
catalysts

Article

Reduced Graphene Oxide-Supported Pt-Based Catalysts for
PEM Fuel Cells with Enhanced Activity and Stability

Irina V. Pushkareva 1,2 , Artem S. Pushkarev 1,2,3 , Valery N. Kalinichenko 2,4,5, Ratibor G. Chumakov 2,3,
Maksim A. Soloviev 1,2, Yanyu Liang 6, Pierre Millet 7 and Sergey A. Grigoriev 1,2,8,*

����������
�������

Citation: Pushkareva, I.V.;

Pushkarev, A.S.; Kalinichenko, V.N.;

Chumakov, R.G.; Soloviev, M.A.;

Liang, Y.; Millet, P.; Grigoriev, S.A.

Reduced Graphene Oxide-Supported

Pt-Based Catalysts for PEM Fuel Cells

with Enhanced Activity and Stability.

Catalysts 2021, 11, 256. https://

doi.org/10.3390/catal11020256

Academic Editor: Vincenzo Baglio

Received: 24 January 2021

Accepted: 8 February 2021

Published: 15 February 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 National Research University “Moscow Power Engineering Institute”, 14, Krasnokazarmennaya st.,
111250 Moscow, Russia; PushkarevaIV@mpei.ru (I.V.P.); PushkarevAS@mpei.ru (A.S.P.);
SolovyevMaxA@mpei.ru (M.A.S.)

2 National Research Center “Kurchatov Institute”, 1, Akademika Kurchatova sq.,
123182 Moscow, Russia; kalinval47@mail.ru (V.N.K.); Chumakov_RG@nrcki.ru (R.G.C.)

3 Moscow Institute of Physics and Technology, 9, Institutskiy per., Dolgoprudny,
141701 Moscow Region, Russia

4 N.N. Semenov Federal Research Center for Chemical Physics, Russian Academy of Sciences,
119991 Moscow, Russia

5 N.M. Emanuel Institute of Biochemical Physics, Russian Academy of Sciences,
119991 Moscow, Russia

6 College of Materials Science and Technology, Nanjing University of Aeronautics and Astronautics,
Nanjing 211106, China; liangyy403@126.com

7 Institut de Chimie Moléculaire et des Matériaux d’Orsay, Université Paris-Saclay,
91405 Orsay, France; pierre.millet@universite-paris-saclay.fr

8 HySA Infrastructure Center of Competence, Faculty of Engineering, North-West University,
Potchefstroom 2531, South Africa

* Correspondence: grigoryevsa@mpei.ru or sergey.grigoriev@outlook.com

Abstract: Platinum (Pt)-based electrocatalysts supported by reduced graphene oxide (RGO) were
synthesized using two different methods, namely: (i) a conventional two-step polyol process using
RGO as the substrate, and (ii) a modified polyol process implicating the simultaneous reduction of a
Pt nanoparticle precursor and graphene oxide (GO). The structure, morphology, and electrochem-
ical performances of the obtained Pt/RGO catalysts were studied and compared with a reference
Pt/carbon black Vulcan XC-72 (C) sample. It was shown that the Pt/RGO obtained by the optimized
simultaneous reduction process had higher Pt utilization and electrochemically active surface area
(EASA) values, and a better performance stability. The use of this catalyst at the cathode of a proton
exchange membrane fuel cell (PEMFC) led to an increase in its maximum power density of up to
17%, and significantly enhanced its performance especially at high current densities. It is possible to
conclude that the optimized synthesis procedure allows for a more uniform distribution of the Pt
nanoparticles and ensures better binding of the particles to the surface of the support. The advan-
tages of Pt/RGO synthesized in this way over conventional Pt/C are the high electrical conductivity
and specific surface area provided by RGO, as well as a reduction in the percolation limit of the
components of the electrocatalytic layer due to the high aspect ratio of RGO.

