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Abstract: The low oxidation kinetics of alcohols and the need for expensive platinum group metals
are still some of the main drawbacks for the commercialization of energy efficient direct alcohol
fuel cells. In this work, we investigate the influence of nitrogen doping of ordered mesoporous
carbon (CMK) as support on the electrochemical activity of PtRu nanoparticles. Nitrogen doping
procedures involve the utilization of pyrrole as both nitrogen and carbon precursor by means of a
templating method using mesoporous silica. This method allows obtaining carbon supports with up
to 14 wt. % nitrogen, with an effective introduction of pyridinic, pyrrolic and quaternary nitrogen.
PtRu nanoparticles were deposited by sodium formate reduction method. The presence of nitrogen
mainly influences the Pt:Ru atomic ratio at the near surface, passing from 50:50 on the bare (un-doped)
CMK to 70:30 for the N-doped CMK catalyst. The electroactivity towards the methanol oxidation
reaction (MOR) was evaluated in acid and alkaline electrolytes. The presence of nitrogen in the
support favors a faster oxidation of methanol due to the enrichment of Pt at the near surface together
with an increase of the intrinsic activity of PtRu nanoparticles.

Keywords: N-doped; ordered mesoporous carbons; PtRu catalysts; methanol oxidation reaction;
fuel cells

1. Introduction

Direct alcohol fuel cells represent a good alternative to current systems for the production of
electricity, especially in low power consumers (laptop, cell phones, etc.) [1–4]. The use of methanol as
fuel (instead of hydrogen, which is conventionally used in low temperature fuel cells) presents several
advantages such as its high volume energy-density and easy storage/transportation, which allows
using existing infrastructures [5]. However, challenging issues must be addressed in order to
commercialize the direct methanol fuel cell (DMFC) technology [6], like the low catalytic activity
for the methanol oxidation reaction (MOR) on anode electrode, catalyst poisoning by the formation of
CO-like intermediates during MOR and high costs of the Pt-based electrocatalysts [5].

In recent years, great efforts have been made to design efficient and stable catalysts for MOR,
especially in binary catalytic systems, such as PtRu [7–11], PtCu [12] or PtCo [13]. Among them,
bimetallic electrocatalysts of PtRu are considered to date the most promising anode catalysts for
methanol oxidation [5], where Pt sites dehydrogenate methanol and Ru oxidizes the CO intermediates
into CO2 [2].
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In order to enhance the dispersion and activity/stability of metal nanoparticles,
nanostructured carbon materials are commonly used as electrocatalyst supports, such as carbon
blacks [14], carbon nanofilaments [14–18], graphene [13,19], carbon gels [18,20,21] or mesoporous
carbon [18,22–26]. Among them, ordered mesoporous carbons have attracted special attention in
the field of electrocatalysis due to their developed mesoporosity and regular pore channels [22–24],
which may facilitate a high nanoparticle dispersion and reactant/product diffusion to/from the
active sites. In particular, a series of ordered mesoporous carbons synthesized by the nanocasting
method from mesoporous silica and denoted as CMKs (denoted in the literature as CMKs, standing for
carbon mesostructures from Korea) have been widely used as catalyst support obtaining promising
results [22,27]. Interestingly, Maiyalagan and coworkers [22] reported a higher activity and stability on
PtRu nanoparticles supported on CMK-8 in comparison to the commercial PtRu/C catalyst (E-TEK).

On the other hand, the physicochemical properties of carbon materials can be tuned by the
introduction of different heteroatoms (such as N, B, S or P) into the carbon structure [28–35]. In general,
doping carbon materials with nitrogen leads to a high dispersion of smaller nanoparticles with
narrower size distributions, and consequently, higher catalytic activities toward MOR have been
reported on N-doped carbon/catalyst systems compared to undoped analogues [15,16,19,29,36,37].
In this context, Liu et al. [36] showed a high catalytic activity for methanol oxidation of PtRu
nanoparticles supported on N-doped porous carbon nanospheres, which was attributed to the presence
of nitrogen functional groups and the high dispersion of the nanoparticles. On the other hand,
Kang and coworkers [37] showed a much better catalytic performance when a nanotube-graphene
hybrid nanostructure was doped with nitrogen compared to electrodes based on conventional carbon
nanotubes or commercial catalysts.

