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Abstract: This work reports the influence of a reduced graphene oxide (rGO) support on the catalytic
performance of Cu@PtRu/rGO electrocatalysts toward methanol oxidation in an acidic medium.
These electrocatalysts are synthesized via a two-step reduction method; the first step utilizes ethylene
glycol for the reduction of Cu2+ ions, forming Cu/rGO. In the second step, spontaneous redox
reactions take place, in a process known as galvanic displacement, where the Pt2+ and Ru3+ species
are reduced to form PtRu layers, and the copper is partially oxidized to the solution. Then, the
Cu@PtRu/rGO core–shell is produced, comprising Cu in the inner structure (core) and PtRu on
the outer part (shell). To compare the catalytic performance of the prepared nanocatalysts (NCs),
Pt/C, PtRu/C, and Cu@PtRu/C are also synthesized on Vulcan XC-72R carbon. All catalysts are
characterized via X-ray diffraction (XRD) and high-resolution transmission electron microscopy
(HRTEM). Cyclic voltammetry (CV) and chronoamperometry (CA) are employed to measure the
electrochemical performance. The core–shell/rGO combination is superior in catalytic activity to
the traditional Pt/C, PtRu/C, and Cu@PtRu/C catalysts for the methanol oxidation reaction. These
results suggest that Cu@PtRu/rGO exhibits a high bulk activity for methanol electrooxidation, a high
stability, and a high tolerance to CO poisoning, meaning it is possible to reduce the platinum loading
in proton-exchange membrane fuel cells (PEMFCs).

Keywords: electrocatalysts; core–shell; reduced graphene oxide

1. Introduction

Direct-methanol fuel cells (DMFCs) are a type of device that directly convert the
chemical energy of methanol into electricity. They have a higher volumetric energy density,
and cost advantages, over cells that use hydrogen as fuel. Thus, DMFCs are promising
candidates for an energy source for transportation and electronic devices [1–4]. However,
the efficiency of fuel cells depends on appropriate catalysts in the electrodes [5–7]. In this
sense, PtRu nanoparticles transported in carbonaceous materials are considered the best
anodic catalyst for the electrooxidation of methanol [8–11]. Two issues limit the practical
applications of the PtRu catalyst: the high cost of platinum, and the low resistance to
catalytic poisons, i.e., mutated chemical species, originating from the partial transmission
of methanol, which are adsorbed at the active sites of the Pt [12,13].

Recent research has sought to prepare catalysts with a low Pt content and a resistance
to the catalytic poisons that impair the performance of DMFCs. The alternative found so
far, to circumvent these issues, is to change the morphology of the nanoparticles in the
catalysts. In this new arrangement, Pt is not inserted throughout the crystalline lattice
of a nanoparticle, but forms an envelope in the core, composed of a metal or a low-cost
metal alloy. These core–shell nanostructures are the most efficient way to reduce the use of
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precious metals in electrocatalysts [10,14]. In the literature, the most common supports for
these nanostructures are Vulcan XC-72R carbon and carbon nanotubes, with graphene and
its derivatives (GO and rGO) mentioned in several technological applications. Despite the
range of support materials for nanocatalysts, reduced graphene oxide (rGO) has a higher
surface area, favoring a better dispersion of nanoparticles on its surface, a lower electronic
resistivity and, consequently, a better electrocatalytic performance [15–19].

Our findings suggest that rGO is an excellent choice as a support for core–shell
nanoparticles. The reasons are: (i) Cu is a low-cost material, its positive electrode potential
renders it stable in an acid medium, in addition to its face-centered cubic crystalline
structure (FCC), the same as Pt, favoring the epitaxial growth of platinum on the surface of
its nanoparticles; (ii) PtRu is well known as the most promising alloy for anodic catalysis
for methanol oxidation in an acidic medium; and (iii) catalysts supported on materials
derived from graphene have a higher electrochemically active surface area, and a higher
electronic conductivity, than those of other carbon materials [20–22].

The adsorption and oxidation of methanol occurs in few materials in an acidic
medium—only in platinum and platinum alloys. In electrochemical systems, the point of
interest is the oxidation of methanol on an anodic substrate. This process takes place in
different stages, depending on the applied potential values [23–25]. Although it contains a
single carbon atom in its molecule, methanol undergoes electrooxidation in the presence
of PtRu electrocatalysts in a series of steps, as shown in the chemical equations below,
suggested by different authors [26,27].