Keywords: graphene; graphene oxide; reduced graphene oxide; polymer electrolyte membrane fuel
cell; catalyst support; catalytic layer; platinum; platinum utilization

1. Introduction

Platinum (Pt)-based electrocatalysts are commonly used in proton exchange mem-
brane fuel cells (PEMFCs). The platinum nanoparticles must be dispersed uniformly on
the surface of a suitable support (catalyst carrier) in order to maximize the active surface
and the catalytic activity, to improve the stability, and to reduce the cost of electrodes [1].
Carbon blacks (Vulcan XC-72, Ketjen Black, etc.), which have the merit of being easily
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available and inexpensive, are commonly used as supports for electrocatalysts in PEM-
FCs [2]. However, they contain deep micropores (up to 47% [3]) that reduce the flow of
reagents and are poorly connected, which affects the electrical conductivity of the support.
In addition, Pt nanoparticles may be trapped into micropores, with no access to ionomer
and reagents, and this can decrease the electrochemically active surface area (EASA) of the
catalyst [4]. The presence of impurities and poor stability are other major disadvantages;
the latter directly affects the durability of the catalytic layers—carbon corrosion accelerates
the detachment or agglomeration of Pt nanoparticles [5,6] and increases oxygen transport
resistance in the catalytic layer [7].

The performance of carbon black-based catalytic layers can be improved through
the addition of functional additives such as carbon nanotubes (CNTs) [8] or reduced
graphene oxide (RGO) [9,10], especially at high current densities [11]. For instance,
RGO nanoplatelets act as spacers between the platinized carbon black agglomerates, de-
creasing the catalytic layer percolation threshold (electronic conductivity) [12] and enhanc-
ing mass transfer [11]. Carbon black durability could be increased, for example, through
the preparation of composites with stable oxides [13,14] or using any heteroatom dop-
ing approaches [15]. Several alternatives, such as carbon nanotubes [16], nanofibers [17],
mesoporous carbons [18], and graphene-based materials [19–23], have been considered.

The key advantages of graphene-based materials are their high specific surface, chem-
ical stability, and graphitic structure [24] (providing high electrochemical durability);
superior electronic conductivity; and strong metal–support interaction, which stabilize Pt
nanoparticles from growth and leaching [25,26]. Their layered structure may enhance the
catalyst layer mass transfer [27]. On the other hand, layered graphene-based materials are
prone to restack because of Van-der-Waals interactions and the tendency of nanosheets to
agglomerate in aqueous solutions [28,29], which may be suppressed.

The method of colloidal reduction/deposition of Pt nanoparticles is often used because
of its simplicity and the possibility of implementing it on a large scale [30]. Different synthetic
approaches have been proposed in the literature to obtain Pt/RGO catalysts [31–36]. The re-
search of Sanli et al. [32] showed that the colloidal reduction in ethylene glycol (EG) could
yield a Pt/RGO catalyst with a high activity and uniformly distributed small nanoparticles
when compared with sodium borohydride and ascorbic acid reductions. On the other hand,
polyol synthesis is sensitive to various experimental parameters and procedures. Accord-
ing to the authors of [30], the process pH, the type of Pt precursor, and the OH−/Pt ratio
are parameters of great importance; the use of H2PtCl6·6H2O and alkali media (pH = 12)
in one-pot polyol synthesis were considered. Moreover, the simultaneous polyol reduc-
tion has several advantages over consecutive methods (separate reduction of GO and Pt
nanoparticles)—GO is able to form well-dispersed colloids because of the electrostatic repul-
sion of oxygen-containing functional groups [37], which can also serve as additional sites for
Pt nanoparticle binding [38]. Pt nanoparticles not only promote the catalytic reduction of
GO, but also prevent the agglomeration and “restacking” of sheets (“flakes”) of RGO [39].

Most of the proposed methods are focused on low-Pt-loaded catalysts (up to 20 wt.%)
with small Pt nanoparticles, which could be unstable [40], whereas the optimal (balanced
in terms of activity and durability) size is considered to be ca. 4–5 nm [41]. The PEMFC
membrane electrode assembly (MEA) performance significantly depends on not only on
the activity and EASA of the catalysts, but also on the catalytic layer structure and thickness.
For instance, a thinner catalytic layer (with a higher Pt content) provides a better mass
transfer and lower charge transfer resistance within the active layer [42–44]. Layers with a
Pt content gradient structure have also been proposed [45].