In this work, we report an investigation of the influence of nitrogen doping in ordered mesoporous
carbon materials as support for PtRu catalysts. Pyrrole was studied as both nitrogen and carbon source.
We demonstrate that the effective introduction of pyrrolic, pyridinic and quaternary nitrogen groups
in the carbon support leads to a positive effect on the electrocatalytic activity for the oxidation of
methanol on PtRu nanoparticles.

2. Results

2.1. Physico-Chemical Properties of N-Doped Carbon Materials

Ordered mesoporous carbons were synthesized by impregnating a silica template (SBA-15) with
two different carbon precursors: a nitrogen-free precursor, furanic resin (the resulting carbon will be
labelled in this work as CMK), and pyrrole. Pyrrole, a nitrogen-rich organic molecule (20.9 wt. % N),
was infiltrated into the silica pores following two strategies: directly impregnating the liquid into the
porosity of the silica powder (labelled CMK-N-imp), or flowing its vapor through the solid (labelled
CMK-N-vap). For more details, please refer to the Experimental section. All materials were thermally
treated for the carbonization of the carbon (or carbon/nitrogen) precursor and etched in HF to remove
the silica template. Using pyrrole as precursor is advantageous since it serves both as carbon and
nitrogen source simultaneously.

The amount of nitrogen in N-doped CMKs is about 14 wt. % (Table 1) according to elemental
analysis (EA). The amorphous nature of carbon in CMKs, with a high density of defects and high
surface area, together with the templating process, favor the doping extent of the carbon matrix with
nitrogen. X-ray photoelectron spectroscopy (XPS) was utilized to investigate the chemical composition
at the near surface, resulting in a nitrogen content between 8 and 10 at %. By comparing bulk (EA) and
surface (XPS) analysis results, it appears that using pyrrole vapor as precursor favors the presence
of nitrogen atoms on the surface, since the atomic percentage in XPS results is 2.2 at % higher for the
CMK-N-vap sample while bulk analyses do not indicate significant differences (<0.5 wt. %). However,
the XPS profile (Figure 1a,b) for N1s barely changes between CMK-N-imp and CMK-N-vap, pointing to
a similar nitrogen speciation, as will be explained later.
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Table 1. Physico-chemical features of N-doped ordered mesoporous carbon materials.

Material Nitrogen Content/wt. %
(EA)

Nitrogen Content/at %
(XPS)

SBET/m2

g−1
Vpore/cm3

g−1
Vmicropore/cm3

g−1
Vmesopore/cm3

g−1

CMK <0.1 0.1 1006 0.68 0.47 0.21
CMK-N-imp 14.2 7.9 151 0.14 0.01 0.13
CMK-N-vap 13.7 10.1 886 0.88 0.24 0.64

The most significant difference between the two nitrogen doping treatments is the detrimental
effect of direct impregnation on the porous structure of CMK-N-imp. In this case, the surface area (SBET)
is about 6-fold lower than in the CMK-N-vap, derived from pyrrole vapor impregnation. The latter
presents a similar SBET than the CMK from the furanic resin, considering also the different nature of
the precursor. However, a more developed mesoporosity and consequently a larger total pore volume
was obtained for the CMK-N-vap material in comparison to CMK, which could be associated to a
different pore covering of the silica template during the impregnation stage. The pore volume (Vpore)
is also affected by the nitrogen incorporation procedure, indicating a much dense material resulting
from the direct impregnation, presumably due to the formation of carbon agglomerates derived from
pyrrole not entering efficiently into the porosity of the template.

Figure 1. XPS high-resolution N1s spectra of: (a) CMK-N-imp; (b) CMK-N-vap; (c) Illustration of
nitrogen groups in carbon and their associated binding energy (eV).

The chemical speciation of nitrogen was evaluated by deconvoluting the high resolution N1s
spectra into four contributions [28,38], as depicted in Figure 1 and summarized in Table 2. The types of
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nitrogen functionalities are represented in Figure 1c. The XPS spectra present two main peaks for both
N-doped CMKs, centered at about 398 and 400.5 eV, which are ascribed mainly to the presence of three
main nitrogen-containing species: pyridinic, pyrrolic (or pyridonic) and quaternary nitrogen atoms.

Table 2. Nitrogen speciation from XPS analyses of N-doped carbon materials.

