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Abstract: Graphene oxide (GO), reduced graphene oxide by thermal treatment (rGO-TT),
nitrogen-modified rGO (N-rGO), and carbon Vulcan were synthesized and employed in the current
work as catalyst support for Pt nanoparticles, to study their properties and impact toward the
methanol oxidation reaction (MOR) in sulfuric acid medium. Several physicochemical techniques,
such as X-ray photoelectron spectroscopy (XPS), X-ray powder diffraction (XRD), Transmission
electron microscopy (TEM), energy-dispersive X-ray spectroscopy (EDX), Raman, and elemental
analysis were employed to characterize the novel materials, while potentiodynamic and potentiostatic
methods were used to study catalytic performance toward the methanol oxidation reaction in acidic
medium. The main results indicate a high influence of the support on the surface electronic state of
the catalyst, and consequently the catalytic performance toward the MOR is modified. Accordingly,
Pt/N-rGO and Pt/rGO-TT show the lowest and the highest catalytic performance toward the
MOR, respectively.
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1. Introduction

The search for alternatives to the use of fossil fuels, and the study and development of new green
technologies for energy supply is an imperative necessity in order to fight global warming. Direct
methanol fuel cells (DMFC) are an example of these energy-conversion devices [1-8]. They are able
to supply energy from the electro-oxidation of a cheap resource like methanol, resulting not only in
the reduction of release of harmful emissions, but also in the supply of high energy densities at low
temperatures. The design of the catalysts to be used in DMFC systems is of outstanding importance.
Many studies have confirmed that platinum is the most active metal when employed as a catalyst for
the methanol oxidation reaction (MOR) [9-11].

However, the scarcity of this metal in the world and its high cost hinder the commercialization of
such systems. In order to reduce as much as possible the amount of the catalytic material, the synthesis
of Pt nanoparticles with high surface area/volume ratios, as well as the use of catalyst supports for
a good dispersion of the metallic nanoparticles, is essential [12-14]. Furthermore, a high electrical
conductivity of the catalyst support is the key factor for electrochemical reactions like the MOR. In this
sense, graphene has emerged as a new-generation catalyst support, because of its excellent electrical
conductivity and high surface area [15-18]. Many works have described chemical exfoliation methods
of graphite to obtain so-called graphene oxide (GO) as a catalyst support. However, the conductivity
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of such materials is lower than the highly desirable two-dimensional graphene, because of the high
amount of oxygen groups on the surface. To fulfill conductivity problems, a great diversity of physical
and chemical methods have been described in the literature for GO reduction to obtain reduced GO
(rGO), with higher conductivity than GO itself [15-18]. On the other hand, it has been demonstrated
that the surface chemistry of the catalytic support plays an essential role in the activity of the catalyst
toward the MOR [19-23]. For example, the modification of carbon materials with heteroatoms, like
nitrogen or sulfur, causes an electronic modulation of the carbonaceous lattice, resulting in a change in
the electrocatalytic properties toward the MOR and other reactions of interest [15,18,23-25].

In the present paper, the synthesis of reduced graphene oxide (rGO) by a thermal treatment
(rGO-TT) and nitrogen-modified rGO by the caffeine route (N-rGO) is reported, both of which are
employed as supports for Pt nanoparticles. A deep physicochemical characterization of the novel
catalysts was performed, and their catalytic performance toward the MOR was studied and compared
with that of Vulcan XC72R supported Pt catalyst (Pt/C).

