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The study of hydrogen peroxide reduction in an alkaline aqueous medium on a composite of palla-
dium particles dispersed in an amorphous carbon matrix (Pd@AC) was performed. Scanning electron mi-
croscopy (SEM), energy-dispersive X-ray spectroscopy (EDX), Fourier-transform infrared spectroscopy
(FTIR), and X-ray powder diffraction (XRD) were used to examine morphology, composition, and crys-
talline structure. The crystalline structure and the size of palladium particles were analyzed using XRD.
The reduction of hydrogen peroxide was studied through cyclic and square-wave voltammetry in an alka-
line solution in the absence and presence of dissolved oxygen. The overall electrocatalytic effect of
Pd@AC toward hydrogen peroxide reduction strongly depends on the presence of oxygen and the hydro-
gen peroxide disproportionation reaction in a three-phase system of amorphous carbon, palladium parti-
cles, and electrolyte solution.
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EJIEKTPOXEMHUCKA PEAYKIIUJA HA BOJOPOJAEH ITIEPOKCH/J HA KOMIIO3UTHA EJIEKTPO/JIA
N3TPAJEHA O HAJTAINYM-AMOP®EH JATJIEPO/] BO AJIKAJIHA CPEJJUHA

Bo 0Boj Tpyn € pa3paboTeH MeTo/ 3a Cle/ehe Ha peyKIjaTta Ha BOJOPOA MIEPOKCH/T BO aJKaIHA
cpearHa Ha KOMIIO3UTHA €JIEKTPOJa M3rpajieHa Of YECTHUYKH Ha HajaJuyM JHCIEp3UpaHH BO aMOpQeH
jarnepox (Pd@AC). Cxenupaukara enekrpoHcka Mukpockomnuja (SEM), eHeprercko-aucnep3uBHaTa X-
ray cnektpockonyja (EDX), Fourier-oBara tpancopmarusHa mHppanpseHa crnekrpockornuja (FTIR) u
X-ray nmudpaxmmjara (XRD) 6ea KOpHCTEHN KaKO TEXHHUKH 3a CTyIUpamke Ha MOP(OIJIOTHjaTa, COCTaBOT U
KpHUCTaJHaTa CTPYKTypa Ha KOMIIO3HUTHHOT Marepujan. KpucramHaTa CTpyKTypa M TOJIEMHHATa Ha
YECTHYKHUTE OJ1 ManaauyM Oea aHanm3upaHu co TexHukata XRD. Penyknujata Ha BOJOpOJIEH HEPOKCHI
Oemre crynupaHa co IpUMEHa Ha NMKIMYHA BOJTAMETpHja M KBaapaTHO-OpaHOBAa BOJTAMETpHja BO
aJIKaJICH MEINyM, BO IIPUCYCTBO U OTCYCTBO Ha KUCIOPOJ. LIeTOKYITHHOT eIeKTpoKaTaInTHIKH e(peKT Ha
KoMIto3uTHUTe decTndku Ha PA@AC Bo ogHOC Ha peayKiyjaTa Ha BOJAOPOJEH MEPOKCHIT € PYHKITHja O]
MPUCYCTBOTO Ha KHCJIOPOJ M O]l PeakijaTa Ha JUCIPONOPIMOHUpakhe Ha BOJOPOICH MEPOKCUIT BO OBOj
TpudazeH CUCTEM COCTaBEH O] aMOPQEH jaraepo, YeCTUIKN O] TAJIaJUyM U eJIEKTPOJIUTEH PACTBOP.