Material Pyridinic N
(398.2 eV)/%

Pyrrolic/Pyridonic N
(400 eV)/%

Quaternary N
(401 eV)/%

N Oxides
(403–405 eV)/%

CMK-N-imp 32.1 27.3 28.5 12.1
CMK-N-vap 31.4 25.6 27.6 15.4

From the analysis of N1s spectra, it appears that the method to introduce pyrrole by either liquid
impregnation or vapor into the silica template does not significantly influence the chemical nature of
nitrogen groups. Upon thermal treatment at 700 ◦C, a significant percentage of pyrrolic nitrogen from
the precursor converts to pyridinic and quaternary N, in accordance to published results [39].

2.2. Physico-Chemical Properties of N-Doped Carbon-Supported PtRu Catalysts

PtRu nanoparticles were deposited on the carbon supports by reduction with formate ions,
as described in more detail in the Experimental section. Due to the substantially lower surface area of
CMK-N-imp, we decided to deposit a limited amount of metal (20 wt. %) in order to minimize the
effect of porosity on metal particle size distribution. The chemical composition of the catalysts was
elucidated by means of XPS and energy dispersive X-ray spectroscopy (EDX), whereas the crystallinity
was studied by X-ray diffraction (XRD). Interestingly, the nitrogen atomic concentration (Table 3) is
noticeably larger in the PtRu/CMK-N-vap catalyst compared to PtRu/CMK-N-imp, according to the
content of the bare supports (Table 1).

Table 3. Physico-chemical features of PtRu/C catalysts.

Catalyst N Content
(XPS) /at %

PtRu Crystallite
Size (XRD) 1/nm

Pt (111)
2θ (◦)

Lattice
Parameter (nm)

XRu in PtRu
Alloy

Pt:Ru Atomic
Ratio (EDX)

Pt:Ru Atomic
Ratio (XPS)

PtRu/CMK - 2.8 40.26 0.388 0.4 44:56 52:48
PtRu/CMK-N-imp 5.5 2.9 40.13 0.389 0.3 47:53 63:37
PtRu/CMK-N-vap 9.0 5.8 40.00 0.390 0.2 58:42 70:30

1 From Scherrer equation applied to Pt (220) reflection.

Figure 2 shows the X-ray diffractograms of the PtRu catalysts, while the structural parameters
from XRD are displayed in Table 3. The reflections can be ascribed to the presence of crystalline
Pt (JCPDS #04-0802) together with a broad contribution of carbon (JCPDS #01-0604) centered at about
2θ = 25.9◦, as indicated in the figure. The absence of Ru related reflections together with the shift of
Pt reflections towards wider Bragg angles indicate that Ru is alloyed with Pt. This is confirmed by
the contraction of the lattice parameter from 0.392 nm for Pt to 0.390–0.388 nm for the PtRu catalysts,
indicating the formation of the PtRu alloy. The alloying degree was determined using Vegard’s law [40].
Interestingly, the Ru content in the PtRu alloy decreases as the concentration of nitrogen increases
(XPS, Table 3), from XRu = 0.4 for the N-free catalyst to values of 0.3 and 0.2 for PtRu/CMK-N-imp
and PtRu/CMK-N-vap, respectively. A part of Ru might have been deposited on the carbon material
as amorphous phase [41]. According to the bibliography [42,43], the un-alloyed amorphous Ru is
generally found as oxide (i.e., RuOx). Additionally, the Pt:Ru atomic ratio was determined by EDX
and XPS. The Pt content in the bulk (EDX), about 45–58 at %, slightly increases with nitrogen content.
This trend is exacerbated when examining the Pt:Ru ratio in the near surface (XPS), with about
70 at % of Pt for the PtRu/CMK-N-vap catalyst, characterized by the largest nitrogen content. Thus,
the tintroduction of nitrogen on carbon structure seems to decrease the Ru alloyed with Pt, as well as to
enrich the Pt amount on the catalyst surface. This behavior could be related with a modification of the
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electronic structure of the carbon support by the introduction of nitrogen [29,44,45]. Kim et al. obtained
a different surface metal composition in bimetallic catalysts (PdPt) supported on nitrogen-doped
materials in comparison with its nitrogen-free analogue [44]. The contribution of surface nitrogen on
the reduction of Pt and Ru during the synthesis cannot be discarded. The yield of Ru reduction by
formate ions relies on pH, as demonstrated in previous works [46,47]. This indicates that different
local pH might cause a variation in Pt and Ru reduction/deposition kinetics, thus contributing to the
Pt surface enrichment.