2. Materials and Methods

Sulfuric acid (p.a.; Merck, Darmstadt, Germany), methanol (p.a.; Merck, Darmstadt, Germany),
potassium permanganate (>99.8%; Sigma-Aldrich, Saint Louis, MO, USA), caffeine (>99%; Sigma-Aldrich,
Saint Louis, MO, USA), Vulcan XC-72R (Cabot, Boston, MA, USA), graphite (>99.8%; Sigma-Aldrich,
Saint Louis, MO, USA), hydrogen peroxide (30% v/v; Foret, Barcelona, Spain), hydrogen (5% Hj/95%
Njy; Air Liquide, Tenerife, Spain), (8 wt % H,PtClys-6H,0O, Sigma-Aldrich, Saint Louis, MO, USA), Nafion
solution (5 wt %; Sigma-Aldrich, Saint Louis, MO, USA), Ar (99.999%, Air Liquide, Tenerife, Spain), CO
(99.997%, Air Liquide, Tenerife, Spain), and water (18.2 M O-ecm L Milli-Q, Millipore, Burlington, VT, USA)
were purchased and then used for the synthesis of the graphene-based materials and the preparation of
electrolyte solutions.

2.1. Synthesis of Graphene Oxide

Graphene oxide (GO) was prepared by following a modified Hummers method [15]. Briefly, 1 g
of the graphite powder was mixed with 30 mL of concentrated H,SOj cooled in an ice bath. Then,
3.5 g of KMnOjy are slowly added while being stirred and cooled continuously. After removal from
the ice bath, the mixture was diluted with Milli-Q water under stirring for 1 h at 35 °C. Then, the
solution was heated up to 95-98 °C over 30 min. Next, 200 mL of ultrapure water was gradually
introduced, followed by 1.25 mL of 30% v/v H,O,, and stirring was maintained for 30 min. Finally,
the dispersion was centrifuged with Milli-Q water, until a pH of 7 was achieved in the supernatant
liquid. The material was dried using an oven at 60 °C overnight.

2.2. Synthesis of Reduced Graphene Oxide Materials

In order to produce N-rGO, an adequate amount (4 mmol) of reducing agent (caffeine) was
ultrasonically dispersed in Milli-Q water and mixed with a GO aqueous dispersion (0.015 g mL ™).
The final dispersion was placed into a Teflon-lined autoclave and heated at 160 °C for 10 h. Then,
N-rGO was washed by centrifugation, employing Milli-Q water, and transferred to an oven at
60 °C for 24 h.

The rGO-TT was obtained by reduction of GO through a heat treatment under a reductive atmosphere
(5% H/95% Ny at 100 mL/min) in a tubular furnace. The thermal treatment comprised a ramp
temperature of 5 °C/min from room temperature, up to 200 °C. This temperature was maintained
for 30 min; finally, a ramp temperature of 5 °C/min was applied up to 450 °C where it was preserved for
1h.

2.3. Synthesis of Pt/C, Pt/N-rGO, and Pt/rGO Catalysts

Platinum nanoparticles supported on carbon black Vulcan XC-72R, N-rGO, and rGO-TT were
synthesized following the formic acid method [6]. Briefly, catalyst support was dispersed in 2 M
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formic acid solution under sonication. Then, the mixture was heated at 80 °C under stirring, and
an appropriate amount of metal precursor (HpPtClg) was employed to obtain theoretical platinum
loading of 20 wt % in the catalyst. The suspension was filtered, washed with ultrapure water, and
dried at 60 °C overnight.

2.4. Physicochemical Characterization

Powder XRD spectra were acquired from X'Pert PRO X-ray diffractometer (PANalytical, Madrid,
Spain) to determine the crystal structure. CuK« radiation (A = 1.5405 A) was employed, and 26 data
were collected from 20° to 100° with a scanning rate of 0.04 s~!. Crystalline phases were identified
by comparing the experimental diffraction patterns with the Joint Committee on Powder Diffraction
Standards (JCPDS).

Elemental analysis with an experimental error close to 0.04% was performed using an Elemental
Analyzer CNHS FLASH EA 1112 (Thermo Scientific, Madrid, Spain).

Raman spectra were collected employing a RENISHAW confocal Raman microscope, model
inVia (RENISHAW, Gloucestershire, United Kingdom), with a green laser (A = 532 nm) in the 100 to
3200 cm~! range.

Transmission electron microscopy (TEM) images were obtained from a HRTEM JEOL JEM 2100
operating (JEOL Ltd., Tokyo, Japan) at 200 eV. Obtained images were used to evaluate the morphology
and agglomeration degree, as well as to calculate the average Pt nanoparticle sizes.