Kayunu 300poBu: peayknnja Ha BOJOPOEH NEPOKCHI; XMOPUICH MaTepujall; MaJIaAnyM; jariiepos
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1. INTRODUCTION

Hydrogen peroxide (H.0,) is a simple mole-
cule that has a significant role in biological sys-
tems, waste-water treatment, and bleaching. It is
used as an oxidant in chemical synthesis and vari-
ous fields such as food, clinical, and pharmaceuti-
cal industries.? Many techniques, including ti-
trimetry®, chromatography*, spectrophotometry®,
colorimetry®, chemiluminescence’, and various
electrochemical methods®*2 have been used for the
determination of H,O.. However, electrochemical
methods are preferred due to their high sensitivity,
good selectivity, inexpensive instrumentation, and
simple experimental configurations.?*  Am-
perometric, conductometric, and potentiometric
electrochemical sensors exhibit various uses in
environmental and industrial analyses.**16

Metal nanoparticles have attracted research
interest in recent decades due to their electronic,
catalytic, and sensory properties.t* Among dif-
ferent materials, noble metal nanoparticles such as
Pt, Pd, Cu, Ag, and Au have been used to modify
the surface of a working electrode because of their
large surface area, long-term stability, and high
conductivity.? However, noble metals' high cost
and scarcity have hindered their promising com-
mercial applications. Moreover, some noble metal-
based electrocatalysts are easily poisoned by chem-
isorbed CO-like intermediates in acid media. Pal-
ladium nanoparticles (Pd NPs) are widely studied
in electrocatalysis due to their low toxicity, fast
electron transfer, and large surface-to-volume ra-
tio.?* As verified in the literature, Pd is more abun-
dant than Pt. Thus, it can be a good alternative for
hydrogen (HRR) and oxygen reduction reactions
(ORR) in alkaline media.??* The electrochemical
performance of electrodes based on palladium na-
noparticles can be improved by using supporting
materials. % Palladium on a support material results
in lower onset potential and higher electrocatalytic
activity with reduced loading of the noble metal on
the catalyst. This significantly reduces the cost of
the catalyst, making it a competitive alternative to
unsupported (bulk) catalysts.?

Embedding Pd particles in an amorphous
carbon matrix during composite processing allows
tighter integration of the metal than adding them
on top of the support. The tight and compact com-
posite structures achieved markedly enhance the
electrochemical properties of amorphous carbon
(AC) with intrinsic Pd particle distribution. Hence,
catalyst development has been focused on improv-

ing kinetic current densities and lowering applica-
ble H,O, onset potential toward more energy-
efficient perspective demands.

This study presents the synthesis of a palla-
dium-amorphous carbon composite (PA@AC) and
its characterization using SEM, EDX, XRD, and
FTIR. Its electrochemical behavior was evaluated
in alkaline aqueous solutions through cyclic volt-
ammetry (CV) and square-wave voltammetry
(SWV) in the presence and absence of oxygen in
the potential range from +0.2 V to —0.6 V. The
study focuses on understanding the mechanism of
the hydrogen peroxide reduction reaction (HPRR)
influenced by mass transfer, adsorption, and spon-
taneous H.O, disproportionation at the amorphous
carbon/palladium particle/electrolyte solution in-
terface. To our knowledge, this is the first study of
H.O, reduction on Pd-alloyed amorphous carbon
particles, providing a benchmark for future studies.

2. EXPERIMENTAL SECTION
2.1. Synthesis of phenol formaldehyde resin

Phenol (9.41 g) was dissolved in 4 ml of wa-
ter with 0.8 g NaOH, then 16.4 ml of formaldehyde
was added. The obtained solution was heated to
100 °C for 3.5 hours, then cooled to room tempera-
ture and neutralized with conc. H2SO. (1:3 v/v).
The obtained resin was washed several times with
deionized water to a neutral pH.

2.2. Synthesis of palladium amorphous carbon
(Pd@AC) composite

First, 50 mg of PdClI, was dissolved in 0.05
mL of concentrated HCI and heated at 60 °C for 30
min. The solution was cooled, diluted with deion-
ized water to 4 ml, and then added to 4 ml of an
aqueous solution of 25 mg cetyltrimethylammoni-
um bromide (CTAB). At the end, 2 ml of an aque-
ous NaBH, solution (10 g/l) was added, and the
resulting suspension was centrifuged and washed
several times with ethanol. The residue was thor-
oughly mixed with phenol-formaldehyde resin in
an ultrasonic bath for 15 min. After that, the
Pd@AC composite was dried at room temperature.
The carbonization step was performed in a labora-
tory tube furnace at 1000 °C for 2 h, under an ar-
gon atmosphere, with a heating rate of 2 °C/min.
Finally, the material was powdered in an agate
mortar and packed in a tightly closed container.
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2.3. Electrode preparation

