
coating was used. The cantilever driving frequency was around 150 kHz, whereas the
nominal force constant of the cantilevers was 5.1 N/m. Height and phase AFM images
were recorded simultaneously to observe the morphology and chemical difference of the
surface constituents, respectively.

3.3. Electrochemical Measurements

Electrochemical measurements were performed using PINE potentiostat with working
Pt/GC and PdPt2/GC electrodes mounted in a Teflon holder. Pt wire was used as a counter
and Ag/AgCl, 3 M KCl as a reference electrode. All potential values were recalculated vs.
reference hydrogen electrode (RHE) using the Nernst equation: ERHE = EAg/AgCl, 3M KCl +
RT/zF × pH + EΘ

Ag/AgCl, 3M KCl, where EAg/AgCl, 3M KCl is the measured potential value,
EΘ

Ag/AgCl, 3M KCl is the standard potential of the Ag/AgCl 3M KCl electrode vs. standard
hydrogen electrode at 25 ◦C (0.209 V), and RT/zF is 0.0592. Consequently, for 0.1 M HClO4
solution (pH 1), the recalculated potential value is E= EAg/AgCl, 3M KCl + 0.268 V, and for
0.1 M NaOH solution (pH 13) it is E = EAg/AgCl, 3M KCl + 0.979 V. The electrochemical
characterization of the electrodes was performed using cyclic voltammetry in deaerated
0.1 M HClO4 and NaOH solutions. Their ORR electrocatalytic activities were examined via
linear sweep voltammetry using a rotating-disc electrode technique.

3.4. Chemicals

Base solutions were prepared using supra pure H2SO4, HClO4, and NaOH pellets,
purchased from Merck, Darmstadt, Germany, and Milli-pure water. H2PtCl6 solution
and PdSO4 × 2H2O salt, purchased from Alfa Aesar, Thermo Fisher Scientific, Kandel,
Germany, were used for the preparation of the depositing solutions. Working solutions
were deaerated by N2 (99.9995%), except for ORR measurements when they were saturated
by O2 (99.9995%), both purchased from Messer, Frankfurt, Germany.

4. Conclusions

Pt nanoparticles were deposited electrochemically on glassy carbon from an H2PtCl6
salt solution at different applied deposition potentials and various times. The Pt/GC
electrode that showed the highest catalytic activity for the ORR was examined in detail
in both acidic and alkaline solutions. The analysis of the AFM images revealed (96 ± 2)%
surface coverage with the deposited Pt nanoparticles with sizes ranging from 50–250 nm.
Thus, the prepared Pt/GC electrode was used as a substrate for further spontaneous
palladium deposition from a PdSO4 salt solution. With the addition of Pd, the AFM
analysis showed a full surface coverage and an increase in particle size to 100–300 nm.
The analysis of the RDE results revealed that the ORR occurs through a 4e-series reaction
mechanism in both solutions for all the prepared electrodes in this work. The PdPt2/GC
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electrode showed an enhanced catalytic activity for the ORR in alkaline solution compared
to the Pt/GC and Pt(poly), which is related to the additional amount of OH originating from
PdOH as revealed from the XPS analysis of the as-prepared electrode, and an oxidation
peak in the potential region of the beginning of the ORR observed while comparing the
LSV and CV results.
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