The proposed study focused on RGO-supported catalysts with a relatively high
Pt content forming thinner catalytic layers (considering the same cathode Pt loading),
favorable for applications in H2/O2 (air) PEMFC. A modified polyol approach using
ethylene glycol and formaldehyde as reductants was developed to obtain RGO-supported
catalysts; it includes the simultaneous “one-pot” reduction of both Pt nanoparticles and
RGO precursors. The obtained Pt/RGO(s) catalysts were characterized using different
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techniques, including X-ray diffraction (XRD) and X-ray photoemission spectroscopy (XPS),
transmission electron microscopy (TEM), cyclic voltammetry and accelerated stress testing
(AST) in comparison with the Pt/carbon black Vulcan XC-72 (C) and Pt/RGO catalysts
obtained conventionally. Finally, the obtained catalysts were implemented at the cathodes
of the H2/O2 PEMFC MEAs and tested.

2. Results and Discussion

The structure and morphology of the Pt/C, Pt/RGO, and Pt/RGO(s) catalysts were
determined through TEM analysis. Figure 1 shows that instead of some agglomeration,
the Pt nanoparticles of all of the studied catalysts were quite small and finely dispersed
over the surface of the carbon substrate. Their size distributions (see insets of Figure 1)
were obtained using the well-known ImageJ software [46]. The analysis was based on no
less than 100 particles for each catalyst. The size of most Pt nanoparticles (ca. 80%) was
between 3 and 5 nm. The mean particle sizes of the Pt/C, Pt/RGO, and Pt/RGO(s) catalysts
were 3.6, 3.9, and 3.95 nm, respectively. Particle agglomeration made it difficult to precisely
evaluate the nanoparticle size, thus XRD analysis was used to find the Pt crystallite size
(see below).
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Figure 1. TEM images of different catalysts: (a,b) Pt/reduced graphene oxide(s) (RGO(s)) (s), (c,d) Pt/RGO, and (e,f) Pt/car-
bon black Vulcan XC-72 (C), as well as Pt nanoparticles’ size distribution (see insets). 
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[47], which is higher than graphite interplane distance (3.37 Å), and because of the various 
functional groups formed and C–C bonds disruption during the oxidation [32] (see XPS 
spectra given below). The XRD spectra of RGO (Figure 2) exhibited a main peak at 2θ = 
30.5°, corresponding to the (002) plane with an interplane distance of ca. 3.4 Å, suggesting 
the partial restoration of the graphitic structure. 
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Figure 2. XRD spectra of (1) RGO, (2) Pt/RGO(s), and (3) Pt/C. 

The XRD spectra of the Pt/RGO(s) and Pt40/C catalysts are shown in Figure 2. They 
exhibited clear peaks located at 46.7°, 54.0°, 80.8°, and 98.6°, corresponding to the (111), 
(200), (220), and (311) planes, respectively, of the face-centered cubic lattice of Pt (JCPDS 

Figure 1. TEM images of different catalysts: (a,b) Pt/reduced graphene oxide(s) (RGO(s)) (s), (c,d) Pt/RGO, and (e,f)
Pt/carbon black Vulcan XC-72 (C), as well as Pt nanoparticles’ size distribution (see insets).

The reduction of GO led to significant structure changes. The XRD spectra of exfoliated
GO usually shows an intensive (001) peak with an interplane distance of ca. 7.4 Å [47],
which is higher than graphite interplane distance (3.37 Å), and because of the various
functional groups formed and C–C bonds disruption during the oxidation [32] (see XPS
spectra given below). The XRD spectra of RGO (Figure 2) exhibited a main peak at
2θ = 30.5◦, corresponding to the (002) plane with an interplane distance of ca. 3.4 Å,
suggesting the partial restoration of the graphitic structure.
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The XRD spectra of the Pt/RGO(s) and Pt40/C catalysts are shown in Figure 2. They ex-
hibited clear peaks located at 46.7◦, 54.0◦, 80.8◦, and 98.6◦, corresponding to the (111), (200),
(220), and (311) planes, respectively, of the face-centered cubic lattice of Pt (JCPDS No.
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4-802, considering the Co Kα source being used here). The spectra of Pt/RGO(s) (Figure 2)
shows the (002) peak of carbon at 30.7◦ considering the multilayered RGO support [48,49].
The Scherrer equation was used to calculate the mean size of the Pt crystallites, as follows:

dXRD =
Kλ

β cos θβ
(1)

where dXRD is the mean size of the Pt crystallites (in nm), K is the Scherrer constant (for
spherical particles with cubic symmetry this is equal to 0.94), λ is the Co Kα radiation
wavelength (0.178897 nm), β is the full peak width at half maximum (rad), and θβ is the
Bragg angle (degrees).

The mean sizes of the Pt crystallites of Pt/C, Pt/RGO, and Pt/RGO(s) were ca. 3.60,
3.55, and 3.50 nm, respectively. It should be mentioned that the mean size of the RGO-
supported Pt nanoparticles is slightly higher in comparison with the Vulcan XC-72 sup-
ported ones, possibly because of some agglomeration of RGO during its reduction (thermal
or chemical) [39]. The simultaneous reduction of precursors did not significantly affect the
mean Pt crystallite size (measured by XRD) or the mean nanoparticles size (dTEM) deduced
from the analysis of the TEM images (see combined Pt crystallites/nanoparticles sizes data
in Table 1).

Table 1. Comparative parameters of the obtained catalysts.

Catalyst dXRD, nm dTEM, nm EASA, m2 g−1 Pt SPt, m2 g−1 Pt 1 uPt, %

Pt/C 3.5 3.60 79.0 54 68.3
Pt/RGO 3.9 3.55 75.2 48 63.8

Pt/RGO(s) 3.95 3.50 75.2 60 79.8
1 Calculated using the mean value of the Pt nanoparticles size taken between dXRD and dTEM.

CasaXPS software [50] was used to analyze the experimental data and decompose
the lines into constituent components. The Gaussian–Lorentzian sum functions were used
to interpret the spectra of the individual lines. The National Institute of Standards and
Technology (NIST) laboratory database was used to determine the positions and shapes
of the lines [51]. According to the C 1s spectra (Figure 3a–c), RGO-supported catalysts
primarily consist of sp2–carbon (at ca. 284.5 eV). The sp2/sp3 ratios of Pt/C, Pt/RGO,
and Pt/RGO(s) were 1.27, 36.2, and 38.6, respectively, suggesting that the graphitic structure
of RGO-supported catalysts was successfully restored during GO reduction using both
approaches—thermal reduction and simultaneous polyol reduction. Moreover, their C/O
ratio values were close, and were equal to ca. 9.5. At a low binding energy, the spectra
showed a few peak duplets (Figure 3d–f) corresponding to Pt at different oxidation states.
To distinguish the metallic Pt(0), Pt(II) (PtO/Pt(OH)2), and Pt (IV) (PtO2), the obtained
spectra were deconvoluted into a series of Pt 4f7/2 and 4f5/2 doublets, with a fixed ratio
for the intensity and energy shift [52]. The obtained spectra suggest that Pt(0) is the
predominant oxidation state in all catalysts (ca. 47–55%). On the other hand, all of the
samples presented a variable amount of Pt(II) and Pt(IV) species deduced from the Pt
4f7/2 peaks at binding energy values of ca. 72–75 eV, which could be attributed to the
partial surface oxidation of small Pt metal nanoparticles [53]. The Pt(0) content of Pt/C,
Pt/RGO, and Pt/RGO(s) were ca. 46.7, 43.2, and 55.2%, respectively. The lower amount of
oxidized Pt in the case of Pt/RGO(s) could be explained by the particle size effect (smaller
nanoparticles have more surface atoms, which are prone to oxidize) [53] or by the residual
Pt(II) and Pt(IV) species from the polyol reduction process, in which Pt (IV) reduced to
Pt (II) and then reached the metallic form [54]. It is worth noting that the Pt(0) surface
provided an active site for electrochemical reactions, but not the Pt(II) and Pt(IV) species.
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The cyclic voltammograms of the different catalysts recorded under an N2-purged
1M H2SO4 solution are shown in Figure 4. Well-defined hydrogen adsorption/desorption
and oxygenated species adsorption/desorption peaks, typical of Pt-based catalysts [55],
were observed for the studied catalysts at −0.15–0.20 and 0.6–0.8 V, respectively, vs.
the Ag/AgCl reference electrode. The electrochemical active surface areas (EASAs) of
Pt40/C, Pt40/RGO, and Pt40/RGO(s) were ca. 54, 48, and 60 m2 Pt g−1, respectively.
These values are in agreement with the data reported in the literature [32,35,56] for RGO-
supported catalysts of a similar Pt percentage and Pt nanoparticles size.
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The accessibility of the Pt nanoparticles and the catalytic layer connectivity could be
analyzed using the Pt utilization value. One hundred percent Pt utilization means that all
Pt nanoparticles were integrated into the entire electron conductivity network, and were
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fully accessible by the electrolyte. The approximate value of the full surface area of the Pt
nanoparticles can be calculated according to the following equation [57,58]:

SPt =
6000
ρ·d (2)

where SPt is the total surface of Pt (m2 g−1 Pt), ρ is the bulk Pt density (21.4 g cm−3), and d
is the Pt nanoparticles mean size (nm; taken as the mean value between dXRD and dTEM).
Thus, the Pt utilization (uPt, %) can be calculated as an EASA divided by the total surface
area of Pt, as follows:

uPt =
EASA

SPt
·100 (3)

The values of dXRD, dTEM, EASA, SPt, and uPt are collected in Table 1.
The obtained EASA values were lower than the values of the total area of the Pt

calculated from Equation (2), because of the different use of Pt, which was generally less
than 100%, even when the catalytic films that were used were thin. For instance, the uPt
value of a commercial E-TEK catalyst (with 20 wt.% of Pt) was 68% [59]. When graphene-
based materials were used as a substrate, the Pt utilization of a catalyst strongly depended
on the synthesis procedure, type of precursors, etc. [30,32,35]. According to the results
of Sanli et al. [32], the uPt of various RGO-supported catalysts prepared using different
approaches could vary from 28 to 93%. Here, ethylene glycol (EG), simultaneously acting
as a reductant, stabilizer, and dispersing agent [32], could form small and uniformly
distributed Pt nanoparticles. Moreover, the use of RGO as a support, together with the
simultaneous reduction approach, allowed for decreasing the agglomeration of particles
and increasing the Pt utilization in Pt40/RGO(s). On the other hand, the stability of the
obtained catalysts is another important factor that should be also considered. Figure 5
shows the variation of the EASA of the catalysts during AST.
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The EASA of all of the catalysts studied decreased significantly during AST. The main
degradation mechanisms included (i) electrochemical Ostwald ripening, (ii) particle migra-
tion and coalescence, (iii) detachment from carbon support (mainly from carbon corrosion),
and (iv) platinum dissolution and re-precipitation inside the ionomer phase [60–66]. As the
initial particle size of the Pt nanoparticles of the different catalysts studied was similar,
their different stability could be mainly attributed to the type of carbon support used.
Moreover, corrosion of the carbon support was expected to be the prevailing degrada-
tion mechanism because of the potential range selected for the AST procedure [13]. Af-
ter 3000 AST cycles, the EASA residual values of Pt/C, Pt/RGO, and Pt/RGO(s) were 18.4,
23.8, and 32.1 m2 g−1 Pt, or 34, 49.5, and 53.9%, respectively. It is important to note that
the electronic interactions between the Pt nanoparticles and graphene support could be
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responsible for the higher durability observed in the RGO-supported catalysts, as discussed
in the literature [67]. Such enhanced metal–substrate interactions are evidenced by the
negative shift in the Pt 4f binding energy on the XPS spectra [68], suggesting that electrons
were transferred from the respective carbon supports to Pt. However, both RGO-supported
catalysts showed a higher durability in comparison with Pt/C. A possible explanation is
the hindered corrosion of the RGO support itself as a result of the smaller number of disor-
dered sites in comparison with carbon black. Such disordered domains (sp3 hybridized) are
prone to be oxidized first at a high rate compared with the ordered sp2 graphitic structure
of RGO [69,70].