A glassy carbon electrode (GCE) was pol-
ished on a polishing cloth with a 0.05 pm Al.O3
powder slurry and rinsed with deionized water. A
mass of 5 mg PA@AC powder was dispersed in 1
ml of an ethanol/water mixture (40%, v/v), and the
suspension was homogenized in an ultrasonic bath
for 30 min. Then, 5 pl of the suspension was trans-
ferred onto the surface of the GCE and dried under
a N stream. The final step was to cover the already
modified electrode surface with 5 pl of 0.05 %
(mass percentage) Nafion solution in ethanol and
dry it again under the N, stream. This modified
GCE was used for the electrochemical analysis of
H>O,. The Nafion thickness was calculated to be
around 0.2 mm. The bare GC electrode was exam-
ined to study the electro-reduction of H,O, without
the Nafion layer. It is worth noting that oxygen and
hydrogen peroxide can permeate a thin Nafion
membrane (a few mm) and thus can be reduced at
the electrode surface.?:%’

2.4. Electrochemical analysis

The electrochemical analysis was performed
using a three-electrode system with a potentiostat
(PalmSens4) at room temperature. A saturated cal-
omel electrode (SCE) was used as a reference, a
graphite bar was used as an auxiliary electrode,
and the palladium amorphous carbon (Pd@AC)
composite modified glassy carbon (GC) was used
as a working electrode. A solution of 5 mM H,0,
in 0.1 M KOH was used to examine the electrocat-
alytic behavior of the PA@AC composite in air-
saturated solutions. The supporting electrolyte was
purged with nitrogen gas for thirty minutes for ex-
periments in oxygen-free solutions.

2.5. Characterization

The PA@AC composite was characterized
by scanning electron microscopy (SEM), X-ray
powder diffraction (XRD), and Fourier transform
infrared spectroscopy (FTIR). SEM images were
obtained using a JEOL JSM 6610 LV (Japan)
scanning electron microscope in conjunction with
an EDS detector, model X-Max Large Area Ana-
Iytical Silicon Drift, connected to an INCAEnergy
350 Microanalysis (detection of elements Z > 5;
detection limit, ~ 0.1 mass. %; resolution 126 eV).
The XRD of the sample was measured on an
STADI P instrument from STOE & Cie GmbH
with a MythenlK detector. Cu-Ko-radiation was
used at 40 kV and 40 mA. FTIR spectroscopy was
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carried out using an FTIR spectrometer (Bomem
MB-100, Hartmann & Braun, Canada).

3. RESULTS AND DISCUSSION
3.1. Characterization of palladium resin composite

The morphology of the PA@AC composite
was analyzed using SEM, as shown in Fig. la-b.
The chemical composition, concentration, and dis-
tribution of elements for the PA@AC composite
were determined using energy-dispersive X-ray
spectroscopy (EDX). The EDX spectra of the
Pd@AC composite with corresponding peaks are
presented in Figure 1c.

The EDX analysis indicated that the
Pd@AC composite consisted of 86.75 wt.% C,
11.13 wt.% O, and 2.13 wt.% Pd. Figure 1c shows
uniform arrays of Pd clusters with sizes controlled
by several tens of micrometers and nonuniform
interparticle distance.

It can be seen that Pd particles (agglomer-
ates) in the composite structure are very finely dis-
persed and relatively homogeneously distributed.
They can be observed as very small Pd-rich areas
inside the amorphous carbon matrix with a mass
fraction of 2.1 %. Most of the Pd is likely located
inside the matrix and covered by a carbon layer.
The composite particles have sharp edges formed
by larger pieces breaking during the shredding of
the material in an agate mortar to the desired gran-
ulation. Additionally, some grains exhibit macro-
porosity, attributed to the intense release of gases
and fumes during the carbonization step.

