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Aleksandar Bojić a, Marjan Ranđelović a 
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A B S T R A C T   

The electrocatalytic reduction of hydrogen peroxide in an alkaline solution has been studied on a hybrid material 
based on hydrothermally obtained palladium particles supported on graphene (Pd@G). The morphology, 
structure, and chemical composition of the prepared hybrid material, including spatial distribution of palladium 
nanoparticles, were examined by SEM, XRD, EDX, elemental mapping, XPS, FTIR, and BET. The hydrogen 
peroxide reduction reaction (HPRR) was studied by cyclic and square wave voltammetry in an oxygen-free and 
air-saturated alkaline medium. The Pd@G exhibited pronounced electrocatalytic activity for HPRR, which 
proceeds via complex electrode mechanisms coupled with adsorption phenomena and hydrogen peroxide 
disproportionation reaction as a heterogeneous chemical process on the surface of palladium nanoparticles.   

1. Introduction 

Hydrogen peroxide (H2O2) is a simple molecule known for its 
oxidizing and reducing properties. It is being widely used in various 
industrial fields related to the environment, pharmacy, textile, paper, 
fuel cells, and food [1]. Due to its high importance, the hydrogen 
peroxide reduction reaction (HPRR) is extensively studied, particularly 
focusing on analytical and other applications. Hydrogen peroxide is a 
weak acid (pKa 11.7) that dissociates in alkaline media generating a 
perhydroxyl anion, which dominates as the most stable form [2–4].  

H2O2 + OH− ⇆ HO2
− + H2O                                                                

Some earlier studies suggest that H2O2 undergoes catalytic decom
position on noble metals forming oxygen, which can be reduced back to 
hydrogen peroxide [4–5]. Hence, revealing the mechanism of the HPRR 
process in alkaline solutions is rather challenging, as it may occur 
through one of the following three pathways [6].  

(1) Electrochemical reaction mechanism through direct reduction of 
H2O2 to hydroxyl ion: 

HO2
− + H2O + 2e− ⇆ 3OH− E0 = 0.878 V vs. SHE  

(2) Chemical-electrochemical reaction mechanism (CE) by the 
decomposition of H2O2 to O2, which reduces back to peroxide: 

2HO2
− → O2 + 2OH– 

O2 + H2O + 2e− ⇆ HO2
− + OH− E0 = − 0.076 V vs. SHE 

(alkaline media)  
(3) A combination of paths 1 and 2 [7]. 

Nanostructures based on metal and carbon NPs, conventionally 
called “hybrids”, have attracted significant attention among different 
electrode materials for HPRR. The International Union of Pure and 
Applied Chemistry (IUPAC) defines them as “multicomponent materials 
comprising multiple, different (non-gaseous) phase domains in which at 
least one type of phase domain is a continuous phase” [8]. Up to date, 
many hybrid materials have been synthesized considering their 
favourable characteristics associated with a nano-size effect and their 
specific heterogeneous structure with intimate contact between chemi
cally and physically very different constituents. These materials have 
been increasingly employed in electrocatalysis and electroanalysis due 
to their pronounced electrocatalytic effects [9–15]. In the light of elec
trochemistry, the proximity of different atoms may induce interesting 
co-catalytic effects of hybrids and promote charge transfer through more 
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favourable pathways. Recently, an increasing number of research and 
review papers covering graphene-based hybrids have been reported 
[16–19]. Noble metal nanoparticles such as Pt, Pd, Cu, Ag, and Au have 
been frequently used for modification of the working electrode surface, 
due to their large surface area, long-term stability, and high conductivity 
[20–22]. 

Several studies examine hybrid materials composed of graphene 
oxide and Pd or Pd-based alloys for hydrogen peroxide reduction in 
phosphate buffer (pH ≈ 7) as supporting electrolytes [23–26]. However, 
a study that involves the large-scale preparation of graphene subse
quently modified with palladium nanoparticles by a hydrothermal 
method has not been reported so far. Therefore, we report herein the 
synthesis of graphene (G) which is decorated with palladium (Pd) 
nanoparticles (Pd@G) as an efficient hybrid electrocatalyst for electro
chemical reduction of hydrogen peroxide (H2O2) in an alkaline medium. 
Palladium particles were partially segregated on the surface of gra
phene, achieving their favourable distribution for efficient electro
catalysis. The resulting Pd@G hybrid material was characterized by 
SEM, EDX, XRD, XPS, FTIR, and BET. The electroreduction reaction of 
H2O2 on Pd@G was studied by cyclic voltammetry (CV) and square 
wave voltammetry (SWV) in both the presence and absence of oxygen, 
aiming to unveil the main aspects of the electrocatalytic mechanism. 

2. Experimental 

2.1. Synthesis of graphene (G) 

The preparation procedure of graphene was adapted from the pre
viously reported method by Zhang et al. [27]. 6.00 g of glucose and 6.00 
g of FeCl3⋅6H2O were dissolved in 10 mL of deionized water. Water 
evaporation was carried out by heating at 80 ◦C for 24 h. Carbonization 
of the obtained product was performed at 700 ◦C for 3 h under an inert 
atmosphere of nitrogen. Subsequently, the material was ground, trans
ferred into 100 mL of conc. HCl (36%) and stirred for 6 h. Afterward, the 
suspension was filtered and washed with 300 mL deionized water and 
80 mL acetone. The obtained material was dried at 70 ◦C for 1 h. 