Chemical composition of the catalysts was determined by energy dispersive X-ray analysis
(EDX, Oxford 6699 ATW, Oxford, Oxfordshire, UK), and X-ray photoelectron spectroscopy (XPS)
data were obtained with a SPECS GmbH customized system (SPECSTM, Berlin, Germany) for surface
analysis, equipped with a non-monochromatic X-ray source XR 50 and a hemispherical energy analyzer
(PHOIBOS 1509MCD). Photoelectrons were excited by using MgK«x line (1253.6 eV) operating at
200 W/12 kV. Powder samples were attached onto Cu foil and were placed first in the pre-treatment
chamber at room temperature for several hours, before being transferred to the analysis chamber.
The XPS data were signal averaged for a large enough number of scans to get a good signal/noise
ratio, at increments of 0.1 eV and fixed pass energy of 25 eV. High-resolution spectra envelopes were
obtained by curve fitting synthetic peak components, using the software XPSpeak. The raw data
were used with no preliminary smoothing. Symmetric Gaussian—Lorentzian product functions were
employed to approximate the line shapes of the fitting components. Binding energies were calibrated
relative to the C 1s peak from the graphitic carbon at 284.6 eV.

2.5. Electrochemical Characterization

All electrochemical experiments were carried out at room temperature using a three-electrode
glass cell, a carbon rod as a counter electrode and a reversible hydrogen electrode (RHE) as a reference
electrode. All the potentials in this work were given against the RHE.

The working electrode consisted of a certain amount of the catalyst deposited as a thin layer over
a glassy carbon disc (0.196 cm?). The ink was prepared by mixing 2 mg of the catalyst powder, 15 uL
of Nafion solution, and 500 uL of Milli-Q water.

Electrochemical measurements were performed with a PC-controlled Autolab PGSTAT30
potentiostat-galvanostat (Metrohm, Herisau, Switzerland) in 0.5 M HpSO, electrolyte solution.
A total of 2 M CH30H + 0.5 M H,SO4 solution was used to study the methanol oxidation reaction
(MOR). Ar was employed to deoxygenate all solutions, as well as CO for CO stripping experiments.
The last experiments were recorded at 0.02 V s~ ! after bubbling CO through the cell for 10 min while
keeping the electrode at 0.10 V, followed by Ar purging for 30 min to completely remove the excess
CO. CO stripping voltammograms were recorded, by first scanning negatively until 0.05 V so that
the entire hydrogen region was probed, and then scanning positively up to 1.2 V. Methanol cyclic
voltammograms (CVs) were recorded between 0.05 and 1.0 V at a scan rate of 0.02 V s~!, while
current transients were obtained by stepping the potential from 0.05 V to the final oxidation potential
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(0.50 < E¢ < 0.90 V). Tafel plots were calculated from stationary currents achieved at 300 s during the
chronoamperometry experiments. Currents were normalized by the electroactive surface area (ESA)
calculated from CO stripping experiments, by using a conversion factor of 240 uC cm~2 (12.6 cm? for
Pt/C, 8.2 cm? for Pt/rGO-TT and 9.1 cm? for Pt/N-rGO).

3. Results and Discussion

3.1. Physicochemical Characterization

Figure 1 displays the X-ray diffractograms for graphite, carbon Vulcan, GO, rGO-TT, N-rGO,
Pt/C, Pt/rGO-TT, and Pt/N-rGO. Graphite depicts a sharp diffraction peak at 24.6°, which is related to
the (002) plane, and a small diffraction peak at 54° associated to the (004) facet [15]. The GO formation
from the oxidation of graphite is detected by the broad diffraction peak at 10.7°, which is related
to the (101) diffraction plane and by the absence of the diffraction peaks associated to graphite [15].
Additionally, Table 1 shows the expansion of the C-C interplanar spacing from 0.34 nm (graphite) to
0.82 nm (GO), due to the growth of oxygen functional groups between the graphitic layers [15].
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Figure 1. XRD patterns of graphite, graphene oxide (GO), Vulcan carbon (C), reduced graphene oxide
by thermal treatment (rGO-TT), nitrogen-modified reduced graphene oxide (N-rGO), Pt/C, Pt/rGO-TT,
and Pt/N-rGO.