The crystalline structure and average crystal-
lite size of the PA@AC composite were defined
using XRD and presented in Figure 2.

The intense broad peak at 23.72° shows that
the synthesized Pd@AC composite has an amor-
phous characteristic with certain clearly defined
sharp peaks originating from palladium.?® Several
reflections observed in Fig 2 at around 2-theta an-
gles of 40.2°, 46.8°, 68.2° 81.95° and 86.63° are
ascribed to the (111), (200), (220), (311), and (222)
crystal facets of Pd (JCPDS card no. 46-1043).%°

The lattice parameter (aPd) values of the
metal particles were obtained using the Pd (220)
diffraction peak of the composite. The lattice con-
stant value of dispersed Pd nanoclusters was calcu-
lated to be 3.886 A using Eq 1. This is slightly
lower than the ideal value of 3.890 A for pure Pd.

Vh2+k2+12

sin(8) = A (1)

2a
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Fig. 1. (a) and (b) SEM microphotographs of PA@AC composite, (c) EDX spectra of PA@AC composite
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Fig. 2. XRD pattern of PA@AC composite

Based on the (220) diffraction, the average
crystallite size was calculated using Scherrer's equa-
tion (Eg. 2), and the value obtained was 15.75 nm.

KA
Lcosb (2)

where K = 0.89 is Scherrer's constant related to the
crystallite shape, 1 is the X-ray wavelength (1 =
0.154 nm), the FWHM value of the Pd (220) dif-
fraction peak shown by g, and @ is the diffraction
angle.®® The presence of broad peaks in the pattern
indicates that the carbon matrix is amorphous with
characteristic broad reflections in the region of 20
angles around 25°, 45°, and 80° which correspond
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to (002), (101), (110) atomic planes, potentially
graphite carbon.

The infrared spectrum of a PA@AC compo-
site in the 400-4000 cm™ range is displayed in Fig-
ure 3. According to the literature, there are several
characteristic peaks in the absorption bands of the
spectrum. The peaks at 3896.65 cm™, 3763.58 cm™!
and 3443.92 cm* are ascribed to the stretching vi-
bration of the hydroxyl group.®*2 The peak at
2883.19 cm confirms the existence of out-of-phase
stretching vibration of -CH_- alkane, while the peak
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at 1809.47 cmis attributed to the C—C stretching of
a benzene ring.?6% The peaks related to the C=C
aromatic ring and O—H bending vibration of phenols
appeared at 1609.86 cm™ and 1423.27 cm, respec-
tively.?>% The peak at 1110.37 cm™ is assigned to
the C-O-C asymmetric stretching vibration.?® The
low-intensity peaks at 880.87 cm* and 606.05 cm™*
belong to the C—H deformation of the out-of-plane
substituted ring and the C—H bond of the benzene
rings, respectively.??
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Fig. 3. The FTIR spectrum of PA@AC composite in the range of 400-4000 cm*

3.2. HPRR (hydrogen peroxide reduction reaction)

To investigate the reduction of hydrogen
peroxide at a PA@AC modified GC electrode, cy-
clic voltammetry and square-wave voltammetry
were performed in degassed and air-saturated 0.1
M KOH solutions. Firstly, one must consider the
typical voltammetric characteristics of a palladium
electrode in a basic medium, which are strongly
influenced by adsorption phenomena and electro-
catalytic oxidation of hydroxide ions. These pro-
cesses form adsorbed oxygen and palladium hy-
droxides, which undergo subsequent electrocatalyt-
ic reduction. In the presence of dissolved oxygen,
the electrochemical behavior of the palladium elec-
trode in a basic medium is similar, but the competi-
tive adsorption of oxygen with hydroxide ions
leads to some differences.