2.2. Synthesis of palladium-graphene hybrid (Pd@G) 

100 mg of graphene were dispersed in 20 mL of an ethanol/water 
mixture (50%, v/v) and sonicated for 5 min. Then 25 mg of cetyl
trimethylammonium bromide (CTAB) were added and the sonication 
was continued for another 5 min. 50 mg of PdCl2 and 0.05 mL conc. HCl 
were placed in a test tube and heated at 60 ◦C for 30 min. After cooling 
the solution was diluted with H2O to 2 mL and added to the graphene 
suspension. It was left at room temperature for 1 h before 1 mL of NaBH4 
was added. The obtained suspension was then transferred into a stainless 
steel autoclave and heated at 160 ◦C for 90 min. After hydrothermal 
treatment, the obtained suspension was centrifuged, and the liquid 
phase was decanted. The residue was washed several times with 
deionized water. Finally, the obtained material was dried at 60 ◦C and 
denoted as Pd@G. For comparison, corresponding palladium deposition 
was carried out onto commercial graphene (Acros Organics) following 
the same procedure as described above, and the obtained hybrid mate
rial is denoted as Pd-commercial G. 

2.3. Electrode preparation 

Firstly, a glassy carbon electrode (GCE) (with a geometrical area of 
0.0706 cm2) was polished on a polishing cloth with 0.05 μm Al2O3 
powder slurry, rinsed with deionized water, and flushed with ethanol in 
an ultrasonic bath. Following the cleaning procedure, 5 mg of G or 
Pd@G were dispersed in 1 mL of an ethanol/water mixture (40%, v/v), 
and the obtained suspension was homogenized in an ultrasonic bath for 
30 min. 5 μL of the suspension (corresponding to 0.025 mg of the ma
terial) were transferred onto the surface of the GCE and dried under N2 

stream. After the thin layer of electrocatalyst was formed, it was covered 
with 5 μL of 0.05 wt% Nafion solution in ethanol and dried again under 
N2 stream. The modified GCE was used for studying the electroreduction 
of H2O2. The nominal metal loading for Pd-based electrocatalysts was 
calculated to be 82 μg cm− 2. The Nafion thickness was estimated to be 
approximately 0.2 μm, according to the following Eq. (1). 

t = m/(Aρ) (1)  

where m is the mass of drop cast Nafion (2.500⋅10− 6 g), A is the area of 
the film, and ρ is the approximate density of the film (1.980 g cm− 3). 

Worth noting is that oxygen and hydrogen peroxide are capable to 
permeate Nafion membranes of a few microns and thus can be reduced 
at the electrode surface [28]. The electroreduction of H2O2 was studied 
by CV and SWV within the potential range from +0.200 to − 0.600 V. 

A three-electrode system consisted of Pd@G modified GCE as a 
working electrode, a saturated calomel electrode (SCE) as a reference, 
and a graphite bar or platinum coil was used as an auxiliary electrode. 
Typically, the solution of 5 mM H2O2 in 0.1 M KOH was used to examine 
the electrocatalytic behaviour of Pd@G. Purified nitrogen was bubbled 
through the supporting electrolyte for thirty minutes. Then the proper 
quantity of hydrogen peroxide was added. The electrolytic cell was 
protected from light by Al-foil. Before electrochemical measurements, 
activation of each electrocatalytic film was performed by continuously 
cycling the potential (10 cycles) from − 0.600 V to +0.200 V vs. SCE in 
an N2-saturated 0.1 M KOH solution until a stable reproducible cyclic 
voltammogram was recorded. Some measurements were carried out in 
air-saturated electrolytes, as specified in the following sections. 

2.4. Characterization 

Nanohybrid Pd@G material was characterized by scanning electron 
microscopy (SEM), and X-ray powder diffraction (XRD), X-ray photo
electron spectroscopy (XPS), Fourier Transform Infrared Spectroscopy 
(FTIR), and BET nitrogen adsorption and desorption analysis. SEM im
ages were obtained using a Leo Gemini 1530 device by Zeiss with an 
Everhart-Thornley detector for collecting secondary electrons. The 
accelerating voltage was 10 kV. Powder XRD of the finely ground 
samples was measured on a STADI P instrument from STOE & Cie GmbH 
with a Mythen1K detector. Cu-Kα-radiation was used at 40 kV and 40 
mA. XPS was performed using SPECS Systems with XP50M X-ray source 
for Focus 500 and PHOIBOS 100/150 analyzer. AlKα source (1486.74 
eV) at a 12.5 kV and 32 mA was used. FTIR spectroscopy was carried out 
by using an FTIR spectrometer (Bomem MB-100, Hartmann & Braun, 
Canada). Brunauer-Emmett-Teller (BET) specific surface area analysis 
was carried out on an Autosorb iQ by 3P instruments. The sample was 
analyzed under a nitrogen atmosphere. 

3. Results 

3.1. XRD 

The crystalline structure and average crystallite size of graphene (G) 
and Pd@G nanocomposite were defined using XRD (Fig. 1). 

3.2. Morphological characterization and EDX 

The morphology of G and Pd@G nanocomposite were analyzed using 
SEM and the corresponding microphotographs are given in Fig. 2a and b, 
respectively. The chemical composition, concentration, and distribution 
of elements for G and Pd@G were determined using energy-dispersive X- 
ray spectroscopy (EDX). EDX spectra of G and Pd@G with corresponding 
peaks are presented in Fig. 2c and d, respectively. The distribution of 
some elements in the samples of G and Pd@G are given in Fig. 2e–g. The 
distribution of Fe in G and Pd@G samples are presented in Fig. 2e–g, 
respectively, and the distribution of Pd in the Pd@G sample is given in 
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Fig. 2f. 

3.3. XPS 

X-ray photoelectron spectroscopy (XPS) was used to determine the 
surface elemental compositions and chemical oxidation states of Pd in 
the Pd@G sample. XPS spectra (0–1000 eV binding energy) were 
recorded with a constant pass energy of 40 eV, step size of 0.5 eV, and 
dwell time of 0.2 s in the FAT mode, while detailed spectra were 
recorded with the following values of parameters: constant pass energy 
of 20 eV, step size of 0.1 eV and dwell time of 0.2 s in FAT mode, at a 
pressure of 9 × 10− 9 mbar. 