Table 1. X-ray diffraction (XRD) parameters for all studied materials (dyy; = interplanar spacing).

Catalyst Positiony 20/° dpa/nm Number of Layers Pt Crystallite Size/nm
Graphite 26.5 C(002) 0.34 C(002) 121
GO 10.7 C(002) 0.82 C(002) 11
Vulcan 24.7 C(002) 0.36 C(002) 6 -
rGO-TT 25.2 C(002) 0.35 C(002) 12
N-rGO 25.3 C(002) 0.35 C(002) 9
Pt/C 67.4 Pt(220) 0.23 Pt(111) - 2.3
Pt/rGO-TT 67.5 Pt(220) 0.23 Pt(111) - 24

Pt/N-rGO 67.6 Pt(220) 0.23 Pt(111) - 2.0
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On the other hand, Vulcan carbon, rGO-TT, and N-rGO reveal similar interplanar spacing (Table 1)
and X-ray patterns (Figure 1), which indicate the restoration of the graphite C—C lattice and the
elimination of oxygen functional groups between the graphitic layers in rGO materials. Also, a small
diffraction peak at ca. 45° associated to the (100) plane is observed at the three carbon supports.
The number of graphene layers that was estimated from the Debye-Scherrer equation and the Bragg
law is also included in Table 1. The success of GO, rGO-TT, and N-tGO formation can be easily
perceived by the diminution of the graphene layers in comparison to graphite. In this context,
a graphite behavior was suggested for materials with more than 12 graphene layers, and therefore,
a graphenic-like behavior is expected for all materials of the current work [26]. On the other hand, it is
also important to note that N-rGO reveals a small diffraction peak at 10.7° associated to GO, which
suggests a partial reduction of GO when caffeine is employed as a reducing agent [15].

Additionally, Figure 1 depicts X-ray diffractograms of Pt/C, Pt/rGO-TT, and Pt/N-rGO, in which
the typical face centered cubic (fcc) structure of Pt is discerned at 20 = 40°, 46°, 68°, and 82°, associated
to the subsequent planes: (111), (200), (220), and (311) (JPCDS 00-004-0802). It is remarkable that the
absence of the diffraction peak is at 10.7° for Pt/N-rGO, which suggests a reduction of the oxygen
functional groups by the formic acid that is employed to reduce the metal precursor. In addition, it is
important to highlight the absence of Pt crystalline oxides at all catalysts. However, the presence of Pt
amorphous oxides should not be ruled out, since the oxygen content in graphenic-based materials is
high (see Table 2). The most important crystallographic parameters of Pt-based catalysts are depicted
in Table 1, in which similar interplanar spacing for all catalysts, smaller crystallite size for Pt/N-rGO
than Pt/C and Pt/rGO-TT, and a small but visible lattice contraction in graphenic-based catalysts
are discerned.

Table 2. Composition acquired by energy dispersive X-ray analysis (EDX) analysis and * elemental
analysis for all studied materials.

Composition (% Weight)

Material C (0] N *
Graphite 80.0 20.0

Carbon 96.5 3.5 -
GO 48.0 52.0 -
rGO-TT 75.3 24.7 -

N-rGO 73.0 21.0 6.0
Pt/C 96.4 3.6 -
Pt/rGO-TT 86.9 13.1 -

Pt/N-rGO 78.3 15.7 6.0

Scanning electron spectroscopy (SEM) coupled with energy dispersive X-ray spectroscopy (EDX)
was employed to study the morphology, distribution, surface topography, and semi-quantitative bulk
composition of the catalysts. The amount of Pt incorporated into each sample was close to the nominal
value (19.0 & 1.5 wt %). Figure 2 displays SEM images in the microscale for all materials synthesized.
Pt/C reveals a smooth and homogeneous surface, while a granular and porous structure is observed
at Pt/rGO-TT and Pt/N-rGO.
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Figure 2. Scanning electronic microscopy (SEM) images for Pt/C (left panel), Pt/rGO-TT
(middle panel), and Pt/N-rGO (right panel).