The presence of hydrogen peroxide adds
complexity to the overall electrochemistry. In addi-
tion to the previously described processes, hydro-
gen peroxide can be directly electrocatalytically
reduced at the palladium electrode. However, at
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the same time, its spontaneous disproportionation
reaction to water and oxygen occurs in the bulk of
the basic solution (Egs. 3 and 4)%**%® as well as on
the surface of the palladium nanoparticles (Eqgs. 5
and 6), as demonstrated in our recent study:*’

H.0z(aq) + OH (aq) S HO, (ag) + H20(aq) (3)

2HO; (agq) 5 O2(aq) + 20H(aq) 4)
2HO, (ads) 5 O(ads) + 20H(ads) (5)
02 + 2H,0 + 26 =HO; + OH" (6)

Figure 4 summarizes typical cyclic voltam-
metric data to reveal some aspects of the complex
electrochemistry resulting from the electrocatalytic
effect of the PA@AC catalyst. The effect of the
electrocatalyst in the presence of hydrogen perox-
ide is apparent from the comparison with the bare
GC electrode, as shown in Figure 4A. However,
the origin of the voltammetric response in the pres-
ence of H,O; is not immediately apparent, given
the numerous possible electrochemical and chemi-
cal (redox disproportionation) reactions discussed
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above. To shed light on this, Figure 4B compares
the typical cyclic voltammetric response in the ab-
sence of hydrogen peroxide and dissolved oxygen
at both the bare and PdA@AC modified GC elec-
trodes. A strong, irreversible electrode process oc-
curs at the PdA@AC electrode in a blank KOH solu-
tion, likely due to the electrocatalytic reduction of
an adsorbed oxygen species. This species is formed
in situ on the electrode surface at potentials more
positive than —0.2 V by the electrocatalytic oxida-
tion of adsorbed hydroxide ions.

The voltammetric data shown in Figure 4C
support the previous assumption that the typical
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response with a peak potential close to —0.480 V is
mainly due to catalytic oxygen reduction because it
is present even in the absence of H,O,. Additional-
ly, Figure 4D compares the electrocatalytic effect
in the presence of oxygen and hydrogen peroxide,
demonstrating that the latter case provides the
strongest catalysis due to the complex interplay of
oxygen reduction and in situ disproportionation of
the hydrogen peroxide at palladium nanoparticles.
This follows the reaction scheme developed in our
previous study.?’
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Fig. 4. Typical cyclic voltammograms recorded in 0.1 mol/l KOH supporting electrolyte at the scan rate of 10 mV/s. (A) Cyclic volt-
ammograms in 5 mmol/l H202 in a degassed solution at a bare GC electrode (1) and the Pd@AC modified GC electrode (2). (B)
Cyclic voltammograms in the absence of H202 in a degassed solution at a bare GC electrode (1) and at the PA@AC modified GC

electrode (2). (C) Cyclic voltammograms at the PdA@AC modified GC electrode in the absence of H202 and a degassed solution (1)
and in a saturated solution (2). (D) Cyclic voltammograms at the PdA@AC modified GC electrode in air-saturated solution in the ab-
sence of H202 (1) and in the presence of 5 mmol/l H202 (2).

The data obtained by Tafel analysis of the
rising part of cyclic voltammograms support the
electrocatalytic character of the electrode reaction
in the presence of the PA@AC catalyst in degassed
solutions. Table 1 compares Tafel data pertinent to
a bare GC electrode and the Pd@AC modified
electrode, using the following equations:*¢-%

7 = a + b log(i) (6)
b= —2.3% ©)

where 7 is the overpotential, which represents the
difference between the electrode potential and the
equilibrium open-circuit potential (y = E — Eeq; for
PAd@AC Eeq=-126.9 mV, for ¢(H202) =5 mM), a
is the intercept (a = 2.3RT/(anF)[log(io)]), b is the
Tafel slope, R is the universal gas constant
(8.314 I molt K1), T is the temperature (taken as
295.15 K), « is the electron transfer coefficient, n
is the stoichiometric number of exchanged elec-
trons, i is the current density, and i is the exchange
current density.
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Table 1

Tafel analysis of cyclic voltammograms recorded at the scan rate 10 mV/s at a bare GC electrode
and the PA@AC modified GC electrode in a degassed 0.1 M KOH supporting electrolyte in 5 mM H,0;