The obtained spectra are given in Fig. 3. 

3.4. FTIR spectroscopy 

The infrared spectra of G and Pd@G nanocomposite in the 400–4000 
cm− 1 range are displayed in Fig. 4a and b, respectively. 

3.5. BET analysis 

Prior to the examination, the samples were dried, outgassed, and 
activated at 300 ◦C under vacuum. Determination of the specific surface 
area (ABET) was conducted using the linearized form of the BET equa
tion in the range of 0.05 ≤ p/p0 ≤ 0.30. 

3.6. HPRR (hydrogen peroxide reduction reaction) 

The HPRR mechanism was studied by applying cyclic voltammetry 
and square voltammetry in an alkaline medium. Initially, cyclic vol
tammograms of 5 mM H2O2 were recorded in a degassed 0.1 M KOH 
solution within the potential interval from +0.200 V to − 0.600 V (vs. 
SCE) to examine preliminary reaction kinetics at GC, G, Pd@G, and Pd- 
commercial G electrodes. Fig. 5a and b depict cyclic voltammograms at a 
scan rate of 10 mV s− 1 both in the absence and the presence of 5 mM 
H2O2, respectively. The initial study of the Pd-commercial G electrode 
revealed a rather poor electrocatalytic activity; thus, this material was 
excluded from further examination. 

The voltammetric data in Fig. 5 reveal a superior electrocatalytic 
activity of the Pd@G electrode [29]. The shape of the cyclic voltam
mogram of the Pd@G electrode in a blank 0.1 M KOH solution (i.e., 
containing neither dissolved oxygen nor added H2O2) (Fig. 5a) features a 
well-developed cathodic voltammetric peak, which is ascribed to the 
reduction of oxygen traces adsorbed on the Pd-particles. In-depth in
spection of the peak morphology reveals that it is composed of two 

overlapping peaks positioned at about − 0.200 V and − 0.270 V. Thus, 
the reduction of oxygen at the Pd@G electrode can be assumed to pro
ceed as a two-step process of adsorbed species, giving rise to the vol
tammetric peaks at about − 0.200 V and − 0.270 V. The process 
commences with adsorbed oxygen (O2(ads)), proceeding via electro
chemical formation of adsorbed hydrogen peroxide, followed by further 
reduction of H2O2(ads) to, most probably, adsorbed hydroxide ions 
[6–7]. Integrating the overall cathodic peak of the cyclic voltammogram 
at Pd@G electrode (Fig. 5a) yields the charge value of Q = 2.77⋅10–2 C. 
Thus, in a first approximation, the surface concentration of the oxygen 
adsorbed on Pd particles can be calculated as: 

Γ = Q/(nFA) (2)  

where n = 4 is the stoichiometric number of electrons, F is the Faraday 
constant, and A = 0.071 cm2 is the geometric surface area of the working 
electrode. The apparent surface coverage of the Pd@G electrode with 
adsorbed oxygen was calculated to be 1.020 μmol cm− 2, indicating a 
large active surface area of Pd electrocatalytic nanoparticles and a 
strong adsorption affinity of oxygen [7,14]. It is worth mentioning that 
in the anodic part of the same voltammogram (Fig. 5a, Pd@G electrode), 
an oxidation process takes place at about 0.100 V, which can be ascribed 
to OH–(ads) catalytic oxidation or Pd oxide formation [7,30]. The 
oxidation products of the latter anodic process cause a slight bulge in the 
cathodic region of cyclic voltammograms upon repetitive cycling of the 
potential (data not shown). 

The Pd@G electrode exhibits a strong reductive peak in the presence 
of 5 mM H2O2 in a degassed solution at the scan rate of v = 10 mV s− 1 

(Fig. 5b), being significantly higher compared to all other studied 
electrodes. The cathodic peak is associated with the peak current of Ip =

− 1075 μA, while the peak potential (Ep = − 0.270 V) corresponds to the 
position of the main reduction peak in Fig. 5a. The corresponding 
cathodic peaks at graphene-modified and bare glassy carbon electrodes 
are strongly diminished compared to the Pg@G electrode, being 
significantly shifted in the cathodic direction with corresponding peak 
potentials of − 0.400 V and − 0.480 V, respectively (Table 1). 

Further assessment of the electrode kinetics has been conducted by 
Tafel analysis, by processing the initial raising part of cyclic voltam
mograms recorded at v = 10 mV s− 1, and corresponding data are sum
marized in Table 1 and Fig. S1. The reaction kinetics was evaluated 
applying the derived Tafel equations as follows [31–32]: 

η = a+ blog(i) (3)  

b = − 2.3RT/(αnF) (4)  

where η is the overpotential, which presents the difference between the 

Fig. 1. XRD pattern of graphene (G) (left) and Pd@G hybrid (right).  
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Fig. 2. SEM microphotographs of (a) G and (b) Pd@G; EDX spectra of (c) G and (d) Pd@G; the insets in (c) and (d) show the elemental composition of G and Pd@G, 
respectively; EDX elemental maps of (e) Fe in G sample, (f) Pd in Pd@G sample and (g) Fe in Pd@G sample. 
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electrode potential and the equilibrium open-circuit potential (η = E −
Eeq; for Pd@G Eeq = − 99.6 mV for c(H2O2) = 5 mM), a is the intercept (a 
= (2.3RT/αnF)logi0), b is the Tafel slope, R is the universal gas constant 
(8.314 J mol− 1 K− 1), T is the thermodynamic temperature (taken as 
295.15 K), α is the electron transfer coefficient, n is the stoichiometric 
number of electrons in the rate-limiting step, i is the current density, and 
i0 is the exchange current density. 

