
Metal−Support Interaction in Platinum and Palladium Nanoparticles
Loaded on Nitrogen-Doped Mesoporous Carbon for Oxygen
Reduction Reaction
Lorenzo Perini,† Christian Durante,*,† Marco Favaro,† Valentina Perazzolo,† Stefano Agnoli,†

Oliver Schneider,‡ Gaetano Granozzi,† and Armando Gennaro†

†Department of Chemical Sciences, University of Padua, Via Marzolo 1, 35131 Padova, Italy
‡Physik Department E 19, Institute of Informatics VI, Technische Universitaẗ München, Schleißheimerstr. 90a, 85748 Garching,
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ABSTRACT: Mesoporous carbons are highly porous materials, which
show large surface area, chemical inertness and electrochemical
performances superior to traditional carbon material. In this study,
we report the preparation of nitrogen-doped and undoped mesoporous
carbons by an optimized hard template procedure employing silica as
template, sucrose and ammonia as carbon and nitrogen source,
respectively. Surface area measurements assert a value of 900 and 600
m2 g−1 for the best doped and undoped samples, respectively. Such
supports were then thoroughly characterized by surface science and
electron microscopy tools. Afterward, they were decorated with Pt and
Pd nanoparticles, and it was found that the presence of nitrogen defects
plays a significant role in improving the metal particles dimension and
dispersion. In fact, when doped supports are used, the resulting metal
nanoparticles are smaller (2−4 nm) and less prone to aggregation.
Photoemission measurements give evidence of a binding energy shift, which is consistent with the presence of an electronic
interaction between nitrogen atoms and the metal nanoparticles, especially in the case of Pd. The catalytic properties of
electrodes decorated with such catalyst/support systems were investigated by linear sweep voltammetry and by rotating disk
electrode measurements, revealing excellent stability and good activity toward oxygen reduction reaction (ORR). In particular,
although Pd nanoparticles always result in lower activity than Pt ones, both Pt and Pd electrodes based on the N-doped supports
show an increased activity toward ORR with respect to the undoped ones. At the same mass loading, the Tafel slope and the
stability test of the Pt@N-doped electrocatalysts indicate superior performances to that of a commercial Pt@C catalysts (30 wt %
Pt on Vulcan XC-72, Johnson Matthey).
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1. INTRODUCTION

Fuel cells and metal−air batteries are promising technologies,
especially for automotive industries, due to their high energy
densities, low operating temperature and environmental
compatibility.1,2 It is well-known that the slow kinetics of the
oxygen reduction reaction (ORR) at the cathode limits the
efficiency of fuel cells and metal−air batteries. So far, only
platinum-based electrocatalysts have been found to be effective
in final devices. However, Pt is expensive and its abundance in
nature is not sufficient to sustain a widespread commercializa-
tion of fuel cells and metal−air batteries. Therefore, the
synthesis of platinum-free electrocatalysts or the preparation of
electrocatalysts with much lower content of the precious metal,
preserving at least the same catalytic activity, is a current
strategic issue. A viable way to reach the latter goal deals with
the synthesis of new electrode support materials able to
enhance the catalytic activity of the metal phase, while
preserving the chemical and mechanical stability. In fact, the

nature of the supports has a strong influence on some
important properties of the catalyst, such as dispersion of the
active phase, inhibition of sintering and loss of the catalyst
during operation,3,4 morphology of the metallic crystallites5 and
electrochemically active area.6,7

In recent years, there has been a growing interest in the
synthesis of mesoporous carbon (MC) materials with well-
controlled and well-defined morphologies and nanostructures.8

MCs are promising materials because of their large surface area,
tunable pore structure, uniform and adjustable pore size,
mechanical stability, good conductivity and electrochemical
performances superior to traditional carbon materials such as
Acetylene Black, Vulcan XC-72R or Ketjen Black. Most of the
known MCs have highly hydrophobic surfaces and a limited
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number of specific active sites, which hinder their practical
application as catalytic supports. It is well established in
literature that the presence of a certain amount of surface
oxygen groups can decrease the hydrophobicity of the carbon
material, thus making its surface more accessible to the metal
precursor during impregnation with aqueous solutions.9,10 By
doping with heteroatoms, the physical and chemical properties
of carbon can be modified and new sites can even be created,
which make the tailoring of the catalytic properties possible.11