The crystallite size of PtRu nanoparticles was calculated applying the Scherrer equation to the
(220) peak at 2θ = 68.1◦. The crystallite sizes of PtRu/CMK and PtRu/CMK-N-imp were very similar
(about 2.9 nm) while the narrower XRD reflections of PtRu/CMK-N-vap indicate larger crystallite size,
of 5.8 nm. This may indicate some partial agglomeration of metallic crystallites during the reduction
process in the presence of a larger nitrogen content. Nieto-Marquez et al. found a correlation between
quaternary N concentration and the relative growth of Ni crystallites, attributed to enhanced electron
mobility [48]. On mesoporous carbons, Pt nanoparticles are known to attach preferably on the surface
of open mesopore walls. Whereas, most Pt particles are buried in micropores when microporous
carbon materials are used as support [25]. In this work, the three carbon materials exhibited different
textural properties (Table 1). However, a clear trend of the porosity and PtRu crystallite size has
not been found, probably due to the relatively low metal concentration employed (20 wt. %). As it
will be shown in the discussion of TEM images, some particle agglomerates are formed during the
synthesis process, giving place to a certain population of large noble metal particles that contribute to
the narrowing of XRD reflections.

Figure 2. X-ray diffractograms of PtRu catalysts.

Transmission electron microscopy (TEM) images (Figure S1 of the Supplementary Information)
of the catalysts at low magnification evidenced the ordered structure of the carbons supports.
CMKs exhibit an arrangement of carbon nanorods with a uniform spacing (mesopores) between them.
The morphology and distribution of PtRu nanoparticles on the surface of CMKs was also studied
by TEM. Representative micrographs for all three PtRu/CMK catalysts are depicted in Figure 3a,c,e.
PtRu particle size distributions are shown in Figure 3b,d,f for these catalysts. PtRu nanoparticles
appear well distributed on the carbonaceous surface, presenting some aggregation in a few localized
zones, presumably due to the presence of surface defects or small pores that favor the growth of
nanoparticles and a certain agglomeration on the support.
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Figure 3. TEM images of (a) PtRu/CMK; (c) PtRu/CMK-N-imp and (e) PtRu/CMK-N-vap
catalysts. PtRu particle size histograms of (b) PtRu/CMK; (d) PtRu/CMK-N-imp and
(f) PtRu/CMK-N-vap catalysts.



Energies 2018, 11, 831 7 of 16

Particle size distributions (PtRu) are shown in Figure 3, obtained from the analysis of more than
300 particles by TEM. The average particle size slightly increases from 2.1 nm for the catalyst supported
on the bare CMK to 2.8 nm for the PtRu/CMK-N-vap catalyst. Catalysts supported on N-doped CMKs
present a distribution tail for particles larger than 3 nm, more evident in the case of PtRu/CMK-N-vap
catalyst, characterized by the largest amount of surface nitrogen according to XPS analyses (Table 3).
These bigger nanoparticles contribute in a larger extent to X-ray diffraction, explaining the narrower
reflections for the CMK-N-vap supported catalyst in XRD (Figure 2) and consequently larger crystallite
size. Nonetheless, more than 50% population of particles are between 1.5 and 3.0 nm size regardless
the nature of the support. Small nanoparticles represent the most important contribution to active
surface area in surface sensitive reactions like methanol electrooxidation.

Aimed to investigate eventual effects of the chemical composition of the catalysts, XPS analyses
were also carried out for the CMK-supported PtRu catalysts. The high resolution N1s spectra are
depicted in Figure 4, whereas the Pt4f and Ru3p spectra are shown in Figure 5. The peak profile
for nitrogen is very similar to the profiles obtained for the support alone, with about 33–34% as
pyridinic N, 31–32% as pyrrolic/pyridonic nitrogen and 25–26% quaternary N, as summarized in
Table 4. The similar N1s XPS signal indicates a negligible effect of PtRu deposition on the chemical
speciation of nitrogen in the carbonaceous phase.

Figure 4. XPS high-resolution N1s spectra of: (a) PtRu/CMK-N-imp; (b) PtRu/CMK-N-vap.

Table 4. Physico-chemical features of N-doped carbon-supported PtRu catalysts from XPS analyses.