CH3OH + Pt(H2O)ads → Pt(CH3OH)ads + H2O (1)

Pt2(CH3OH)ads → Pt2 (CO)ads + 4H+ + 4e− (2)

Ru(H2O)ads → RuOH + H+ + e− (3)

Pt(CO)ads + RuOH→ Pt + Ru + CO2 + H+ + e− (4)

Ru(CO)ads + RuOH→ 2Ru + CO2 + H+ + e− (5)

There are two relevant aspects of the mechanism of methanol oxidation at Pt sites. The
first stems from the fact that the different crystallographic faces have different energies
for the adsorption of methanol; the energetically more-favorable face on the surface, and
the (111) face, are the sites of a higher adsorption of methanol molecules. The second is
the occurrence of the sequential loss of protons, to give rise to a series of hydrogenated
intermediates with multiple bonds that convert to linearly adsorbed CO, as explained
by Hannet [26]. This evidence comes from the results obtained via DEMS (differential
electrochemical mass spectrometry) and FTIR (Fourier transform infrared) [28,29].

To circumvent the problem of the poisoning of the catalyst with CO, two effects of
the formation of a Pt metallic alloy of Pt and a second metal—in particular, with Ru—can
be considered; the bifunctional mechanism and the electronic effect act together, leading
CO to oxidize at low potentials [30–32]. In this context, this work aims to demonstrate the
high efficiency of Cu@PtRu/rGO in the methanol electrooxidation reaction through the
core–shell formation, a relatively low-cost method, in which copper partially replaces the
expensive matrix of the Pt and Ru noble metals.

2. Materials and Methods
2.1. Preparation of Reduced Graphene Oxide (rGO)

The preparation of graphene oxide (GO) was based on the modified Hummers
method [33,34]. To a 500 mL beaker, 0.1 g of graphene and 0.075 g of NaNO3 were added,
followed by 3.44 mL of concentrated sulfuric acid, under slow stirring, to avoid overheating.
Subsequently, 0.450 g of KMnO4 (KMnO4, 100% Merck, Rio de Janeiro, Brazil) was added
to the mixture, still under constant stirring, at room temperature. After all the KMnO4 was
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added, the reagents continued to be under constant agitation for 24 h. Then, 10 mL H2SO4
(5% m/m) was added and, after 2 h, 0.9 mL H2O2 (30% m/m). Due to the tendency of the
stirring to stop, as the viscosity of the mixture increases with time, 40 mL of 30% m/m
H2SO4 + 5% m/m H2O2 was slowly added, over the five days of synthesis. The formation
of a yellowish suspension was observed, and a dark-brown material was deposited at the
bottom of the vessel. To remove impurities, 30 mL of HCl (3%) was added to the suspension.
The material was then washed extensively with ultrapure water. The obtained GO was
placed in an oven to dry, at a temperature of 80 ◦C, for 12 h. The material synthesized
previously was reduced to rGO in the first step of the synthesis of the electrocatalysts,
the step that used ethylene glycol as a reducing agent for the cupric ions in the solution.
The material obtained after the reduction process was Cu/rGO, which was then washed
extensively with ultrapure water.

2.2. Preparation of Cu@PtRu/rGO Catalysts

Core–shell Cu@PtRu/C catalysts were prepared vis a two-step reduction method.
Two types of carbon support were used, Vulcan XC72R carbon and GO, respectively. In
the first step, initially, 70 mg of carbon powder was suspended in a solution of 8 mL of
ultrapure water (18.2 MΩ cm) and 2 mL of isopropyl alcohol, and stirred under sonication
for 20 min. Then, 30 mg of Cu from a penta-hydrated copper sulfate solution (CuSO45·H2O)
and 2 mL of ethylene glycol were added to a beaker containing the previously prepared
GO suspension. The pH was adjusted to 10 using potassium hydroxide/ethylene glycol
solution (5% w/w KOH/EG), and the mixture was refluxed for 6 h, at 140 ◦C. Subsequently,
the Cu/rGO system was filtered, washed excessively with ultrapure water. and placed
in an oven for 12 h, at a temperature of 60 ◦C. In the second step of the synthesis for
each catalyst, solutions with varying volumes of H2PtCl6·6H2O and RuCl3 xH2O were
used. The mass proportions were 16 mg of Pt and 8.3 mg of Ru in Cu@PtRu/C-16 and
in Cu@PtRu/rGO-16 catalysts, 18 mg of Pt and 9.2 mg of Ru in Cu@PtRu/C-18, 30 mg
of Pt and 15.2 mg of Ru in PtRu/C-30 and, finally, 30 mg of Pt in Pt/C-30. The samples
were designated in relation to the Pt mass utilized in each catalyst preparation. In each
synthesis, the volumes containing these masses were added to the Cu/C suspension, where
the galvanic displacement process occurred. This final mixture was stirred for 15 min under
sonication. After stirring, the pH value of the solution was adjusted to 8, via the adding of
0.1 mol L−1 KOH. Then, the mixture was refluxed at 100 ◦C. After reflux, it was filtered,
and the resulting Cu@PtRu/C was washed excessively with ultrapure water, to remove
traces of the reducer or ions from the salt or acid. Finally, it was placed in an oven at 60 ◦C,
for 12 h.