Among the various surface modification methods, nitrogen
doping is currently in the spotlight because it is supposed that
nitrogen induces a beneficial change on both the electronic and
structural properties of the carbon supports. For example,
changes in the surface polarity, electronic conductivity and
electron-transfer tendency have been demonstrated to be
beneficial to build improved electrode materials.12 Further-
more, N-doped carbons resulted in some ORR catalytic activity
even in the absence of metal loading, and even better
performance and stability when mixed with Pt or non-Pt
catalysts.13−18

In this work, we report the optimized synthesis of undoped
and N-doped MCs (NMC) and their subsequent decoration
with Pt or Pd nanoparticles (NPs). Sucrose and ammonia were
used as sources of carbon and nitrogen, respectively, whereas
Pd has been chosen as a possible substitute candidate for Pt as
the active phase. The MC and NMC supports were thoroughly
characterized by surface science and electron microscopy tools.
The electrochemical activity toward ORR of the various
materials, before and after Pd or Pt NPs decoration, was
evaluated by linear sweep voltammetry using a rotating disk
electrode setup. The effects of N-doping on the electrocatalytic
activity are discussed.

2. EXPERIMENTAL SECTION
2.1. Chemicals. Mesoporous Silica (MS) (200 nm particle size, 4

nm pore size), sucrose (>99.5%), PtCl2 (>99.9%), PdSO4 (>98%),
Nafion (5 wt % in EtOH) and NaBH4 were purchased from Sigma-
Aldrich and used as received without further purification.
2.2. Syntheses. MC samples were synthesized through impregna-

tion of a P200 mesoporous silica template (1 g) with sucrose (1 g) and
sulfuric acid (0.12 g), in water solution (5 mL). The mixture was dried
in an oven at 100 °C for 6 h and then the temperature was increased
to 160 °C overnight. During this pretreatment step, the carbonization
starts and the color of the sample turned from white to brown. The
powder was subsequently heated in a quartz tube to 900 °C for 5 h in
Ar atmosphere to reach the complete carbonization of the sample. To
optimize the synthesis, several heating rates from 2 to 20 °C min−1

were tested.
The synthesis procedure for the NMCs is quite similar to the

synthesis described above for the MCs. In this case, after the
pretreatment, the temperature was not increased directly to 900 °C
but a new step at 300 °C for 4 h under flow of pure ammonia was
introduced. After the final heat treatment for both MC and NMC, the
silica content was removed by dissolution with NaOH (1 M) solution
in EtOH/H2O (50% v/v) for 24 h under vigorous stirring.
Pt or Pd NPs were loaded by reduction of the corresponding metal

salts with NaBH4 on MCs and NMCs. Initially, 5 mg of MC was
dispersed in 2 mL of bidistilled water, then the metal salts solution (10
mg in 1 mL EtOH/H2O mixture 1/1 v/v) was added dropwise to the
suspension under stirring). After 2 h at room temperature (r.t.), 1 mL
of NaBH4 was added and the solution was kept under stirring for 12 h
to complete the reaction. The mixture was filtered on a nylon filter
membrane (pore size 0.22 μm, Sigma-Aldrich), washed with bidistilled
water and dried at 80 °C for 4 h.
2.3. Electrochemical Tests. The electrochemical activity measure-

ments were carried out by cyclic voltammetry (CV) and rotating disk

electrode (RDE) voltammetry, using an EG&G PAR Model 273/A
potentiostat. A conventional three-electrode configuration consisting
of a glassy carbon (GC) electrode with an area of 0.071 cm2 as the
working electrode, Pt as the counter electrode, and a satured calomel
electrode (SCE) as the reference electrode, was used. The GC was
polished to a mirror finish with silicon carbide papers of decreasing
grain size (Struers, grit: 500, 1000, 2400, 4000) followed by diamond
paste (3, 1, 0.25 μm particle size).