Species PtRu/CMK PtRu/CMK-N-imp PtRu/CMK-N-vap

BE/eV % BE/eV % BE/eV %

Ru 3p 3/2
Metallic Ru 461.3 33.1 461.4 38.8 461.0 25.5

Ru4+ 463.0 35.0 463.0 33.9 463.0 42.0
Ru4+ hydrate 465.1 31.9 465.1 27.3 465.2 32.5

Pt 4f 7/2
Metallic Pt 71.5 62.7 71.3 61.9 71.3 60.2

Pt2+ 72.8 22.6 72.7 22.4 72.6 23.8
Pt4+ 75.4 14.7 75.3 15.7 75.0 16.0

N 1s
Pyridinic N - - 398.2 34.2 398.1 33.2

Pyrrolic/Pyridonic N - - 400.0 30.9 400.0 32.5
Quaternary N - - 401.0 24.9 401.0 25.9

N oxides - - 403.5 10.0 403.6 8.4
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Figure 5. XPS high-resolution spectra of Pt 4f (left) and Ru 3p (right) for: (a,b) PtRu/CMK;
(c,d) PtRu/CMK-N-imp; (e,f) PtRu/CMK-N-vap.

The deconvolution of Pt 4f spectra (Figure 5 and Table 4) indicate above 60 at % of metallic Pt in
all catalysts. The synthesis with sodium formate is effective in reducing a substantial percentage of Pt,
with no significant influence of the presence of nitrogen on its chemical state. Whereas, the binding
energy (BE) associated to Pt0 is slightly shifted towards lower values, 0.2 eV, in the catalysts based on
N-doped CMKs. This small shift has been ascribed by some authors to the effect of surface nitrogen
on the electronic environment of metal particles [15], which in the end may positively influence the
electro-catalytic activity by favoring the electron transfer processes during the oxidation of methanol.
It has been demonstrated that the lone pair of electrons at surface nitrogen sites in the sp2 orbital
may favor a stronger binding of Pt and Ru during catalyst synthesis, leading to enhanced activity in
MOR [49].
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The oxidation state of Ru, as analyzed from the deconvolution of Ru 3p spectra, varies slightly
with the support characteristics. The broadening of each peak in the Ru 3p doublet indicates the
presence of both metallic Ru and oxidized Ru4+. The contribution of oxidized Ru to total is the highest
for the PtRu/CMK-N-vap catalyst, which is characterized by the highest Pt:Ru atomic ratio at the
surface (Table 3).

In summary, the presence of nitrogen species influences mainly the Pt:Ru ratio at the surface,
according to XPS and EDX analyses, and the oxidation state of Ru, although in a much lesser extent.
Other important features remain unaltered, allowing us a proper discussion of the influence of nitrogen
doping in the electro-catalytic activity of carbon-supported PtRu catalysts.

2.3. Electrochemical Assessment of Activity for Methanol Electro-Oxidation on CMK-Supported PtRu Catalysts

PtRu/C catalysts were evaluated in the methanol oxidation reaction (MOR) both in acid
(0.5 M H2SO4) and alkaline (0.1 M NaOH) environments. Figure 6 shows linear sweep voltammetric
profiles for the MOR. In both acid and alkaline electrolytes, the PtRu catalysts supported on N-modified
CMKs show better performances than the one supported on bare CMK.

Figure 6. Electrooxidation of methanol by linear sweep voltammetry at 20 mV s−1 in deareated 2 M
methanol (CH3OH) in: (a) 0.5 M H2SO4 electrolyte; (b) 0.1 M NaOH electrolyte. Room temperature,
50 µg PtRu cm−2.

In acid electrolyte (Figure 6a), the onset potential in the oxidation of methanol appears at
significantly more negative values (lower overpotential) for the PtRu/CMK-N-vap catalyst compared
to the other two formulations. The current density increase follows the same trend than surface
nitrogen concentration (XPS) in the support. This enhancement could be explained by the partial
enrichment of Pt at the surface or it could be a result of a better metal-support interaction. At low
temperature (here room temperature) and acid environment, the dehydrogenation of methanol is a
slow step conditioning the rate of the whole oxidation process. In the bifunctional MOR mechanism,
the key role of Pt is dehydrogenating the organic molecule to give adsorbed CO, which is further
oxidized to CO2 by the formation of hydroxyl species on the surface of Ru atoms [40]. In our work,
PtRu catalysts supported on N-doped CMKs present similar or even larger particle size than the one
supported on the bare CMK, which means similar or even lower metal surface area. The current
density is a function of the product between the available surface area (m2 g−1) and the intrinsic
activity (A m−2) for equivalent catalyst loadings on the working electrode. This means that the higher
activity of catalysts supported on N-doped CMKs, with similar or lower surface area, is a result
of a larger intrinsic activity compensating the lower surface from bigger nanoparticles. A larger
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intrinsic activity can be ascribed to enhanced surface methanol oxidation kinetics. As a consequence,
catalysts with a larger surface Pt:Ru ratio, together with a favoring interaction of metal particles with
the nitrogen-doped support, present improved behavior for the MOR, like PtRu/CMK-N-vap.