2.3. Physical Characterization

The catalysts were characterized via XRD and HRTEM. X-ray measurements were
made using a PANalytical X-ray Diffractometer, model X’PERT PRO MPD (PW 3040/60)
from Malvern Instruments Ltd., Westborough, Massachusetts, USA. A copper anode
monochromatic X-ray beam (Kα 1.540598
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) was used. The recordings were performed in
the 2θ interval between 10 and 110◦, at a scan of 2◦ per minute. The characteristic patterns
in the samples were identified through comparison with patterns from a database that was
developed by the Joint Committee on Powder Diffraction Standards (JCPDS). The HRTEM
images were acquired in a transmission electron microscope, model TECNAI G2F2 (FEI
Company, Hillsboro, OR, USA), operating at 200 kV beam power, in scan-transmission
mode (STEM) for (high-angle annular dark-field) HAADF microanalysis and imaging.

2.4. Electrochemical Analyses

The electrochemical measurements were carried out using an Autolab PGSTAT12 Po-
tentiostat/Galvanostat Electrochemical System (Metrohm company, Herisau, Switzerland).
A glass electrochemical cell, without separation between the compartments, was used,
with five openings at the top, through one of which a working electrode was introduced.
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The counter electrode consisted of a platinum wire with a Pt plate in contact with the
solution, and the reference electrode was Ag/AgCl/KCl(3M). The working electrode was a
glassy carbon disk, with a geometrical area of 0.196 cm2 (the glassy carbon electrode has
a polished surface, so its surface area was assumed as the geometric area). The thin-film
electrode was prepared as follows: 5 mg of catalyst was dispersed in 1 mL of isopropanol
and 1 mL of water. Next, 60 µL of Nafion (0.25% Nafion) was added, and then the mixture
was subjected to sonication for 15 min. Then, 60 µL of the dispersion was transferred to the
glassy carbon disk, using a pipette, and finally, the electrode was placed in an oven, until
complete drying was achieved. The catalysts were characterized via cyclic voltammetry
(CV) and chronoamperometry (CA) tests at room temperature. The current densities were
measured in terms of A.cm−2, via the normalization of the electrochemical surface area of
the electrode. Oxidation reactions (OR) were studied in 0.5 M H2SO4 solution, saturated
with N2 for 10 min. This method is used to compare the electrocatalytic activity of different
electrodes, taking into account the number of surface active sites; i.e., it is an evaluation of
the electrocatalytic activity intrinsic to the real area of these electrodes. The basis of this
method is the fact that carbon monoxide molecules occupy, in principle, all active sites
available for electrocatalytic reactions. The charge value of the conversion of COads to
CO2(g) [QCO(C)] in microcoulombs (µC), divided by 420 µC, is numerically equal to the
electrochemically active area (EAA), defined by Equation (6). The EAA values obtained for
each electrode are used as the normalization factors for the currents that are now expressed
in A.cm−2 units. The CO amount is obtained via the integration of the voltametric peak
(shaded area), as shown in Figure 1 [35].

EAA = CO oxidation charge (µC)/420 (µC.m−2), (6)
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Figure 1. Cyclic voltammogram of the Pt/C-30 catalyst obtained in 0.5 M H2SO4 solution, at 20 mV/s.
The shaded area represents the CO oxidation peak. The arrows in blue indicate the direction of the
anodic scan.