The catalyst inks were prepared by adding 2.5 mg of M@MC or
M@NMC (M = Pd, Pt) in 2.5 mL of Nafion (5% in EtOH, Sigma-
Aldrich) solution via ultrasonication for 10 min. Then 10 μL of
suspension was carefully pipetted onto the clean GC electrode. After
that, it was dried in air at room temperature for at least 8 h. For
comparison, inks based on a commercial Pt catalyst (30 wt % Pt on
Vulcan XC-72, Johnson Matthey) were used as a benchmark for both
(N)MC-derived Pt and Pd catalysts.

The LSV and RDE study was carried out in 0.1 M H2SO4, and the
solutions were purged with Ar before each measurement, whereas for
the ORR test, the electrolyte was bubbled with high-purity O2 gas for
at least 30 min to ensure O2 saturation. The determination of the
number of transferred electrons was measured via the ring rotating
(Pt) disk (GC) electrode (RRDE) technique (Metrohm Italiana Srl).
The RRDE (disk diameter 5 mm), with a collection efficiency of 25%,
was prepared by dropcasting 50 μL of the catalyst ink onto the surface
of the GC disk with a Hamilton microliter syringe. The electrode was
dried at ambient temperature for 12 h prior to immersion into the
electrochemical cell for data acquisition.

2.4. Characterization. The specific surface areas of the samples
were calculated by a multipoint Brunauer−Emmett−Teller (BET)
analysis of the nitrogen adsorption/desorption isotherms, whereas the
pore size distribution curves were derived from the Barret−Joyner−
Halenda (BJH) method (for mesopores) and the Horvath−Kawazoe
(HK) method (for micropores), by using the adsorption/desorption
branches.

X-ray photoemission spectroscopy (XPS) measurements were
performed in an UHV chamber (base pressure < 5 × 10−9 mbar),
equipped with a double anode X-ray source (PSP), a hemispherical
electronanalyzer (VG Scienta) at r.t., using nonmonochromatized Mg
Kα radiation (hν = 1253.6 eV) and a pass energy of 50 and 20 eV for
the survey and the single spectral windows, respectively. The
calibration of the Binding Energy (BE) scale was carried out using
Au 4f as reference (BE Au 4f = 84.0 eV).

For the characterization of the NMCs, the nitrogen amount was
determined by normalizing the intensity of the N 1s XPS peak to the
integrated area of the C 1s photoemission peak (both corrected for the
differential cross section and inelastic mean free path of photo-
electrons), obtaining a nitrogen concentration of 5.7 at% for the best
sample (see below). The XPS peaks of carbon and nitrogen were
separated into single chemical shifted components (after Shirley
background removal), using symmetrical Voigt functions; the χ2 was
minimized by the use of a nonlinear least-squares routine.

To perform XPS measurements, 2.5 mg of the M@MC or M@
NMC powders was dispersed in 50 μL of toluene and then gently
sonicated (for 5 min) in order to efficiently disperse the powders; the
solutions were then drop-casted onto electropolished polycrystalline
copper or GC substrates (with a surface area of 1 cm2). Thereafter, the
samples were first dried overnight under nitrogen flux to obtain
homogeneous films; then they were vacuum-dried for 2 h at about
10−6 mbar.

For the Raman characterization, we used a ThermoFisher DXR
Raman spectrometer. All spectra were recorded using a laser with an
excitation wavelength of 532 nm (1.5 mW), focused on the sample
with a 50× objective (Olympus). Thermogravimetric analysis (TGA)
was carried out with a Q5000IR TGA instrument (TA Waters). The
samples were exposed to air and their mass was recorded while the
temperature was raised from r.t. to 1000 °C. After the complete
oxidation of the carbon structure to gaseous products, metal and silica
residues were left.

Scanning electron microscopy (SEM) and transmission electron
microscopy (TEM) images were obtained using a Zeiss Supra 35VP
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Gemini scanning electron microscope operating at 5 kV and a FEI
Tecnai G2 transmission electron microscope operating at 100 kV.