In alkaline electrolyte (Figure 6b) the situation is different. Even though N-doped catalysts present
higher current densities than the bare CMK one, the trend of activity is not related to the amount
of nitrogen, like in the case of acid electrolyte. Similar current-voltage behavior was observed for
PtRu/CMK-N-vap and PtRu/CMK-N-imp, with about 40 mV difference between them, the latter
being more active. Interestingly, the highest activity was observed for the catalyst supported on
CMK-N-imp in alkaline environment. Methanol oxidation kinetics are affected by both pH and
adsorbing anions, these latter having an inhibiting effect on methanol dehydrogenation steps [50].
Apparently, the interactions between PtRu nanoparticles and the N-doped CMKs are somehow
influenced by the electrolyte. In sulfuric acid, it appears that either the coverage of OH− species
from oxidative water decomposition in acid, or the adsorption of sulfate anions, affect in a larger and
more negative extent to the PtRu/CMK-N-imp catalyst, characterized by the least developed porosity
among the samples herein investigated. Whereas, in alkaline electrolyte, where OH− discharge is
favored, the characteristics of N-doped CMK-supported PtRu catalysts aid in methanol oxidation,
presumably due to favored metal-support interaction from enhanced Lewis basicity derived from
strong π electron delocalization of N-doped carbon increasing the electron-donor capacity of the
support [51].

Chronoamperometric curves were carried out to assess the behavior of the PtRu catalysts under
constant potential conditions. Figure 7 shows the current density-time curves obtained at 0.5 V vs. RHE.
The curves exhibit the typical current drop in the very first seconds associated to the oxidation of
methanol adsorbed on the catalyst thin layer when applying 0.5 V vs. RHE, followed by a slower
variation with time, ascribed to the oxidation of methanol under steady-state conditions. In sulfuric
acid (Figure 7a), PtRu/CMK-N-vap presents the highest current density with about twice the current
obtained with the other two catalysts. In alkaline electrolyte (Figure 7b) the current densities are higher
than in acid electrolyte for the same catalyst. It is well known that the methanol oxidation kinetics
in alkaline environment is faster than in acid [50]. Under constant potential, the differences among
the three tested catalysts are exacerbated in 0.1 M NaOH. Considering the similarities found in the
catalysts with regard to some key features controlling the oxidation of methanol, like particle size,
metal oxidation state and composition, a significant part of the electro-catalytic enhancement must
derive from the influence of nitrogen on the metal-support interaction.

Figure 7. Electrooxidation of methanol by chronoamperometry at 0.5 V vs. RHE for 900 s in deareated
2 M methanol (CH3OH) in: (a) 0.5 M H2SO4 electrolyte; (b) 0.1 M NaOH electrolyte. Room temperature,
50 µg PtRu cm−2.
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Table 5 summarizes the values of current density for all the catalysts, both in acid and alkaline
electrolytes and according to linear voltammetry (LV, 0.55 V vs. RHE) and chronoamperometry
(CA, 0.5 V vs. RHE) experiments. The current normalization was carried out considering the
Pt loading in the electrode to better compare results regardless the amount of deposited catalyst.
Similar conclusions can be extracted than those discussed above, with PtRu/CMK-N-vap as the best
MOR catalyst in acid and PtRu/CMK-N-imp being the most performing in alkaline electrolyte.

Table 5. Electrochemical mass activity towards methanol oxidation of PtRu catalysts.