As can be seen from Table 1, Pd@G is associated with the smallest 
Tafel slope of 104.0 mV dec− 1, which is significantly lower compared to 
G (295.8 mV dec− 1) and GC electrode (358.4 mV dec− 1). Unusual Tafel 
slopes indicate a significantly high kinetic barrier for the HPRR at G and 
GC electrodes. In addition, the catalytic activity can be estimated by the 
exchange current density (i0) and the onset potential (Eon). They were 
determined from the cathodic Tafel plots (Fig. S1) and cyclic voltam
mograms, respectively. As implied from i0 values for Pd@G, the stan
dard rate constant of HPRR appears to be an order of magnitude higher 
compared to other electrodes, resulting in a significant lowering of the 
corresponding onset potential (Table 1). Assuming that the reduction 
mechanism proceeds as a sequential electron transfer process, where the 
first electron transfer is the rate-limiting step (i.e., nα = 1), the Tafel 
slope at Pd@G electrode of 104.0 mV yields the electron transfer coef
ficient value of α = 0.56 [6,30]. Also, the product αnα of the rate-limiting 
step for Pd@G can be estimated according to Eq. (5) [33], using the 
cyclic voltammogram recorded at 10 mV s− 1 (Fig. 5a): 

αnα =
47.7 mV
⃒
⃒Ep − Ep

2

⃒
⃒

(5)  

where Ep is the peak potential and Ep/2 is the potential at the half- 

maximum peak current (ΔE = Ep − Ep/2 = 0.081 V). The αnα was 
calculated to be 0.58, which is almost the same value as the one previ
ously calculated of 0.56 using the Tafel analysis [34]. 

To further elucidate the electrode mechanisms of H2O2 at the Pd@G 
electrode, the scan rate was varied in the CV in a degassed 0.1 M KOH 
containing 5 mM H2O2 (Fig. 6a). The morphology of the reductive peak 
strongly depends on the scan rate, transforming from a sharp peak-like 
shape, typical for the process of an adsorbed reactant (v ≤ 20 mV s− 1), 
to a wave-like shape, associated with a diffusion tale at higher scan rates 
(v > 20 mV s− 1). Also, contrary to the predictions based on the Randles- 
Schevcik equation for a simple irreversible process, the peak current 
decreases by increasing the scan rate from 10 to 50 mV s− 1, while the 
peak potential shifts in a cathodic direction (Fig. 6a). The reduction 
mechanism at v ≤ 20 mV s− 1 is controlled by adsorption of the reactant, 
additionally being gated by a preceding chemical reaction that supplies 
the electroactive reactant, i.e., a CE mechanism [35]. At v > 50 mV s− 1 

the peak current is more likely to be affected by the diffusion and 
electrode kinetics. Thus, at higher scan rates, when the time for the 
preceding chemical reaction is significantly limited, the direct reduction 
of H2O2 from a dissolved state dominates, which gives rise to the 
reduction peak at more negative potentials of about − 0.350 V (Fig. 6a). 

Due to the complexity of the electrode mechanism, neither Ip vs. v 
nor Ip vs. v1/2 is a linear function. The data can be partly explained by 
studying the ratio Ip/v1/2 vs. log(v) (the inset of Fig. 6a), revealing an 
exponentially decreasing function, which is typical for the CE mecha
nism, invoking the theoretically predicted dependence of the dimen
sionless current function on the kinetics of the preceding chemical 
reaction [35]. The involvement of a preceding chemical reaction in the 

Fig. 3. XPS spectra for Pd@G (a) Survey XPS Spectrum, (b) XPS Spectrum of C 1s, (c) XPS Spectrum of Pd 3d, (d) XPS Spectrum of O 1s Pd 3p.  
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Fig. 4. The FTIR spectra of (a) graphene, (b) Pd@G hybrid in the range of 400–4000 cm− 1.  

Fig. 5. Cyclic voltammograms recorded at (a) GCE, G, and Pd@G in 0.1 M KOH and (b) GCE, G, Pd@G, and Pd-commercial G in 0.1 M KOH containing 5 mM H2O2. 
All electrolytes were degassed by purging N2 before electrochemical measurements. The scan rate was 10 mV s− 1. 
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electrode mechanism is further supported by the OCP measurements. 
Specifically, the OCP vale at the Pd@G electrode shifts from − 0.985 V to 
− 0.069 V, by increasing the concentration of H2O2 gradually from 5 mM 
to 25 mM. The slope of the linear function E(OCP) vs. log[c(H2O2] is 
close to 50 mV, supporting the assumption that a spontaneous redox 
transformation of H2O2 takes place at the electrode surface. 

The scan rate analysis of the oxygen reduction process in the absence 
of H2O2 can partly help in further elucidating the electrode mechanism 
of H2O2 (Fig. 6b). At a low scan rate (v = 10 mV s− 1) two reduction 
processes are obvious, ascribed to the reduction of adsorbed O2(ads) at 
about − 0.190 V to yield H2O2(ads), and further reduction of H2O2(ads) 
at about 

− 0.270 V. At higher scan rates (v = 100 mV s− 1) the reduction peak 

is associated with a shoulder at potentials more negative than − 0.300 V, 
corresponding to the direct reduction of H2O2 from a dissolved state. 
The function Ip vs. v is less complex compared to the case when H2O2 is 
deliberately added to the electrolyte solution. At v ≤ 50 mV s− 1, the peak 
current depends linearly on v, implying the adsorption character of the 
electrode reaction. It is, however, important to stress that the overall 
voltammetric behaviour does not imply the involvement of a preceding 
chemical reaction as in the case of the H2O2 reduction mechanism. 

Considering the sensitivity, the speed of measurements, and the 
ability for resolution of the voltammetric response, the system was 
further studied by applying SWV. Fig. 7 compares net SW voltammo
grams for the reduction of O2 (curve 1), H2O2 (curve 2), and the mixture 
of H2O2 and O2 (curve 3) at the Pg@G electrode. The SW voltammogram 
for the reduction of oxygen consists of two well-separated peaks, within 
the potential interval from − 0.200 to − 0.300 V, in accord with the 
cathodic CV peak profile presented in Fig. 5a, thus clearly supporting the 
two-step reduction mechanism of O2(ads). 