After characterization, the different catalysts (Pt/C, Pt/RGO, and Pt/RGO(s)) were
studied as cathode catalysts in H2/O2 PEMFC. The voltage and power density vs. current
density are shown in Figure 6.
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According to Figure 6, the cell voltages measured at 0.5 A cm−2 on the PEMFC with
Pt/C, Pt/RGO, and Pt/RGO(s) were ca. 0.593, 0.558, and 0.628 V, respectively. The use
of RGO as a catalyst support, regardless of the technique used for the deposition of Pt
nanoparticles, provided a better MEA performance at high current densities >1.2 A cm−2

because of the better reagents/products mass transfer in the cathode catalyst layer [71].
Significant mass transfer limitations were observed at high current densities with the Pt/C-
based MEA (Figure 6), while the polarization curves of Pt/RGO and Pt/RGO(s) remained
linear up to 1.4 A cm−2. The worse performance of Pt/RGO-based MEA could be ascribed
to the lower catalyst EASA and Pt utilization discussed earlier, due to the agglomeration
of RGO (during the catalyst synthesis and the catalyst deposition over the gas diffusion
electrode (GDE) [21]); however, the open layered structure of RGO allowed for sustaining
high current densities without significant transport limitations [12,72]. This suggestion is
in good agreement with the results described in the literature [30], according to which the
wrinkled sheet-like structure of RGO is superior to carbon black in terms of providing gas
flow channels and a high accessibility for the reactant gases. The high aspect ratio of RGO
allowed for reducing the percolation limits [72] of the electrocatalytic layer’s components
responsible for mass, electron, and proton transport.
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The maximum power densities measured on PEMFC MEAs containing Pt/C, Pt/RGO,
and Pt/RGO(s) were ca. 0.358, 0.337, and 0.421 W cm−2, respectively. The simultaneous
reduction of Pt and RGO precursors during synthesis provided a significantly better PEMFC
MEA performance. This was mainly due to the higher catalyst EASA, higher Pt utilization,
and less agglomerated support structure, which provided effective mass transport of the
oxygen reduction reaction reagents and products. The sorption of H2PtCl6 by the GO
surface and its further simultaneous reduction were possibly responsible for the narrow
and uniform Pt nanoparticles distribution over the RGO surface. The Pt nanoparticles
nucleated during the synthesis might have enhanced the dispersibility of the RGO and
prevent restacking, thus providing a high EASA and Pt utilization.

3. Materials and Methods
3.1. Preparation of Catalysts

Preparation of the Pt/C (C—carbon black Vulcan XC-72, purchased from Cabot Cor-
poration, Boston, MA, USA) and Pt/RGO electrocatalysts (40 wt.% of Pt) was carried out
using a modified polyol synthesis procedure, in which the reduction of the Pt precursor
(H2PtCl6 2H2O) was performed using ethylene glycol and formaldehyde as reductants,
according to the literature [73]. The RGO support were obtained through the thermal reduc-
tion of GO obtained by modified Hummers’ method, as described in the literature [9,10].
Pt40/RGO(s) were obtained by the same procedure, but with the addition of GO instead of
carbon support, i.e., GO and Pt nanoparticles precursor were reduced “in one pot” in order
to obtain the Pt/RGO(s) catalyst.