Catalyst
LV 1 MOR Activity at

0.55 V vs. RHE in 0.5 M
H2SO4/mA mgPt

−1

LV 1 MOR Activity at
0.55 V vs. RHE in 0.1 M

NaOH/mA mgPt
−1

CA 2 (t = 10 min)
MOR Activity at 0.5 V

vs. RHE in 0.5 M
H2SO4/mA mgPt

−1

CA 2 (t = 10 min)
MOR Activity at 0.5 V

vs. RHE in 0.1 M
NaOH/mA mgPt

−1

PtRu/CMK 11.6 24.2 4.6 10.0
PtRu/CMK-N-imp 16.2 45.3 4.4 32.9
PtRu/CMK-N-vap 30.0 25.6 11.0 16.8

1 Linear sweep voltammetry; 2 Chronoamperometry.

3. Materials and Methods

3.1. Preparation of Ordered Mesoporous Carbons

CMKs were synthesized by the carbonization of a carbon precursor impregnated in a mesoporous
silica, SBA-15, as described in previous works [52,53]. In the case of bare CMKs, the carbon precursor
was a furanic resin (furfuryl alcohol and formaldehyde, Huttenes-Albertus, Düsseldorf, Germany).
Whereas, for N-doped CMKs, pyrrole (Sigma Aldrich, Saint Louis, MO, USA) was used as precursor.
In a first strategy, 50 mL of pyrrole was directly impregnated into 1 g of silica (SBA-15) by stirring
the mixture during 20 h (CMK-N-imp). A second strategy consisted of flowing pyrrole vapor (40 ◦C)
through the SBA-15 during 24 h (CMK-N-vap), as described in [54]. Afterwards, the method was the
same for both N-doped CMK materials: the solid was mixed in a 0.5 M FeCl3 aqueous solution for
2 h. It was subsequently washed with water and acetone and dried overnight in an oven. To obtain
the carbonaceous material, the three mixtures (two from pyrrole and one from furanic resin) were
thermally treated at 700 ◦C in inert atmosphere during 3 h. Finally, to remove the silica template,
each carbonaceous material was etched with HF during 24 h, thoroughly washed with water and dried
overnight at 70 ◦C.

3.2. Synthesis of Carbon-Supported PtRu Electrocatalysts

PtRu electrocatalysts were synthesized by a sodium formate reduction method, as described in
previous works [46]. Briefly, the metal precursors (H2PtCl6 and RuCl3, Sigma-Aldrich, St. Louis, MO,
USA) were dissolved in formic acid (98%, Merck, Kenilworth, NJ, USA) under sonication and the pH
was adjusted to 12 by adding 1 M NaOH aqueous solution. After that, CMKs were dispersed in the
solution containing the metal precursors and the mixture was refluxed at 80 ◦C for 2 h. The resultant
catalysts were filtered, washed with ultrapure water and dried at 70 ◦C overnight.

3.3. Physicochemical Characterization

N2 adsorption–desorption isotherms of CMKs were measured at −196 ◦C with a Micromeritics
ASAP 2020. The total surface area was determined from BET (Brunauer, Emmett and Teller) equation
and the total pore volume was estimated using the single point method at P/P0 = 0.99. The micropore
volume was obtained by the t-plot method, while the mesopore volume was estimated as the difference
between the total pore volume and the micropore one.

EA of carbon supports were carried out with a CHNS Analyzer Thermo FlashEA 1112
(Thermo Fisher Scientific, Waltham, MA, USA).
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TEM micrographs of PtRu catalysts were obtained using a JEOL-2000 FXII microscope with a
LaB6 filament. The samples were grounded, dispersed in ethanol and then a drop of solution was
deposited on a copper grid covered with Lacey carbon film. The analysis of particle size distribution
was carried out using ImageJ (version 1.50i) and OriginLab software (OriginPro 2015).

X-ray diffraction (XRD) patterns of the materials were recorded using a Bruker AXS D8 Advance
(Bruker AXS, Karlsruhe, Germany) diffractometer with a θ–θ configuration and using Cu Kα radiation
(λ = 0.15406 nm) at a scan rate of 1◦ min−1 for 2θ values from 10◦ to 100◦. Crystallite sizes were
calculated from Debye–Scherrer equation and considering the (220) reflection peak of Pt.

A scanning electron microscopy—energy Dispersive X-ray (SEM-EDX) analyzer Röntec XFlash
Si(Li) was used to determine the Pt and Ru bulk elemental composition.