Table 2 discloses a strong increment of the oxygen content after GO production, which is reduced
in the first stage after rGO-TT and N-rGO formation, and in the second stage after Pt deposition.
The last stage is in agreement with the X-ray diffraction pattern of N-rGO, as the small peak associated
with oxide species disappears after the addition of formic acid. It is noteworthy that even after Pt
deposition, both graphenic catalysts show a higher amount of oxygen than carbon-supported Pt.

Raman spectroscopy (spectra are not shown) was employed to study the structural changes,
the disorder degree, and the crystallographic size in the basal plane (L;) of graphenic materials. With
this end, the following equation was employed [27,28]:

-1
Lo(nm) = (2.4 x 10*10) Ab. (2) 1)

where A is the excitation wavelength of the laser (532 nm), Ip is the peak intensity at 1360 cm !

(associated to sp® carbon domains), and I is the peak intensity at 1580 cm ™! (related to sp? bonds
into the graphitic grid). The main results indicate an increment of the disorder (Ip/Ig ~ 0.9) compared
to graphite (Ip/Ig ~ 0.15), and the similar L, ~ 20 nm for Vulcan carbon and all graphenic materials.
The latter is the expected result, since structural disorder by edges, finite size, and carbon hybridization
by heteroatom—C bond formation is usually reported in this type of materials [15,18].

Morphology, particle size, and agglomeration degree were studied by transmission electron
microscopy (TEM). Figure 3 shows TEM images of Pt/C, Pt/rGO-TT, and Pt/N-rGO catalysts.
Meanwhile, Figures S1-S3 depict high-resolution TEM images for all electrocatalysts employed in the
current work. Spherical Pt nanoparticles are homogeneously dispersed on carbon sheets; however,
the agglomeration degree increases with the amount of oxygen in the catalyst in the subsequent way:
Pt/C < Pt/rGO-TT < Pt/N-rGO. Therefore, Pt nanoparticles seem to nucleate and grow referentially at
surface oxygenated sites. Regarding the particle sizes, Figure 3 includes histograms for each catalyst,
and shows increments in the following way: Pt/ N-rGO (3.14 & 0.50 nm) < Pt/C (3.28 &+ 0.25 nm) <
Pt/rGO-TT (3.32 £ 0.43 nm). The last is in agreement with the trend observed for the crystallite size
values calculated by XRD, although the values are slightly lower than those achieved by TEM, which
is expected (i.e., crystallite size < grain size < particle size).

X-ray photoelectron spectroscopy (XPS) was carried out to identify and quantify the surface
composition and the chemical state of the elements (see Table 3). Deconvoluted spectra for Pt, C, O,
and N are presented in Figures 4 and 5. The Pt 4f signal (Figure 4) is resolved into three doublets in all
electrocatalysts. The most intense Pt 4f;,, component at lower binding energy is attributed to metallic
Pt%, while the second doublet is assigned to Pt>*, and the third doublet at higher binding energy is
related to the higher oxidation state of Pt**. According to Table 3, there is a peak shift of metallic Pt
to a lower binding energy for graphenic-based supports. The latter indicates a charge transfer from
graphenic-based supports to platinum. However, Pt?* species (i.e., PtO) increase to the detriment of
metallic Pt at Pt/N-rGO material.
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Figure 3. Transmission electron micrographs and particle size distribution histograms of the catalysts.

Table 3. X-ray photoelectron spectroscopy (XPS) analysis of the catalysts.