3. Results
3.1. Characterization
3.1.1. X-ray Analyses

The Cu@PtRu/C structure is confirmed via XRD, which shows the partial core–shell
formation for Cu@PtRu/C-16 and Cu@PtRu/C-18, and the full core–shell formation for
Cu@PtRu/rGO-16 crystallites. These structures are a consequence of the substitution of
atoms on the surface of Cu nanoparticles with Pt and Ru atoms. Figure 2 shows the XRD
pattern for Pt/C-30, PtRu/C-30, Cu@PtRu/C-16, Cu@PtRu/C-18, and Cu@PtRu/rGO-16.
For all PtRu-containing catalysts, there is a slight shift in relation to the Pt/C-30 diffraction
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peak in the (111) plane. These shifts to values higher than 2
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Cu@PtRu/rGO-16, and Cu/rGO-30 catalysts. 

As observed in Figure 2, the crystallinity of Cu@PtRu/C is high, and the presence of 
peaks characteristic of the Pt structure suggests that the layer covering the core is formed, 
or specifically, in this case, implies that the estimated thickness of the PtRu alloy on the 
surface of Cu nanoparticles is higher than 1 nm [38,39]. The reason for the belief that the 
Cu@PtRu/rGO-16 nanoparticles (NPs) form a perfect core–shell system is the absence of 
the standard diffraction peaks characteristic of Cu atoms and their oxides at 2Ɵ equal to 
36° and 43°. The presence of these peaks for the Cu@PtRu/C-16 and Cu@PtRu/C-18 cata-
lysts suggests that the coating of Cu NPs on these structures is only partial. The average 
size of the crystallites, determined via the Scherrer equation, is 3.6 nm (Cu/rGO), 3.8 nm 
(Pt/C-30), 3.4 nm (PtRu/C-30), 4.9 nm (Cu@PtRu/C-16), 4.4 nm (Cu@PtRu/C-18), and 4.5 
nm (Cu@PtRu/rGO-16). 

are indicative of the formation
of the PtRu alloy, either directly on the support, or in the Cu crystallites. The formation of
PtRu can also be inferred from the values calculated for the lattice parameters of the PtRu
catalysts that present lower values in relation to the monatomic Pt alloy. The first peak
located at about 2

Energies 2023, 16, x FOR PEER REVIEW 5 of 14 
 

 

3. Results 
3.1. Characterization 
3.1.1. X-ray Analyses 

The Cu@PtRu/C structure is confirmed via XRD, which shows the partial core–shell 
formation for Cu@PtRu/C-16 and Cu@PtRu/C-18, and the full core–shell formation for 
Cu@PtRu/rGO-16 crystallites. These structures are a consequence of the substitution of 
atoms on the surface of Cu nanoparticles with Pt and Ru atoms. Figure 2 shows the XRD 
pattern for Pt/C-30, PtRu/C-30, Cu@PtRu/C-16, Cu@PtRu/C-18, and Cu@PtRu/rGO-16. For 
all PtRu-containing catalysts, there is a slight shift in relation to the Pt/C-30 diffraction 
peak in the (111) plane. These shifts to values higher than 2Ɵ are indicative of the for-
mation of the PtRu alloy, either directly on the support, or in the Cu crystallites. The for-
mation of PtRu can also be inferred from the values calculated for the lattice parameters 
of the PtRu catalysts that present lower values in relation to the monatomic Pt alloy. The 
first peak located at about 2Ɵ = 25° for Pt/C-30, PtRu/C-30, Cu@PtRu/C-16, and 
Cu@PtRu/C-18 is associated with the face (002) of the crystal structure of the carbon. The 
absence of this peak is noted in the Cu/rGO and Cu@PtRu/rGO-16 catalysts, and it is as-
sociated with the efficiency of the exfoliation process of graphite sheets via the chemical 
route, as the exfoliation increases the distance between the constituent planes of the graph-
ite, shifting 2Ɵ to smaller values. The other three peaks at 40°, 47°, and 68° are associated 
with the (111), (200), and (220) planes, characteristic of the face-centered (fcc) cubic crystal 
alloys of Pt [36,37]. 

 
Figure 2. X-ray diffraction patterns of the Pt/C-30, PtRu/C-30, Cu@PtRu/C-16, Cu@PtRu/C-18, 
Cu@PtRu/rGO-16, and Cu/rGO-30 catalysts. 