The SW voltammetric profile for H2O2 reduction (curve 2 in Fig. 7) 
resembles the profile of the oxygen reduction. The peak current of the 
main voltammetric peak at about − 0.200 V is also affected by the 
adsorption phenomena, as its intensity reaches saturation for 15 mM 
H2O2. The overall dependence of ⇆ Ip vs. c(H2O2) over the concentration 
interval from 5 to 25 mM obeys a law on an adsorption isotherm (data 
not shown), suggesting the electrode mechanism proceeds from an 
adsorbed state of the reactant, similar as in the case of oxygen reduction. 
Moreover, the half-peak width of the main peak for H2O2 reduction 
located at − 0.200 V is 152 mV (curve 2 in Fig. 7), being very close to the 
half-peak with of the overall voltammetric profile of the oxygen 
reduction which is 162 mV (curve 1 in Fig. 7). 

However, the voltammetric behaviour of O2 and H2O2 reduction 
upon variation of the frequency is significantly different. The main peak 
of H2O2 reduction is located at about − 0.200 V, the increase of the 
frequency from 1 to 12.5 Hz (i.e., shortening the duration of potential 
pulses) causes the peak current to decrease. The frequency-normalized 

Table 1 
Electrode kinetic parameters were obtained from cyclic voltammetry and Tafel 
analysis of HPRR for 5 mM H2O2 in degassed 0.1 M KOH. Scan rate: 10 mV s− 1.  

Electrode Eon 

(mV) 
i0 (μA 
cm− 2) 

Eeq 

(mV) 
nα Tafel 

slope 
(mV 
dec− 1) 

Ep (V) Ip (μA) 

GC − 356 4 − 119  0.16  358.4 − 0.480 − 0.1 
G − 152 11.600 − 149  0.20  295.8 − 0.400 − 6.9 
Pd@G − 112 123 − 100  0.56  104.0 − 0.270 − 1075 

Eon – onset potential; i0 – exchange current density; Eeq – equilibrium open- 
circuit potential; nα – electron transfer number; Ep – peak potential in the CV; 
Ip – peak current in CV. 

Fig. 6. The scan rate study at Pd@G electrode in 0.1 M KOH (a) in the presence 
of 5 mM H2O2 and the absence of O2 and (b) in oxygen saturated solution (PO2 
= 21 KPa) in the absence of H2O2. The inset of panel (a) shows the dependency 
of the scan rate normalized peak current on the logarithm of the scan rate. 

Fig. 7. Typical net square wave voltammograms at Pd@G electrode in 0.1 M 
KOH for the reduction of oxygen (1), hydrogen peroxide (2), and the mixture of 
hydrogen peroxide and oxygen (3). The concentration of H2O2 is 5 mM H2O2 for 
(2) and (3), while the solution was air saturated for (1) and (3). The parameters 
of the SWV are SW frequency 2 Hz, amplitude 10 mV, and the step potential 10 
mV. The inset shows the dependence of the frequency normalized net peak 
current (ΔIp/f) as a function of the logarithm of the frequency for H2O2 cor
responding to the main peak at − 0.200 V (curve a) and for the mixture of H2O2 
and O2 (curve b). 
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net peak current ⇆ Ip/f decreases with the logarithm of the frequency, as 
typical for the CE mechanisms [36] (the inset of Fig. 7, curve (a)), 
supporting the data obtained with cyclic voltammetry (the inset of 
Fig. 6a). Noteworthy, in the case of oxygen reduction, the intensity of 
the overall response is a linear function of the frequency, confirming the 
adsorption character of the two electrode reactions represented by the 
split net SW peak (curve 1 in Fig. 7), without the involvement of a 
preceding chemical reaction. Also, the second reduction peak of H2O2, 
located at more negative potentials of − 0.300 V (curve 2 in Fig. 7) has a 
more pronounced diffusion character, being significantly different 
compared to the voltammetric features of the electrode process at 
− 0.200 V. Thus, it is associated with the electrode reaction proceeding 
from a dissolved state of the reactant, which corresponds to the elec
trode process discussed in the context of Fig. 6a, observed at scan rates v 
> 50 mV s− 1. 

It is finally highly intriguing to analyze the voltammetric profile 
obtained in the presence of both oxygen and hydrogen peroxide in the 
solution (curve 3 in Fig. 7). The electrode mechanism is characterized by 
distinct features. It is a sharp peak with a peak width significantly 
smaller than the main peak for H2O2 reduction (compare curve 3 and the 
main peak of curve 2). The electrode process proceeding from the dis
solved state of H2O2 (i.e., the SW peak at − 0.330 V in curve 2, Fig. 7) is 
completely absent in the mixture of H2O2 and O2 in the solution. The 
half-peak width of curve 3 (120 mV) coincides with the half-peak width 
of the first SW peak (128 mV) for the oxygen reduction, located at 
− 0.210 V (curve 1 in Fig. 7). The half-peak width of the latter peak was 
obtained by deconvolution of the voltammetric profile for oxygen 
reduction (curve 1 in Fig. 7). Moreover, the intensity of the voltam
metric peak in the presence of both H2O2 and O2 (ΔIp = 121 μA) exceeds 
the sum of the responses of O2 (ΔIp = 15.5 μA) and H2O2 (ΔIp = 86.3 μA), 
implying an additional catalytic effect. Importantly, the overall catalytic 
effect is not manifested by decreasing the overpotential (i.e., an increase 
of the standard rate constant of a particular electrode reaction), rather 
than it implies the enhancement of the current due to resupply of the 
electroactive material, as typical for the EC’, regenerative catalytic 
mechanism [37]. The dependence of the frequency-normalized net peak 
current (ΔIp/f) vs. log(f) is different compared to the reduction of H2O2 
in the absence of O2 (compare curves a and b in the inset of Fig. 7), 
though both reaction mechanisms are affected by a coupled chemical 
reaction. 