Elements Puaf Cils
O1ls
Catalysts
71.5 284.6 530
0 . .
Pt ©2) Cc-C (81) Pt oxides 5)
72.4 531.1
2+ - - =
Pt 31) C-N 0=C (10)
73.5 285.8 532.8
Pt/C Pt4+ C-OH OH-C
) (14) (72)
287 534.1
C=0 0-C=0
(C)] (13)
289.1
0-C=0 H,O
(1) :

530
71.2 284.6 . 3)
- 0 -
Pt/rGO-TT Pt 63) Cc-C 68) Pt oxides
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Table 3. Cont.
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Figure 4. Pt 4f (left panels) and C1s (right panels) XPS spectra of the catalysts.
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The C1s signal provides detailed information about the presence of oxygen and nitrogen species
bonded to carbon atoms (Figure 4). As can be seen, the carbon signal is mainly composed by graphitic
carbon (C1), followed by different oxygenated species at higher binding energy values, such as C-OH
(C3), C=0 (C4), and carboxylic bonds (C5) [29]. In addition to these signals, Pt/NrGO reveals an
additional component at ca. 285.3 (C2) ascribed to nitrogen species bonded to carbon atoms. Indeed,
the strong N1s signal (Figure 5) confirms that the last statement since the nitrogen species, such as
pyridinic, pyrrolic, and N-quaternary, are clearly identified. Also, a small but visible signal at ca.
289 eV ascribed to a —mt* shakeup satellite for Pt/ Vulcan and Pt/NrGO catalysts is observed [30].

Interestingly, the Ols signal (Figure 5) reveals different surface oxygenated species, which strongly
depend on the substrate. In agreement with the Cls signal, C=0 (02:~531.05 % 0.05 eV) and C-OH
(03:~533.5 £ 0.5 eV) species are the main components for all materials [29]. Signals related to carboxyl
groups (O4) and platinum oxides (O1) appear in minor proportion, while intercalated water (O5)
is only perceived at graphenic materials. On the other hand, Pt/NrGO shows similar intensities
for C-OH and C=0 species, and the most intense component is associated to C-O species. All XPS
information is summarized in Table 3.

Oxygenated species
—O— Survey

—— Fitting

Pt oxides
—0=C

—OH-C

*0-C=0

——H,0

Nitrogen species

O Survey

Fit

— pyridinic
——pyrrolic
Quaternary

Intensity / a.u

N1s

536 534 532 530 402 400 398

Binding energy / e.V

Figure 5. Ols (left panels) and N1s (right panel) XPS spectra of the catalysts.
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3.2. Electrochemical Characterization

CO stripping experiments were performed to (i) characterize the catalyst surface; (ii) achieve
catalytic activity towards CO oxidation, which is one of the most important catalyst poisons; and
(iii) acquire the electroactive surface area (ESA). Figure 6 shows a similar CO oxidation peak value
(COp =0.83 V) for all catalysts. Noticeable, Pt/N-rGO reveals a broader CO oxidation peak, with an
anodic tail that ends at 1.2 V. Additionally, the onset potential for the CO oxidation reaction is 0.70 V
for Pt/rGO-TT, 0.72 V for Pt/C, and 0.75 V for Pt/N-rGO. These parameters indicate a higher CO
tolerance for Pt/rGO-TT than for Pt/C, and the even lower one for Pt/N-rGO. Also, an increase of
the double-layer capacitive current is observed at graphenic-based materials, especially relevant for
Pt/N-rGO. The latter results and the low catalytic activity towards the CO oxidation on Pt/N-rGO
may be ascribed to the high amount of surface-oxygenated species, i.e., PtO and PtO;. Regarding the
ESA, the values increase in the following way: Pt/rGO-TT (8.2 cm?) < Pt/N-rGO (9.1 cm?) < Pt/C
(12.6 cm?). The last is in agreement with TEM analysis, in which high Pt agglomeration degree was
detected at graphenic-based catalysts.

0.8 pt/C
04}
0.0} g\‘¥
V4
~ " 1 2 1 " 1 L 1 " 1 " 1
'c 08 PUrGO-TT
o L
T o4l
§ 0.0 ﬁ/\/')
5 L
O i 1 " 1 " 1 " 1 i 1 " 1
0.8 - PYN-rGO
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1 1
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V.2 v.4 V.V V.0 v 4

Potential / V vs. RHE

Figure 6. CO stripping voltammograms recorded at Pt/C, Pt/rGO-TT, and Pt/N-rGO catalysts in
0.5 M H,S0y. E,q = 0.1 V; scan rate = 0.02 Vs~ 1.