As observed in Figure 2, the crystallinity of Cu@PtRu/C is high, and the presence of 
peaks characteristic of the Pt structure suggests that the layer covering the core is formed, 
or specifically, in this case, implies that the estimated thickness of the PtRu alloy on the 
surface of Cu nanoparticles is higher than 1 nm [38,39]. The reason for the belief that the 
Cu@PtRu/rGO-16 nanoparticles (NPs) form a perfect core–shell system is the absence of 
the standard diffraction peaks characteristic of Cu atoms and their oxides at 2Ɵ equal to 
36° and 43°. The presence of these peaks for the Cu@PtRu/C-16 and Cu@PtRu/C-18 cata-
lysts suggests that the coating of Cu NPs on these structures is only partial. The average 
size of the crystallites, determined via the Scherrer equation, is 3.6 nm (Cu/rGO), 3.8 nm 
(Pt/C-30), 3.4 nm (PtRu/C-30), 4.9 nm (Cu@PtRu/C-16), 4.4 nm (Cu@PtRu/C-18), and 4.5 
nm (Cu@PtRu/rGO-16). 

= 25◦ for Pt/C-30, PtRu/C-30, Cu@PtRu/C-16, and Cu@PtRu/C-18
is associated with the face (002) of the crystal structure of the carbon. The absence of this
peak is noted in the Cu/rGO and Cu@PtRu/rGO-16 catalysts, and it is associated with
the efficiency of the exfoliation process of graphite sheets via the chemical route, as the
exfoliation increases the distance between the constituent planes of the graphite, shifting
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to smaller values. The other three peaks at 40◦, 47◦, and 68◦ are associated with the
(111), (200), and (220) planes, characteristic of the face-centered (fcc) cubic crystal alloys of
Pt [36,37].
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As observed in Figure 2, the crystallinity of Cu@PtRu/C is high, and the presence of
peaks characteristic of the Pt structure suggests that the layer covering the core is formed,
or specifically, in this case, implies that the estimated thickness of the PtRu alloy on the
surface of Cu nanoparticles is higher than 1 nm [38,39]. The reason for the belief that the
Cu@PtRu/rGO-16 nanoparticles (NPs) form a perfect core–shell system is the absence
of the standard diffraction peaks characteristic of Cu atoms and their oxides at 2
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equal
to 36◦ and 43◦. The presence of these peaks for the Cu@PtRu/C-16 and Cu@PtRu/C-18
catalysts suggests that the coating of Cu NPs on these structures is only partial. The average
size of the crystallites, determined via the Scherrer equation, is 3.6 nm (Cu/rGO), 3.8 nm
(Pt/C-30), 3.4 nm (PtRu/C-30), 4.9 nm (Cu@PtRu/C-16), 4.4 nm (Cu@PtRu/C-18), and
4.5 nm (Cu@PtRu/rGO-16).

3.1.2. HRTEM Results

The core–shell structures have been also characterized via HRTEM, to allow compar-
ison with the XRD results, and the visualization of changes in the distances among the
crystallographic planes, due to the substitution of atoms on the NP surfaces that form the
nuclei. Figure 3A–E display representative images obtained using HRTEM. From these
images, a spherical shape is assumed for the Cu/rGO and Cu@PtRu/rGO-16 NPs, and a
regular dispersion of these NPs on the rGO support is observed. The average diameter
measured for the Cu/rGO NPs is 3.7 nm and, for the Cu@PtRu/rGO-16 NPs, is 4.9 nm,
suggesting that a layer with a size of above 1nm of PtRu is deposited on the surface of
the Cu particles. The growth of the Pt alloys on the surface of the copper NPs can be
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understood as an expansion of the copper crystal lattice, where, in general the outer layer
is favored by two factors: the higher oxidation potential of the constituent metals of the
core in relation to that of the metals in the covering layer, and this layer having the same
crystalline arrangement of the core atoms [40,41].
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The PtRu formation on Cu NPs is the result of charge transfer at the Cu/solution
interface, and the increase in size, observed via HRTEM, in the Cu/rGO NPs is attributed
to the reduction in Pt2+ and Ru3+ species. This reduction is favored over the Cu core,
because the interaction between the metal ions and the copper atoms is stronger than
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the interaction between them and the carbon support. Another factor favorable to the
growth of the PtRu layer on the copper core is the crystalline arrangement of Pt and Cu,
both FCCs. From Figure 3A,B, it is possible to observe, in darker contrast, the formation
of agglomerates of Cu/rGO particles, resulting from the employed synthesis method.
Regularly distributed regions are represented by NPs in a less-dark contrast. Figure 3D
depicts a better distribution of the support for the Cu@PtRu/rGO-16 NPs, suggesting that
the second step in the synthesis is the stage of the reconfiguration of the particle distribution
on the support.