4. Discussion 

4.1. XRD 

A sharp peak at around 26.3◦ is assigned to the (0 0 2) crystallo
graphic plane of graphene nanoparticles composed mainly of the 
stacked graphene sheets up to a few layers (Fig. 1) [13]. The corre
sponding d-spacing (the distance between the graphene layers) of 0.338 
nm was found using Bragg’s equation (Eq. (6)). This value matches the 
value found in the literature [38]. 

2dsinθ = nλ (6) 

After Pd deposition onto graphene under hydrothermal conditions, 
the (0 0 2) peak was observed at the same 2-theta value (Fig. 1b), 
indicating that Pd nanoparticles, water molecules, and oxygen func
tionalities have not been incorporated between the layers. 

Four reflections observed in Fig. 1b at around 2-theta angles of 40.2◦, 
46.8◦, 68.1◦ and 82.3◦ are ascribed to Pd (1 1 1), (2 0 0), (2 2 0), and (3 1 
1) crystal planes of a face-centered cubic (fcc) structure of palladium 
(JCPDS-ICDD, Card No. 04-802), respectively. The interplanar spacing 
for (1 1 1) and (2 0 0) lattice planes of the face-centered cubic (fcc) 
structure of Pd was 0.224 nm and 0.194 nm, respectively. 

The lattice parameter (αPd) values of the metal particles were ob
tained using the Pd (2 2 0) diffraction peak of the prepared Pd@G 
hybrid. The lattice constant value of dispersed Pd nanoclusters was 

calculated to be 3.891 Å using Eq. (7), which is the same value as 3.890 
Å for pure Pd [39]. 

sin(θ) =
λ

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
h2 + k2 + l2

√

2a
(7) 

Furthermore, the average crystallite sizes of palladium particles have 
been obtained at 13 nm using the Debye Scherrer equation (Eq. (8)). 
Thus, the presence of palladium NPs increases the electrocatalytic ac
tivity of the nanohybrid. 

D = Kλ/(βcosθ) (8)  

λ = 0.154 nm (9)  

where K = 0.89 is a constant related to the crystallite shape, the X-ray 
wavelength is λ = 0.154 nm, the FWHM value of Pd (2 2 0) diffraction 
peak shown by β, and θ is the diffraction angle. The activity of the Pd- 
based electrocatalyst was mainly associated with an optimum Pd lat
tice strain. The Pd lattice strain, ε, was calculated from the peak posi
tioned at 2θ ≈ 68.1◦, which is ascribed to the (2 2 0) reflection of the Pd 
fcc crystal structure, using the equation [7,40]: 

ε (%) =
βhkl

4tanθ
100 (10) 

The calculated lattice strain value is 0.42%. Bampos et al. [7] re
ported that optimal strain values for Pd electrocatalyst are between 0.4 
and 0.6%. The crystallite size for bare graphene powder was found to be 
9.33 nm and 11.23 nm after Pd deposition under HT conditions, which is 
comparable with the reported value [7]. 

4.2. Morphological characterization and EDX 

The SEM images showed that the as-prepared graphene (Fig. 2a) has 
a sheet morphology composed of layers with different orientations, 
which provides more exposed active sites for Pd nucleation. The gra
phene retained the same morphology after deposition of Pd nano
particles (Pd@G sample in Fig. 2b). 

Iron and chlorine are present in both G and Pd@G samples, as 
indicated by EDX spectra shown in Fig. 2c–d. Their presence can be 
ascribed to the synthesis procedure which includes the addition of FeCl3 
and treatment with HCl in the final step. Fig. 2f provides evidence for 
homogeneous dispersion of Pd metallic NPs all over the graphene sur
face, which increases the electrocatalytic activity of the electrode. 

The EDX analysis indicated that the G consisted of 91.98 wt% C, 0.97 
wt% Fe, and 3.56 wt% O, while Pd@G contains 61.89 wt% C, 25.08 wt% 
Pd, 0.88 wt% Fe, and 10.6 wt% O. 

4.3. XPS 

As can be seen in the XPS spectrum of C 1s (Fig. 3b), the peak located 
around 284.9 eV with a shoulder at 287 eV can be deconvoluted into two 
peaks at 284.9 and 286.1 eV were assigned to C–C(sp2C) and C–O 
groups, respectively [41]. 

The XPS spectrum of Pd 3d (Fig. 3c) presents a core level doublet 
(Pd3d5/2 and Pd3d3/2). The Pd3d5/2 can be deconvoluted into two 
peaks, which demonstrates the presence of two formats of Pd. As can be 
seen, the two peaks at 336.3 eV and 335.5 eV were attributed to the 
bonding energy of Pd (II) and metallic Pd, respectively. The Pd3d3/2 
peak can be also divided into two peaks at 341.6 eV and 340.9 eV which 
were assigned to Pd (II) and metallic Pd, respectively [42–44]. The Pd 
(II) peaks may be caused by the surface oxidation and/or chemisorption 
of oxygen during the preparation process. 

The deconvoluted XPS spectrum of O 1s Pd 3p (Fig. 3d) shows the 
intense peak at a binding energy of 532.1 eV which was associated with 
adsorbed oxygen, then two peaks located at 530.8 and 530.6 eV inherent 
O atoms bound to metals [45]. Also, there are two peaks at 534.6 and 
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533.4 eV assigned to the binding energy of Pd 3p 3/2 PdO and Pd 3p 3/2 
Pd, respectively [46]. 