The catalytic performance toward the methanol oxidation reaction (MOR) was evaluated by
potentiodynamic (Figure 7) and potentiostatic (Figure 8) experiments. Figure 7 shows the lowest
performance for Pt/N-rGO toward the MOR, which is in disagreement with what has been reported
by other authors [31,32]. This different catalytic performance may be ascribed to the elevated amount
of Pt surface oxide species (PtO and PtO, observed by XPS analysis) by using the caffeine route for the
synthesis of the N-rGO, which inhibits the methanol adsorption step (see below).
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Figure 7. Methanol oxidation recorded for Pt/C, Pt/rGO-TT, and Pt/N-rGO catalysts in 2 M CH30H +
0.5 M H,S0,. Scan rate = 0.02 Vs~ 1.
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Figure 8. Current transients for methanol oxidation on Pt/C, Pt/rGO-TT, and Pt/N-rGO catalysts in
2M CH30H + 0.5 M H,SO4. E; =0.05V,0.50 V < Ef <0.90V.
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Additionally, similar voltammetric profiles with comparable onset potentials (~0.5 V) and
analogous anodic (Ep,; ~ 0.93 V) and cathodic (Ep, ~ 0.76 V) peak potentials are observed for Pt/rGO-TT
and Pt/C. However, a close inspection of Figure 7 reveals higher anodic currents at Pt/rGO-TT than
Pt/C during the positive sweep potential. Indeed, the pre-peak at ca. 0.77 V reveals higher current
density at Pt/rGO-TT (2.4 mA cm~?) than at Pt/C (2.0 mA cm~2). The current peak during the anodic
sweep (jp,) is 49 mA cm 2 at Pt/rGO-TT and 4.2 mA cm 2 at Pt/C, while the current peak during the
cathodic sweep (jp) is 5.4 mA cm 2 at Pt/rGO-TT and 5.6 mA cm 2 at Pt/C. The jpa/jpc ratio is usually
employed to estimate the tolerance of the catalyst to adsorbed reaction intermediates (mainly CO,q).
Pt/C shows the lowest jp,/jp. value and appears as the catalyst with the highest tolerance, which is
not in agreement with the CO stripping experiments in Figure 6. However, a recent work states that
the jp. is not related to a residual intermediate of the MOR, and the jp, /jp. ratio is associated with the
oxophilicity degree of the catalyst [33]. Thus, higher jp,/jp. value indicates higher oxophilicity degree,
and consequently, Pt/rGO-TT appears to be the material with the highest oxophilicity. The last is in
agreement with the physicochemical characterization, as well as with the CO stripping experiments, in
which Pt/rGO-TT reveals the highest CO tolerance.

Figure 7 depicts current transients achieved from an initial potential of 0.05 V, in which methanol
does not oxidize, to a final potential (0.50 < E < 0.90 V) where the MOR takes place. In agreement
with potentiodynamic experiments, Pt/N-rGO develops the lowest performance toward the MOR in
all potential ranges studied. In the same way, Pt/rGO-TT and Pt/C reveal similar better performance
toward the alcohol oxidation. Interestingly, Pt/rGO-TT and Pt/C develops inflection points at short
times at the same potential range (0.65 < E < 0.75), where the onset potential for the CO removal
(Figure 5) and the pre-peak at the potentiodynamic experiments in presence of methanol is observed
(Figure 6). This result suggests a change of rate-determining step (RDS), which may be attributed to an
enhancement of the water dissociation reaction (i.e., OH,4q formation) necessary to remove CO from
the catalyst surface [34,35]. Additionally, it is observed that at E > 0.85 V (anodic peak during the
positive sweep potential, Figure 6), the current decay is faster at Pt/rGO-TT and Pt/C, which is related
to the low performance of Pt oxide surface toward the MOR [36].