Electrode Eon(mV) lo(pA ecm™?)  Eeq(mMV)

no  Tafel slope (mV dec) Ep (V) Ip(nA)

GC —-356 4 -119

Pd@AC —241.5 147 -126.9

0.15 358.4 -048 -0.12
0.50 1175 -0.48 -1.096

Table 1 shows that the PA@AC composite
exhibited a smaller Tafel slope of 117.5 mV/dec
compared to the bare GC electrode (358.4
mV/dec), indicating that the PA@AC composite
has more favorable electrode reduction kinetics.
Furthermore, the catalytic activity of the PdA@AC
composite was also indicated by the exchange cur-
rent density (ig) values and onset potential (Eon). In
addition, Table 2 presents Tafel data obtained in an
air-saturated 0.1 M KOH solution, supporting the
electrocatalytic effect of the PA@AC modified
electrode. However, comparing data in Tables 1
and 2, such as the onset potential, slope, and ex-
change current density, slight differences can be

Table 2

noted, implying that the overall electrode mecha-
nism depends on the presence of oxygen in the so-
lution. Specifically, in an air-saturated solution, the
disproportionation reaction (4) in the bulk of the
solution is likely to be significantly shifted to the
side of reactants, making the bulk hydrogen perox-
ide disproportionation reaction insignificant. On
the other hand, how strongly the surface dispropor-
tionation reaction (5) is precluded in the presence
of oxygen depends on the relative strength of the
competitive adsorption of oxygen, hydroxide ions,
and hydrogen peroxide (Eq. 7). In contrast, in the
absence of oxygen, both bulk and surface dispro-
portionation reactions occur concomitantly.

Tafel analysis of cyclic voltammograms recorded at the scan rate 10 mV/s at a bare GC electrode
and the Pd@AC in an air-saturated 0.1 M KOH supporting electrolyte in 5 mM H;0;

Electrode Eon(MmV) lo(pA/cm?) Eeq(MV)

na  Tafel slope (mV/dec) Ep(V) Ip(nA)

GC -352 1.64 -250
Pd@AC —298 115.4 -124.5

0.84 69.4 —-0.37 -3.3
0.49 120.05 -049 -1.257

The scan rate variation over the interval
from 20 mV/s to 100 mV/s at the PA@AC modi-
fied electrode in 0.1 M KOH containing 5 mM
H.O, reflects the complexity of the electrode
mechanism in accordance with the previous data.
Specifically, the cathodic peak current increases
non-linearly by increasing the scan rate (Fig. 5),
regardless of the presence of oxygen, deviating
from the theoretical prediction based on the
Randles-Sevéik equation for simple irreversible
two-electron electrode reaction of a dissolved re-
dox species.® Importantly, at scan rates lower than
20 mV/s, the peak current decreases by increasing
the scan rate. A plausible explanation for such a
complex influence of the scan rate could be found
in a reaction mechanism where the electrode reac-
tion is gated by a preceding chemical reaction, i.e.,
a CE type of mechanism. Thus, particularly in the
absence of oxygen (curve 2 in Fig. 5), the dispro-
portionation of H,O, at the surface of Pd particles
proceeds as a heterogeneous process (EQ. 5), as
well as spontaneous disproportionation in the bulk

Maced. J. Chem. Chem. Eng. 42 (2), xx-xx (2023)

of the solution (Eg. 4) to form either adsorbed or
dissolved oxygen.
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Fig. 5. Variation of the cathodic peak-current of cyclic
voltammograms with the square root of the scan rate recorded
at the PA@AC modified GC electrode in 0.1 mol/l KOH
supporting electrolyte containing 5 mmol/l H202 in a degassed
solution (1) and in air-saturated solution (2)
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Thus, Egs. 4 and 5, together with the electrode
reduction of oxygen reduction, complete a com-
plex ChE type reaction scheme, as theoretically
elaborated in our recent study.*