4.4. FTIR spectroscopy 

The FTIR spectra of graphene (G) and Pd@G nanocomposite are 
shown in Fig. 4. According to the literature, there are several charac
teristic peaks in the absorption bands of the spectra. Fig. 4a represents 
the FTIR spectrum of synthesized graphene in the range of 400–4000 
cm− 1. The six peaks of graphene in FTIR spectrum are located at 
3443.92 cm− 1, 2972.87 cm− 1, 1794.52 cm− 1, 1592.02 cm− 1, 1126.76 
cm− 1, and 638.35 cm− 1. The peak at 3443.92 cm− 1 is attributed to the 
stretching vibration of the hydroxyl group [47]. The peaks at 2972.87 
cm− 1 and 1794.52 cm− 1 are attributed to the C–H bond stretching vi
bration, and C––O stretching, respectively [48]. The peaks of graphene 
at 1592.02 cm− 1, 1126.76 cm− 1, and 638.35 cm− 1 confirm the existence 
of C––C stretching, C–O stretching vibration, and C––C bending vi
bration, respectively [44,49]. 

Fig. 4b represents the FTIR spectrum of Pd@G nanocomposite in the 
range of 400–4000 cm− 1. Due to the reduction of graphene surface 
groups by NaBH4 during the synthesis procedure, most of the absorption 
bands in the FTIR spectrum of Pd@G are shifted, decreased in intensity, 
or removed than those in the FTIR spectrum of graphene. For example, 
the band corresponding to the stretching vibration of the hydroxyl group 
is of lower intensity and appears at 3354.24 cm− 1 [47]. The bands at 
2919.83 cm− 1 and 2812.8 cm− 1 attributed to the C–H bond stretching 
vibration are of higher intensity, compared to the C–H bond stretching 
vibration band in the spectrum of graphene. While bands at 1684.59 
cm− 1 and 1560.2 cm− 1 are assigned to the C––C stretching [44,49–51]. 
The peaks at 1321.54 cm− 1 and 1167.74 cm− 1 confirm the existence of 
C–O stretching vibration [44,49]. Finally, the peaks at 775.76 cm− 1 and 
679.33 cm− 1 are attributed to the vibrations of the C–H bonds of the 
benzene rings [49–50]. 

4.5. HPRR (hydrogen peroxide reduction reaction) 

Comparing voltammetric characteristics of GCE, G, Pd-commercial 
G, and Pg@G electrodes one concludes clearly that the Pd@G elec
trode exhibits superior electrocatalytic activity toward HPRR. The most 
striking feature at the Pd@G electrode is the disproportionation reaction 
of H2O2 proceeding as a surface process of adsorbed species at the Pd@G 
hybrid (Eq. (11)) [30,52–54]:  

2HO2
–(ads) = O2(ads) + 2HO–(ads)                                                 (11) 

The extent and kinetics of reaction (11) depend markedly on the 
concentration of both H2O2 and O2 in the electrolyte solution. Another 
important fact of general importance for elucidation of the overall 
electrode mechanism is the strong and competitive adsorption of O2 and 
its catalytic reduction via the two-step surface mechanism (i.e., surface 
EE mechanism) described by Eqs. (12) and (13):  

O2(ads) + 2H2O + 2e− = H2O2(ads) + 2OH–(ads)                             (12)  

H2O2(ads) + 2e− = 2OH–(ads)                                                        (13) 

which correspond to the voltammetric profiles in Figs. 5a, 6b, and 7 
(curve 1). 

The extent of reaction (11) is less significant for the EE reduction 
mechanism of O2(ads) in the absence of H2O2 in the electrolyte solution, 
as electrochemically formed H2O2(ads) is exhausted by the electro
chemical reaction (13) at potentials of about − 0.270 V (Figs. 5a and 6b), 
being very close to the potential of the reaction (12). Moreover, the 
excess of O2 in the solution disfavours the extent of reaction (11) and 
shifts the chemical equilibrium toward the left-hand side. 

When H2O2 is deliberately added into the electrolyte solution in the 
absence of dissolved oxygen, reaction (11) is of critical importance, 

producing adsorbed oxygen as an electrochemical reactant before the 
voltammetric scan is applied. In addition, the same reaction proceeds in 
the course of the voltammetric scan as soon as the adsorbed oxygen is 
electrochemically exhausted. Consequently, the electrochemical reduc
tion of O2(ads) generated by the disproportionation of H2O2(ads) pro
ceeds according to a CE reaction scheme [35–36], where the C step is 
represented by reaction (11) and the E step is a reaction (12), which is 
supported by the voltammetric behaviour under varying scan rate in CV 
(Fig. 6a) and the frequency analysis in SWV (the inset of Fig. 7, curve a). 
The CE reaction scheme is followed by an additional electrode reaction 
(13), i.e., further reduction of electrochemically formed H2O2(ads). 
However, in a large excess of H2O2 in the electrolyte solution reaction 
(13) proceeds independently as well, as H2O2(ads) coexists in equilib
rium with O2(ads) on the electrode surface. For these reasons, the 
reduction mechanism of H2O2 in the absence of dissolved oxygen is 
manifested as a single reduction peak in CV, extended over the potential 
region from − 0.200 to − 0.300 V (Fig. 5b), and a single SW voltammetric 
peak (Fig. 7, the main peak of curve 2) with a half-peak width almost 
identical to the overall half-peak width of the curve 1 in Fig. 7. The 
overall electrochemical mechanism exhibits very complex voltammetric 
behaviour, being strongly dependent on the time of the experiment 
reflecting the adsorption character of the electrode processes and the 
strong influence of the chemical reaction (11), and the sequential 
character of the overall electron transfer mechanism represented by 
two-electrode reactions (12) and (13), which are merged in a single 
voltammetric peak (e.g., Fig. 5b and the main peak of curve 2 in Fig. 7). 
Moreover, in a large excess of H2O2, the reduction process from a dis
solved state of H2O2 takes place at potentials more negative than 
− 0.300 V, manifested as a small, second peak in the SW voltammogram 
(curve 2 in Fig. 7). It is a sluggish diffusion affected electrode process, 
which emerges under conditions of CV at higher scan rates (Fig. 6a, v ≥
50 mV s− 1), or as a shoulder of the voltammetric profiles in Fig. 6b at v ≥
80 mV s− 1. 