3. RESULTS AND DISCUSSION
3.1. Characterization of MCs and NMCs. The samples

investigated in the present paper are reported in Table 1, where

also the different experimental conditions to obtain them are
specified together with the data obtained by BET and BJH. The
nitrogen-adsorption isotherms of MC prepared with a temper-
ature ramp of 2 °C min−1 (MC-2) are presented in Figure 1a:

according to IUPAC classification, the isotherms are of type IV.
The hysteresis is indicative of the presence of mesopores (2−50
nm diameter), whereas the pore size distribution can be
calculated from the BJH adsorption isotherm reported in Figure
1b. The specific BET surface area, specific pore volume (Vp)
and the pore diameters (Dp) of the MC-2 are summarized in
Table. 1, along with the other MCs obtained in different
experimental conditions. MC-2 exhibits 914 m2 g−1 of ultrahigh
specific BET surface area and 3.0 cm3 g−1 of specific pore
volume. The BJH method (Figure 1b) furnishes an average
pore diameter of mesopores and micropores around 3 and 1
nm, respectively (Table 1). Figure 1c,d show the effect of the
temperature scan rate on the surface area and pore size
distribution. Although the specific surface area (Table 1)
decreases from 914 to 765 m2 g−1 (16.3%) with the increase of
heating rate from 2 to 20 °C min−1, the average pore diameter
of mesopores and micropores is constant with a value around 3

and 1 nm, respectively (Figure 1d). This means that the
number of pores is the parameter varying with the heating rate:
at low heating rate the number of pores results to be higher
than the one obtained under higher heating rates.
On the basis of these observations, N-doped mesoporous

carbon (NMC-2) was prepared at a low heating rate in the very
same experimental conditions as MC-2, but an additional step
was inserted where ammonia was allowed to flow at 300 °C.
NMC-2 exhibits an isotherm type IV (IUPAC), corresponding
to a BET surface area of 608 m2 g−1 and meso- and micropores
of similar size as in MC-2 (Table 1). The NMC-2 surface area
is only 2/3 of the one of MC-2; however, it is still much higher
than that of the commercial standard Vulcan XC-72R (222 m2

g−1).19 Because the pore structure parameters of NMC-2 and
MC-2 are similar (Table 1), a possible explanation of this BET
surface area reduction upon N-doping, could be referred to a
partial collapse of the silica pores structure after ammonia
reaction with silica. In fact, the collapse of the structure upon
the template removal would end up in a general loss of the
number of pores.
The SEM images of MC-2 and NMC-2 are presented in

Figures 2a,b, respectively. Both samples consist of hollow

spherical carbon particles, as good replica of the templating
silica, along with other collapsed and fractured particles that
give rise to a heterogeneous morphology. The average diameter
of the spheres is about 300−400 nm. A more detailed structural
study of NMC-2 was carried out with TEM measurements,
which point out the presence of spherical carbon particles
(Figures 2c,d). Pores are randomly located to construct the
whole sphere, achieving a loosely packed nanostructure. In fact,
several three-dimensionally interconnected bright spots can be
observed on the sphere surfaces indicating the presence of
mesopores, whereas the dark contrast that characterizes the
edges confirms their hollow nature (Figure 2d).
To characterize the surface chemistry of the studied systems,

we carried out an XPS investigation. Figures 3a,b report wide
range measurements acquired for MC-2 and NMC-2 samples,

Table 1. BET Surface Area and Pore Structure Parameters of
Different MCs and NMCs

samplea
BET surface area

(m2/g)
pore volume
(cm3/g)

BJH pore
size (nm)

H−K pore
size (nm)

MC-2 914 0.30 3.1 1.2
MC-5 857 0.31 3.1 0.9
MC-10 856 0.31 3.2 1.1
MC-20 765 0.27 3.1 1.0
NMC-2 608 0.29 3.0 0.9
aNumbers stand for the heating rate express in °C min−1.

Figure 1. (a) Nitrogen adsorption/desorption isotherms of MC
pyrolized at 2 °C min−1; (b) BJH pore-size distribution in MC-2; (c)
BET areas at different heating rates; (d) BJH and HK pore size
distribution at different heating rates. The fitting error associated with
the employed DFT model is less than 0.3%.