The brightness contrast between the core and shell regions observed in some Cu@PtRu/
rGO NPs in Figure 3D is commonly attributed to the separation between the Cu core, the
darker region, and the PtRu shell, the brighter region. However, the boundary between the
core and the shell is not well defined in the images, and the separation between the phases
is better defined via the measurement of the interplanar distance of the crystal constituting
the core and, subsequently, the formed core–shell. The lattice planes of the Cu/rGO-30
NPs in Figure 3C exhibit an interplanar spacing of 0.2206 nm, corresponding to the (111)
face of the copper alloy. In this case, a single particle is chosen arbitrarily. In Figure 3E, the
distance measured between the two closest rows of atoms for the Cu@PtRu/rGO-16 NPs is
0.2317 nm, referring to the orientation of the (111) crystalline plane of the FCC structure
of platinum. According to the XRD results that show the absence of the standard peaks
characteristic of the copper crystal structure, it can be concluded that the distance between
the planes in Figure 3E refers to the PtRu alloy. Eighty particles are randomly measured,
to obtain the average particle size distribution of Cu@PtRu/rGO-16. The HRTEM results
suggest that, in some cases, discrete Pt and PtRu particles are formed; however, this state-
ment refers to a few measurements of particles showing sizes below the measured values
for most Cu@PtRu/rGO-16 NPs obtained either via HRTEM or via the Scherer equation.

3.1.3. Cyclic Voltammetry Testing

The electrochemical performance of the Pt/C-30, PtRu/C-30 Cu@PtRu/C-16, Cu@PtRu/
C-18, and Cu@PtRu/rGO-16 catalysts have been investigated via cyclic voltammetry in
sulfuric acid, 0.5 mol L−1 H2SO4, at 20 mV/s. The cyclic voltammograms of the catalysts
are shown in Figure 4A–D. The current values for this cyclic voltammetry test have not
been normalized. Each voltammogram is acquired after 22 cycles under a N2 atmosphere,
in order to obtain a more stable response from the electrode surface.

The electrocatalyst PtRu/C, and those with core–shell morphology Cu@PtRu/C-
16, Cu@PtRu/C-18 and Cu@PtRu/rGO-16, show a poorly defined hydrogen adsorp-
tion/desorption region in the potential range of −0.2–0.15 V, versus Ag/AgCl, in relation
to pure platinum. The poorly defined hydrogen adsorption region in the core–shell electro-
catalysts may be related to the formation of surface ruthenium oxides at potentials lower
than 0.15 V, versus Ag/AgCl, which may inhibit the hydrogen adsorption reaction on the
platinum sites [42,43]. For the electric double-layer region (0.15 to 0.6 V), versus Ag/AgCl
electrocatalysts, PtRu/C, Cu@PtRu/C-16, Cu@PtRu/C-18, and Cu@PtRu/rGO-16 present
an enlargement of the electrical double layer in relation to the Pt/C catalyst, proving to be
more capacitive, probably due to the increase in the number of pores and/or the reagglom-
eration of the sheets in the case of the core–layer morphology [44]. In general, the large
surface area of Vulcan XC72R carbon and rGO favor a higher formation of oxygenated
species, essential for methanol electrooxidation. The literature has shown that this enlarge-
ment of the voltametric profiles in the potential range of the double layer is characteristic
of PtRu alloys, with platinum being the site of adsorption of electroactive species [45,46].
The small peak formed in the cathodic sweep at approximately 0.35 V, vs. Ag/AgCl, for all
electrocatalysts corresponds to the reduction in oxides formed in the anodic sweep, and it
can be noted that, contrary to what is observed in hydrogen adsorption/desorption, the
redox potentials are not coincident, which shows the irreversible nature of this process. The
current values of the cyclic voltammetry and chronoamperometry curves in 0.5 mol L−1
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H3COH plus 0.5 mol L−1 H2SO4 solution have been normalized, using the oxidation
method of a CO monolayer adsorbed on the surface of all electrocatalysts.
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solution, at a scan rate of 20 mV/s.

In Figure 5A–D, the curves obtained for the anodic scans referring to the oxidation of
methanol on the Pt/C-30, PtRu/C-30, Cu@PtRu/C-16, Cu@PtRu/C-18, and Cu@PtRu/rGO-
16 electrocatalysts are superimposed. These curves have been obtained in solutions contain-
ing 0.5 M CH3OH plus 0.5 M H2SO4, at 20 mV/s, in the potential range between −0.2 and
0.8 V, vs. Ag/AgCl.