XPS measurements were performed using a ESCAPlus OMICRON system equipped with a
hemispherical electron energy analyser. A non-monochromatic Al Kα (1486.7 eV) anode was used
operating at 225 W (15 mA, 15 kV) and under vacuum (<5 × 10−9 Torr). A survey scan (1 sweep/200 ms
dwell) was acquired between 0 and 1100 eV, at 0.5 eV step, 0.2 s dwell and 50 eV pass energy.
Detailed scans for N 1s, Pt 4f and Ru 3p were obtained at 0.1 eV step, 0.5 s dwell and 20 eV pass
energy. C 1s binding energy (BE) of the graphitic peak was referenced at 284.6 eV for calibration.
The quantitative evaluation of each peak was obtained by dividing the integrated peak area by
atomic sensitivity factors and using the CasaXPS software after Shirley background subtraction and
70%/30% Gauss/Lorentzian peaks. XPS data were interpreted by using the NIST X-ray Photoelectron
Spectroscopy Database (NIST Standard Reference Database 20, Version 4.1) [55] and the Physical
Electronics Handbook of X-ray photoelectron spectroscopy [56].

3.4. Electrochemical Characterization

Electrochemical performance of PtRu electrocatalysts was evaluated in a three-electrode
electrochemical cell at room temperature using an Autolab PGSTAT302 potentiostat/galvanostat
(Metrohm). The counter electrode was a high surface area carbon rod and a reversible hydrogen
electrode (RHE) placed inside a Luggin capillary was used as reference. All potentials in the text
are referred to the latter electrode. The working electrodes were prepared by depositing a thin
electrocatalyst layer on a pyrolitic graphite disk (7 mm diameter). The electrocatalyst layer was
obtained by sonicating an ink containing 1 mg mL−1 of the catalyst in isopropyl alcohol and Nafion
(30 wt. % ionomer, 70 wt. % catalyst). Subsequently, an aliquot of the ink was deposited onto the
carbon disk for a PtRu loading of 50 µg cm−2, and dried at room temperature.

Sulphuric acid (96%, Panreac) and sodium hydroxide (99.99%, Sigma-Aldrich) were used for the
preparation of the base electrolytes: 0.5M H2SO4 and 0.1M NaOH, respectively. First, potential cycles
were performed from 0.05 and 0.85 V vs. RHE at 100 mV s−1, to clean and activate the electrode surface.
Methanol electrooxidation was evaluated by linear sweep voltammetry and chronoamperometry in
a methanol solution in the base electrolyte. Linear sweep voltammetries were carried out from 0.05
to 0.85 V vs. RHE at a scan rate of 20 mV s−1. Current transients were recorded at 0.5 V vs. RHE
during 900 s. Methanol concentration in the solution was 2 M for all the experiments. All currents
were normalized considering the geometrical area of the electrode (0.38 cm2).

4. Conclusions

Ordered mesoporous carbon materials have been doped with nitrogen by using pyrrole as
nitrogen and carbon precursor in a mesoporous silica template. The chemical and porous features
have been investigated, concluding that an adequate porosity is favored when impregnating the
silica template with pyrrole vapor rather than liquid impregnation. However, the nitrogen speciation
is independent of the impregnating process, with a similar contribution of pyrrolic (not discarding
pyridonic), pyridinic and quaternary nitrogen as the most abundant species.

PtRu catalysts with low noble metal loading (20 wt. %) and supported on nitrogen-doped ordered
mesoporous carbons were synthesized by formate reduction method, and their activity was assessed
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in both acid and alkaline solutions for the electro-oxidation of methanol. N groups appear to favor the
electroactivity of PtRu nanoparticles. On one hand, there is an enrichment of Pt on the surface of PtRu
nanoparticles with the increase of surface nitrogen. This characteristic may cause an improvement
of the methanol dehydrogenation kinetics. On the other hand, the intrinsic activity is also higher
for the catalysts supported on the N-doped mesoporous carbons, confirming the positive effect of
nitrogen-doping. Interestingly, the best catalyst in acid electrolyte presents lower activity than the best
catalyst in alkaline electrolyte, both overcoming the activity of the PtRu catalyst supported on the bare
CMK (un-doped).

Supplementary Materials: The following are available online at http://www.mdpi.com/1996-1073/11/4/831/s1,
Figure S1: TEM images of PtRu/CMK, PtRu/CMK-N-imp and PtRu/CMK-N-vap.
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