Figure 2. Representative SEM images for (a) MC-2 and (b) NMC-2.
(c, d) TEM images of NMC-2.
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respectively, and the corresponding elemental surface stoi-
chiometries are reported in Table 3. Both survey spectra exhibit
the photoionization peaks of C 1s (284.6 eV) and O 1s (533.7
eV) core levels, whereas only NMC-2 samples show the N 1s
photoemission peak (399.4 eV). The nitrogen concentration in
NMC-2 is 5.7 at. % (Table 2). Furthermore, XPS reveals traces
of contamination from the templating silica and from the
concentrated NaOH solution used to dissolve the templating
agent. The trace of silica can be completely removed by a
prolonged washing in EtOH/NaOH solution followed by the
rinse with abundant bidistilled water.
To get a more precise description of the chemical identity of

the functional groups present on MC-2 and on NMC-2, the C
1s and N 1s energy regions were acquired at high resolution
and the corresponding peaks were fitted with Voigt functions,
imposing a full width at half-maximum (FWHM) in the range
of 1.0−1.4 eV. Figure 4 reports the multipeak analysis of the C
1s and N 1s signals for MC-2 and NMC-2, together with ball
and stick models of the different chemical species identified.
Concerning MC-2, we can distinguish five different compo-
nents in the deconvolution of the C 1s photoemission
spectrum: the main component (which constitutes 72% of
the signal), centered at 284.5 eV, represents the sp2-hybridized
carbon (Csp2) forming the graphitic lattice. The component
centered at 285.5 eV is due to sp3-hybridized carbon (Csp3),
which constitutes tetragonally coordinated carbon clusters and
CH bonds,20,21 while the third and fourth components at
286.4 and 288.0 eV, respectively, are related to COH bonds

and carbonyl (−CO) groups. For a correct fitting procedure,
it is also necessary to introduce a small component in the low-
energy tail, which is related to C atoms around vacancy sites
(BE = 283.7 eV).22

Interestingly, the C 1s spectrum of NMC-2 (Figure 4c)
shows a significant increase of the Csp3 component, which can
be associated with the formation of amorphous carbon. In fact,
this side reaction is promoted by the low temperature
treatment in ammonia (4 h, 300 °C), performed on the MC
precursor in order to obtain the N-doping. Concerning the
component centered at 286.4 eV, it is not possible to
distinguish the contribution of the COH groups from that
of the CN bonds, which are known to give a characteristic
signal centered at 286.6 eV.23 Moreover, the carbonyl
component at 288.0 eV overlaps that of the −NCOH
groups.24 The new component at the high BE tail (BE = 289.0
eV) can be related to the presence of strong electron-
withdrawing groups, such as formamide-like fragments
(−NCO).24 Table 3 summarizes the results and makes a
comparison between the fits of the different C 1s spectra.
The nitrogen functional groups characterization was carried

out by analyzing the N 1s XPS signals, as reported in Figure 4d.
Seven different components were identified,25 with the main
peaks centered at 398.1, 399.0, 400.3 and 401.2 eV, which can
be described as pyridinic groups,24,26 amine groups,22,24 pyrrolic
groups25 and graphitic N,25 respectively. According to the
literature, in order to fit a curve consistently with the
experimental data, we added three components centered at
402.5, 403.7 and 404.8 eV, in the high-energy tail of the N 1s
spectrum. These are associated with quaternary nitrogen groups
(402.5 eV), NCOH27 and NCOH27 groups (403.7
eV), and highly oxidized nitrogen groups27 (404.8 eV), such as
NOx groups, even though in limited amount.
Figure 5 compares Raman spectra of MC-2 and NMC-2; the

analysis of the peak positions and intensities gives information

Figure 3. XPS survey spectra for (a) MC-2 and (b) NMC-2.