Further characterization of the catalytic activity of the synthesized materials was carried out by a
Tafel plot analysis. A Tafel slope is usually employed to determine the rate-determining step (RDS),
and therefore, the reaction mechanism may be inferred from Tafel slope values. Figure 9 depicts a
Tafel plot obtained from the current transients of methanol oxidation for the three catalysts (Figure 8)
at different final potentials (0.50 < E < 0.90 V) in an acidic medium. Pt/C shows a Tafel slope of
120 mV dec™!, while Pt/rGO-TT and Pt/C reveal a Tafel slope of 75 mV dec™ 1. In order to clarify the
operating reaction mechanism on the catalysts involved in the current work, the main steps for MOR
are briefly described.

First there is the electrosorption and dehydrogenation of methanol onto a suitable surface.
The complete electrosorption and dehydrogenation steps yield to adsorbed carbon monoxide (CO,q),
otherwise formaldehyde and formic acid may be produced [37]:

H30H = CH30H,q4 2)
CH30H,qy — CH,OH,q + H™ + e~ ©)
CH,OH,qy — CHOH,q +H" 4 e~ 4)
CH,OH,qy — CH,O+H" 4+ e~ (5)
CH,0 = CH,04q (6)

CH,0,q — CHO,q+H" +e~ )
CHO,q + H,O — HCOOH + H*t 4 e~ 8)

CHO,q — CO,y +H" +e~ )
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Second, there is the electrooxidation of CO,q4. Water dissociation on the catalyst surface (formation
of adsorbed OH) is needed to perform the CO,4 oxidation to CO,, and consequently liberate the catalyst
surface [31,38,39]:

H,O = OH,q + H" + e~ (10)
COad + OH,qy — COOH,q4 (11)
COOH,y — CO, + H" + e~ (12)

A Tafel slope of 120 mV dec™! suggests that the rate-determining step is related to the first
electrochemical step, and therefore the rate of MOR at Pt/N-rGO is limited by the “electrosorption
and dehydrogenation step”, i.e., Reaction 3. The latter is in complete agreement with the low current
developed by the Pt/N-rGO materials during the MOR, and should be ascribed to a non-suitable
surface for methanol dehydrogenation, which is comprised of strongly bonded oxygen species
onto the surface, i.e., PtO and PtO, [36]. On the other hand, a Tafel slope close to 60 mV dec™!
(Pt/C and Pt/rGO-TT) indicates a chemical reaction after an electrochemical reaction as the RDS,
i.e., the surface diffusion of CO,q toward the active site (reaction 11). Both materials revealed
similar catalytic performance toward the MOR, although a slight enhancement of the CO tolerance
at Pt/rGO-TT was perceived. The last seems to be related to electronic effects (charge transfer
from rGO-TT to Pt) and to a higher amount of C-OH species onto the graphenic-based catalyst
(bifunctional effect).
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Figure 9. Tafel plots obtained at 300 s from Figure 8.

4. Conclusions

Graphene oxide (GO), reduced graphene oxide (rGO-TT), nitrogen-modified rGO (N-rGO),
and carbon-supported Pt materials using these supports were successfully synthesized and fully
characterized. Results have shown that the support conditions the state of oxidation of metal
nanoparticles at the surface of the catalysts, which control the activity of a specific electrochemical
reaction. Indeed, a small addition of nitrogen into the catalyst support induces a change of the
rate-determining step from a chemical reaction after an electrochemical reaction to the first electron.
Thus, Pt/N-rGO displays the worst performance toward the methanol oxidation reaction, while
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Pt/rGO-TT not only enhances the catalytic activity toward the alcohol oxidation, but also toward the
most important catalyst poison.

Supplementary Materials: The following are available online at http://www.mdpi.com/2571-9637/2/1/2/s1,
Figure S1: TEM image for Pt/C electrocatalyst, Figure S2. TEM image for Pt/rGO-TT electrocatalyst, Figure S3.
TEM image for Pt/N-rGO electrocatalyst.
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