The anode scans in Figure 5 show that, for the low potential region (0.1 to 0.4 V), the
Cu@PtRu/rGO-16 electrocatalyst depicts a higher current density value than the others.
Similarly, its cyclic voltammograms in a 0.5 M H2SO4 solution show higher current density
values. The second best is Cu@PtRu/C-16, followed by Cu@PtRu/C-18, both with a core–
shell structure. Although the Cu@PtRu/C-16 and Cu@PtRu/C-18 catalysts depict lower
current densities than that of Cu@PtRu/rGO-16, their current densities are higher than
those of Pt/C-30 and PtRu/C-30.

The starting oxidation potential (SOP) is an important criterion used to evaluate and
compare the catalytic activities of electrodes. The values measured for the SOP of each
catalyst are shown in Table 1. The oxidation–reduction peaks of the Cu@PtRu/rGO-16
catalyst are lower than all the others. Cu@PtRu/C-16 and Cu@PtRu/C-18 have lower SOP
values than those of Pt/C-30 and PtRu/C-30. The PtRu/C electrocatalyst, although it has a
lower SOP value than that of Pt/C, has a higher value than the core–shell morphology elec-
trocatalysts. Among the core–shells, Cu@PtRu/C-16 displays the lowest value in relation
to Cu@PtRu/C-18. Among all the tested electrocatalysts, Cu@PtRu/rGO-16 exhibits the
lowest SOP value, 0.250 V. Thus, the order of catalytic activities, according to the SOP value



Energies 2023, 16, 6508 9 of 13

criterion, is: Pt/C < PtRu/C-30 < Cu@PtRu/C-18 < Cu@PtRu/C-16 < Cu@PtRu/rGO-16.
The better performance of the Cu@PtRu/rGO-16 electrocatalyst in relation to the others
in methanol oxidation can be attributed to its high active surface, the higher number of
oxygen-containing groups attached to the ruthenium atom (carboxyl, hydroxyl, etc.), the
bifunctional mechanism, and the electronic effect; and to its efficient exfoliation process, or
the higher thermal and mechanical stability of its carbon support [47,48]. The ratio between
the forward (iF) and reverse anodic (iR) peak current densities can be used to describe
the catalyst’s tolerance to catalytic poison accumulation. A high iF/iR value indicates a
more effective removal of species that poison the catalyst surface [37]. Table 1 shows the
calculated values for iF, iR and iF/iR.
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The Pt/C-30 (1.21 A/cm2) and PtRu/C-30 (1.96 A/cm2) electrocatalysts demon-
strate the lowest iF values in relation to Cu@PtRu/C-16 (2.79 A/cm2) and Cu@PtRu/C-18
(2.89 A/cm2). The iF for the Cu@PtRu/rGO-16 electrocatalyst (2.68 A/cm2) is lower than
that for the other core–shell systems; however, it possesses the lowest iR (1.85 A/cm2)
compared to the others, except for PtRu/C-30 (1.88 A/cm2). These results show that the
Cu@PtRu/rGO-16 electrocatalyst has the highest iF/iR value (1.45 A/cm2) among all those
studied here. In general, the iF/iR ratio is a measure of the efficiency of the bifunctional
mechanism, and the electronic effect on the electrode kinetics.
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Table 1. The starting oxidation potential (SPO) in volts, the forward peak current density (iF) in
Ampere per square centimeter, the reverse peak current density (iR), and the iF/IR ratio for the Pt/
C-30, PtRu/C-30, Cu@PtRu/C-16, Cu@PtRu/C-18, and Cu@PtRu/rGO-16 electrocatalysts, obtained
via the reduction method.

Electrocatalyst SOP iF iR iF/iR

(V) (A/cm2) (A/cm2)