The reaction scenario for the H2O2 reduction significantly changes in 
a solution saturated with oxygen, as clearly evidenced by SW voltam
metric data (curve 3 and the inset of Fig. 7). Under such conditions, the 
overall voltammetric behaviour suggests an EC’ reaction scheme (i.e., a 
regenerative catalytic mechanism) [37], based predominantly on the 
first electrode reaction (12). The strong and competitive adsorption of 
dissolved oxygen occupies predominantly the adsorption sites on the 
electrode surface, precluding reaction (11) to proceed at a significant 
degree before the voltammetric scan. Thus, the electrode mechanism 
commences with the reduction of O2(ads) (Eq. (12)), which generates 
adsorbed H2O2. However, as the concentration of H2O2 in the diffusion 
layer is large, being almost identical as in the bulk of the solution, re
action (11) proceeds at a significant rate in the course of the voltam
metric pulses, resupplying the adsorbed oxygen on the electrode surface. 
Thus, electrode reaction (12), followed by the surface redox reaction 
(11), completes a CEꞌ reaction scheme, resulting in a distinct peak- 
current-frequency dependence (see the inset of Fig. 7). The voltam
metric peak (curve 3 in Fig. 7) is located at potentials typical for the 
electrode reaction (12), with a peak-current determined by the kinetics 
of the reaction (12) augmented by the kinetics of reaction (11). Also, the 
half-peak width of curve 3 is significantly smaller compared to both 
curves 2 and 1 in Fig. 7, implying that the contribution of the electrode 
reaction (13) is insignificant in the overall voltammetric profile. 
Intriguingly, oxygen plays the role of a redox mediator for the reduction 
of H2O2 at the Pd@G electrode, clearly revealing that future analytical 
application of this profound electrocatalyst for detection of H2O2 should 
be applied in oxygen saturated solutions. 

5. Conclusions 

Pd@C hybrid material was successfully synthesized by a simple hy
drothermal method and used as an electrocatalyst for HPRR. X-ray 
diffraction confirmed the presence of peaks assigned to the 
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crystallographic planes of graphene and immobilized Pd particles. 
Elemental mapping showed uniform and catalytically favourable 
dispersion of Pd all over the graphene surface, while the SEM image 
showed a layered structure of the hybrid. 

The Pd@C hybrid material exhibits a significant electrocatalytic ef
fect toward electrochemical reduction of H2O2 compared to the bare and 
graphene modified glassy carbon electrode in alkaline conditions. The 
electrocatalytic mechanism is predominantly controlled by the strong 
adsorption of both hydrogen peroxide and oxygen on palladium nano
particles and the disproportionation reaction of adsorbed H2O2, under
going a heterogeneous redox reaction on the surface of palladium 
nanoparticles. Traces of adsorbed oxygen exist on the surface of palla
dium nanoparticles even in the absence of dissolved oxygen in the 
electrolyte solution, whereas in the presence of H2O2 in the solution, 
both H2O2(ads) and O2(ads) coexist on the electrode surface, the latter 
being formed mainly by the disproportionation of H2O2(ads). Thus, the 
electrode mechanism involves the reduction of O2(ads), as a slightly 
more favoured electrode process, followed by the reduction of 
H2O2(ads). The two electrode reactions (12) and (13) are manifested 
mainly as a single voltammetric peak in the presence of H2O2 in the 
solution. Both electrode reactions are two-electron transfer processes, 
most probably kinetically limited by the first electron transfer. However, 
under dynamic conditions of the voltammetric experiment, electrode 
reactions (12) and (13) are strongly intertwined. Rigorously speaking, 
the reduction of O2(ads), previously formed by the disproportionation 
reaction of H2O2(ads), is not a conventional CE mechanism, rather than 
it is a catalytic mechanism of the second kind, theoretically studied in 
our previous work [55], where the initial reactant (i.e., H2O2) generates 
an electroactive reactant (i.e., O2) through a chemical reaction, whereas 
the product of the electrode reaction (i.e., reduction of O2) regenerates 
the initial reactant (i.e., H2O2). The second electrode reaction (i.e., 
electrode reduction of H2O2(ads), Eq. (13)) is also very complex, as it is 
affected by the adsorption equilibrium of H2O2, disproportionation re
action (11) which exhausts H2O2(ads), and the electrode reaction (12), 
which electrochemically generates H2O2(ads). 

Finally, in an oxygen saturated electrolyte solution containing H2O2, 
the electrode mechanism simplifies while the catalytic effect enhances. 
The main reason is the dominant adsorption of oxygen, which precludes 
the hydrogen peroxide adsorption; thus, the disproportionation reaction 
is insignificant prior to the electrochemical reduction of O2(ads). In the 
course of the electrode reaction (12), the electrochemical reactant 
O2(ads) is resupplied by the follow-up redox reaction (i.e., dispropor
tionation reaction (11)), thus completing an EC reaction mechanism of 
an adsorbed reactant, as theoretically outlined in our previous study 
[56]. Under such conditions the fast kinetics of the disproportionation 
reaction exhausts the surface concentration of H2O2(ads), thus pre
cluding the second electrode reaction of the direct reduction of 
H2O2(ads). Moreover, the adsorption equilibrium of O2 also supports 
additional O2(ads) on the electrode surface, which all together results in 
a strong electrocatalytic catalytic effect, providing a basis for future 
analytical application of the studied mechanism for H2O2 
determination. 
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