Further mechanistic insight has been provid-
ed by square-wave voltammetry; the data is summa-
rized in Figure 6. Typical net SW voltammograms
presented in Figure 6A support the catalytic effect
of the PA@AC composite compared to the bare GC
electrode.
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Fig. 6. (A) Typical net SW voltammograms recorded in 0.1
mol/l KOH supporting electrolyte at a bare GC electrode in a
degassed solution (1), the PA@AC modified GC electrode in
air-saturated solution (2), and PdA@AC modified GC electrode
in the presence of 1 mmol/l H20:2 in air-saturated solution (3).
The parameters of the potential modulation are SW frequency f
=1 Hz, SW amplitude Esw = 25 mV, and step potential dE = 10
mV. (B) The dependence of the frequency-normalized net peak-
current on the logarithm of the inverse square root of the SW
frequency in 0.1 mol/l KOH supporting electrolyte containing 5
mmol/l H202 at bare GC electrode in a degassed solution (1),
the PA@AC modified GC electrode in a degassed solution (2),
and Pd@AC modified GC electrode in air-saturated solution
(3). The other conditions are as in the panel A.

In accordance with the previous CV data, the
SW voltammetric response chiefly originates from
the electrode reduction of oxygen (curve 2 in Fig.
6A), while the strongest electrocatalytic effect is
observed in the presence of both hydrogen peroxide
and oxygen (curve 3 in Fig. 6A). The analysis of the
SW voltammograms as a function of the SW fre-
guency is presented in Fig. 6B as the dependence of
the frequency normalized net peak-current (Inetp/f“?)
as a function of the logarithm of the inverse fre-
quency log(f 2). Note that the parameter lnetp/f/2
corresponds to the dimensionless current function,
reflecting the intrinsic features of the ongoing elec-
trode mechanism.®*® However, the parameter f 2
corresponds either to the electrode kinetic parame-
ter, reflecting the rate of electron transfer, or to the
chemical kinetic parameter in the case of ChaE
mechanism®, which reflects the rate of the preced-
ing chemical reaction (i.e., Eq. 5).

The increasing part of all curves in Fig. 6B
signifies the overall electrode kinetics of the com-
plex irreversible reduction process of oxygen,
which is the highest in the presence of hydrogen
peroxide in an air-saturated solution (curve 3 in
Fig. 6B), agreeing with all previous conclusions.
Importantly, the frequency analysis in a degassed
solution (curve 2 in Fig. 6B) implies a parabolic
variation of the net peak-current with the frequen-
cy, in agreement with the recent theoretical predic-
tion for a CreE mechanism®, where the preceding
chemical reaction Cye (i.e., the disproportionation
of hydrogen peroxide) proceeds as a heterogeneous
process on the electrode surface. These data sup-
port the general assumption that the overall elec-
trode mechanism in the presence of hydrogen per-
oxide at the PA@AC maodified GC electrode pro-
ceeds according to the CE scheme, where C is the
disproportionation of hydrogen peroxide (either or
both in the bulk of the solution or/and at the sur-
face of palladium particles), and E is the irreversi-
ble electrode reduction of oxygen.

4. CONCLUSIONS

A palladium-amorphous carbon composite
(Pd@AC) can be successfully synthesized using a
simple hydrothermal method. It can then be em-
ployed as an electrocatalyst for the reduction of
hydrogen peroxide. In this composite, Pd particles
are relatively homogeneously distributed on the
carbon substrate. Most Pd particles are likely lo-
cated within the matrix and covered by a carbon
layer. The crystalline structure of the Pd@AC

Maced. J. Chem. Chem. Eng. 42 (2), xx—xx (2023)
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composite was determined using the XRD method,
which confirmed the presence of peaks corre-
sponding to Pd particles and the amorphous nature
of the carbon substrate.

The PA@AC composite exhibits a significant
electrocatalytic effect on the electrochemical reduc-
tion of H,O, compared to the bare glassy carbon elec-
trode, especially in alkaline conditions. This effect
follows a complex reaction pathway described by the
CE scheme, where the H,O, disproportionation reac-
tion (C) occurs in both the bulk of the solution and on
the Pd particles, and the electrode oxygen reduction
(E) takes place on the Pd particles.
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