Pt/C-30 0.437 1.21 0.99 1.22
PtRu/C-30 0.425 1.96 1.88 1.04

Cu@PtRu/C-16 0.300 2.79 2.02 1.38
Cu@PtRu/C-18 0.391 2.89 2.17 1.33

Cu@PtRu/rGO-16 0.250 2.68 1.85 1.45

3.1.4. Chronoamperometry Measurements for Methanol Electrooxidation

Chronoamperometric experiments have been carried out in a solution of 0.5 M
methanol plus 0.5 M H2SO4, to observe the stability of the catalysts over time at a constant
potential. The results are shown in Figure 6.
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The results obtained via chronoamperometry demonstrate that the PtRu/C-30, Cu@PtRu/
C-16, Cu@PtRu/C-18, and Cu@PtRu/rGO-16 systems exhibit higher current density values
than that of the standard Pt/C, after 20 min of operation, with a potential value of 500 mV.
This fact is probably due to the bi-functional mechanism and/or the electronic effect result-
ing from the presence of ruthenium in the alloy. However, the core–shell electrocatalysts
show a higher stability, and higher current density values than those of PtRu/C-30 and the
conventional Pt/C-30, again indicating the beneficial effect of the core–shell structure in the
electrocatalysts’ performance. The current density value of the Cu@PtRu/rGO-16 catalyst
is about four times higher than that of the Cu@PtRu/C-16 and Cu@PtRu/C-18 catalysts.
In addition, it is about five times higher than that of the PtRu/C-30 catalyst, and around
six times higher than that of Pt/C-30. These results suggest that Cu@PtRu/rGO-16 exhibits
a high long-term bulk activity in methanol electrooxidation, a high stability, and a high
tolerance to CO poisoning. The lower instability of the Cu@PtRu/C-16 and Cu@PtRu/C-18
catalysts may be related to the pseudo core–shell morphology that allows the presence
of copper and its oxides on the surface of the NPs, which, according to the XRD results,
does not take place with Cu@PtRu/rGO-16. The chronoamperometric results are further
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supported by the HRTEM images that display a regular distribution of the NPs over the
rGO support.

In the Cu@PtRu/C-16 and Cu@PtRu/C-18 electrocatalysts, the irregular formation of
the layers that cover the core suggests that PtRu is reduced on the support in the form of a
bimetallic alloy, or in the form of monatomic Pt and Ru alloys. In the latter case, the absence
of the bifunctional mechanism, and the electronic effect on the dispersed Pt NPs significantly
affect the performance of these catalysts. The following order of catalytic activities can
be assigned approximately after 20 min of reaction: Pt/C < PtRu/C-30 < Cu@PtRu/
C-18 < Cu@PtRu/C-16 < Cu@PtRu/rGO-16. The results obtained via chronoamperometry
agree with those obtained via cyclic voltammetry in a 0.5 M H2SO4 solution, in the sense
that the best electrocatalyst is Cu@PtRu/rGO-16, and the worst is Pt/C.

The higher current density values for Cu@PtRu/rGO-16 in relation to the other electro-
catalysts suggest that the surface tension and other characteristic properties of the interface
may be the cause of its better performance. This energy originating from the core–shell
interface, as well as the electronic effect, may be associated with the weakening of the
Pt-COads bonds on the surfaces of the core–shell NPs. Thus, the free energy released at
the phase boundary inside NPs with core–shell morphology, added to the electronic effect
and the bi-functional mechanism, may be the cause of the greater tolerance to CO, and
the consequent increase in the electrocatalytic activity of electrocatalysts with a core–shell
morphology. The preponderance of one of these effects depends on the potential range
considered. In fact, the increased tolerance of the PtRu alloy to CO has the effect of the
preponderant ligand at potentials below 0.3 V, and the bifunctional mechanism at potentials
above 0.3 V. The higher values of electrical current densities for Cu@PtRu/rGO-16 must
be associated with the higher conductivity of rGO compared to Vulcan XC72R; thus, rGO
support is crucial to the best performance of the Cu@PtRu/rGO-16 electrocatalyst.

4. Conclusions

In summary, it has been demonstrated that the core–shell/rGO combination is superior
in catalytic activity to the traditional Pt/C, PtRu/C, and Cu@PtRu/C catalysts in the
methanol oxidation reaction. The core–shell/rGO structure has been confirmed via XRD
and HRTEM. The lower activity of the core–shell catalyst with an incomplete layer (pseudo
core–shell), and supported on Vulcan carbon, is related to this partial encapsulation and the
properties of the support. In the case of partial encapsulation, the formation of Pt crystals
outside the PtRu alloy made its best use impossible. It is also concluded that the catalytic
activity of the Cu@PtRu/C catalyst can indeed be improved via the use of rGO as a support,
instead of Vulcan XC-72 carbon. Furthermore, considering that the Cu core significantly
decreases the Pt loading on the catalyst, Cu@PtRu/rGO is a promising candidate material
for large-scale fabrication in electrocatalysis. Cu@PtRu/rGO nanostructures have excellent
catalytic properties, and their syntheses are simple, which paves the way for their utilization
in fuel cell technologies.
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