3.2. Structural and Morphological Studies

The XRD studies were performed using a D8 Advance diffractometer (Bruker, Bil-
lerica, MA, USA), using Co Kα radiation at 2θ = 20–120◦ with a step of ∆2θ = 0.07◦.
A scanning/transmission electron microscope, Titan 80–300 (Thermo-Fisher Scientific, Bev-
erly, MA, USA), equipped with an energy dispersive X-ray spectrometer (EDAX, Mahwah,
NJ, USA) was used to study the morphology of the catalysts. The XPS studies were per-
formed using a PHOIBOS 150 (SPECS Surface Nano Analysis GmbH, Berlin, Germany)
hemispherical analyzer and monochromatic Al Kα radiation, with a photon energy of
1486.61 eV and an end resolution of ∆E = 0.2 eV, located at the facility of the Kurchatov
Complex of Synchrotron and Neutron Investigation (NRC “Kurchatov Institute”, Moscow,
Russian Federation). The powdered samples were pressed into carbon scotch tape and were
transferred to the vacuum chamber of a spectrometer with a base pressure of 3 × 10−9 mbar.
All of the spectra were measured in fixed analyzer transmission mode, with a pass energy
of 120 and 40 eV for the survey spectra and separated lines, respectively. To analyze the
experimental data and decompose the lines into constituent components, CasaXPS soft-
ware (v. 2.3.23, Casa Software Ltd., Teignmouth, UK) was used [50]. The NIST laboratory
database (v. 4.1, National Institute of Standards and Technology, Gaithersburg, MD, USA)
was used to determine the position of the lines [52].

3.3. Electrochemical Studies

Electrochemical studies were carried out using a Solartron 1280 (AMETEK, Inc.,
Berwyn, PA, USA), with thin catalytic films formed on the surface of the glassy car-
bon disk working electrodes, according to the previously described procedures [13,74,75].
Briefly, the EASA of the catalysts were determined from their CVs measured in deaer-
ated 1 M H2SO4 at 25 ◦C with a 20 mV/s sweep rate. The charges associated with the
adsorption/desorption of hydrogen monolayers were taken to calculate the EASA (m2/g
Pt) [74,76]. ASTs aimed at studying the impact of the corrosion of the support on the dura-
bility of the electrochemical performances were performed using an approach described
earlier [13]. In brief, thin catalytic films were formed (as described above), and the working
electrodes were subjected to potential cycling from 0.8 to 1.4 V vs. reversible hydrogen
electrode at 0.1 V s−1 in an oxygen purged 1 M H2SO4 solution.
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3.4. Fuel Cell MEAs Fabrication and Testing

PEM fuel cell MEAs were prepared using Nafion® 115 (DuPont Inc., Wilmington,
DE, USA) as the polymer electrolyte membrane and Sigracet 39BC (SGL Group GmbH,
Wiesbaden, Germany) as the anode and cathode GDEs. Pt40/C was used as the anode
catalyst. The synthesized Pt/C, Pt/RGO, and Pt/RGO(s) materials were used as the
cathode catalysts. The Pt loading of the anode and cathode electrocatalytic layers were
0.2 and 0.4 mg cm−2, respectively. Catalytic layers were formed on the GDE surface by
air-spraying catalytic ink containing 15 wt.% Nafion® ionomer (Ion Power, Navarre, FL,
USA), as described in the literature [20]. The MEA components were clamped in a circular
titanium test cell with an active area of 7 cm2, as described elsewhere [12,20,77], and were
kept at 90 ◦C for 2 h to ensure the tight binding of the MEA components. Such mild
manufacturing conditions prevented the damage to the porous structure (the GDE and
its microporous sublayer), which could be caused by any type of hot-press approach and
ensured a high MEA performance at high current densities [78,79]. MEA testing was carried
out using pure hydrogen and oxygen at a relative humidity of 100%, cell temperature of
60 ◦C, and at a bar gauge gas pressure of 1.

4. Conclusions

RGO-supported electrocatalysts designed for operation at the cathode of PEMFCs
were synthesized using both the conventional two-step polyol process, and the simul-
taneous reduction of the Pt precursor and GO during a modified polyol process with
EG and formaldehyde as the synthesis environment/reducing agents. The Pt/RGO(s)
obtained by the optimized simultaneous reduction process showed high Pt utilization
and EASA values, and a better durability during AST, provoking strong oxidation of the
carbon support. The benefits of Pt/RGO(s) in comparison with conventionally prepared
Pt/RGO and Pt/C are suggested to be as a result of the hindered RGO agglomeration
during synthesis, optimized Pt nanoparticles morphology, and the ordered sp2 graphitic
structure of RGO. The implementation of the synthesized Pt/RGO(s) material as a cathode
catalyst in H2/O2 PEMFC allowed for increasing the maximum power density by up to
17% and to significantly enhance its performance, especially at high current densities.
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