Table 2. Elemental Analysis Derived from XPS
Measurements, for MC-2 and NMC-2

Si (%at) Na (%at) C (%at) N (%at) O (%at)

MC-2 4.1 0.8 80.3 14.8
NMC-2 3.7 0.8 75.8 5.7 14.0

Table 3. Results of the Fitting Procedure Performed on the C 1s Spectra Related to MC-2 (left) and NMC-2 (right)a

MC-2 Ai/Atot (%) NMC-2 Ai/Atot (%)

C vacancy (BE = 283.7 eV, Δ = 1.3 eV) 6.6 C vacancy (BE = 283.7 eV, Δ = 1.3 eV) 6.8
Csp2 (284.5 eV, Δ = 1.3 eV) 72.3 Csp2 (BE = 284.5 eV, Δ = 1.3 eV) 57.3
CH (Csp3) (BE = 285.5 eV, Δ = 1.1 eV) 11.8 CH (Csp3) (BE = 285.5 eV, Δ = 1.2 eV) 16.4
COH (BE = 286.4 eV, Δ = 1.3 eV) 7.1 COH/CN bonds (BE = 286.5 eV, Δ = 1.3 eV) 14.7
CO (BE = 288.0 eV, Δ = 1.2 eV) 2.2 CO/−NCOH (BE = 288.0 eV, Δ = 1.3 eV) 2.7

−NCO (BE = 289.0 eV, Δ = 1.2 eV) 2.1

aThe percentages of each single component are normalized to the total integrated area of the C 1s spectrum. Δ is the FWHM of each component.
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about the changes of the atomic structure of the samples. The
two intense bands observed at 1600 and at 1325 cm−1 are the G
band28 (tangential vibration mode, E2g symmetry group) and
the D band,28 also known as disorder vibration mode
(belonging to the A1g symmetry group), respectively. The
latter is observable only in the presence of defects that lead to a
local breakdown of the D6h symmetry of the graphitic
honeycomb lattice28 (such as sp3 carbon or dopant atoms).
Compared to undoped MC, the NMC sample shows a
significant increase in structural disorder, as evidenced by the
increase and the broadening of the D band. This is in
agreement with the previous XPS observations; in fact, the
evolution of the D band with the doping is due to both the
increase of the Csp3 and the doping of the carbon structure.
Moreover, it is found that in NMC-2 the G band shifts from
1593 to 1589 cm−1 and the D band moves from 1330 to 1321
cm−1 in comparison to those of the mesoporous carbon MC-2,
which can be ascribed to the incorporation of nitrogen into the
carbon matrix.29

3.2. Characterization of Metal Loaded-MC and NMC.
Nanoparticles from different metal salts (PdSO4, PtCl2) were
loaded on undoped (Pd@MC-2, Pt@MC-2) and doped (Pd@
NMC-2, Pt@NMC-2) samples by a simple chemical reduction

method with sodium borohydride (NaBH4) as the reducing
agent. TEM images of Pt@MC-2 (Figure 6a) and Pt@NMC-2
(Figure 6c) clearly show that Pt NPs with high loading are
uniformly dispersed throughout the samples. The correspond-
ing particle size distribution histograms (Figures 6b,d) were
obtained by calculating the size of more than 50 randomly
selected particles in the magnified TEM images. For Pt@MC-2
and Pt@NMC-2 samples, the mean Pt particle size diameter is
ca. 1.7 and 1.3 nm, respectively, and the NPs were well
dispersed on the surface of pristine and doped MC. However,
the formation of some Pt aggregates (>8 nm) can be clearly
seen, especially in the case of Pt@MC-2, suggesting that the
nitrogen surface doping is helpful to stabilize Pt NPs on Pt@
NMC-2. Regarding Pd NPs supported on MC-2 (Figure 6e),
the size distribution histogram (Figure 6f) shows an average
diameter of ca. 5−6 nm. When Pd NPs nucleate and grow on
NMC-2 (Figure 6g), the particle size diameter decreases to 2−3
nm (Figure 6h). In this case, Pd agglomerates are still present
though to a lesser extent than in Pd@MC-2. It is evident that
the presence of homogeneously distributed nitrogen functional
groups can provide nucleation sites and thus promote a higher
dispersion of metal NPs. Furthermore, nitrogen doping results
in an improvement of hydrophilicity and wettability of NMC-2.
The enhanced access of solvated and charged metal precursor
ions to the NMC-2 surface can be associated with the superior
dispersion of metal NPs and it effectively prevents agglomer-
ation.30 It is also known that nitrogen functional groups can
increase the interaction between metal NPs and the substrate,
immobilizing Pt or Pd NPs.18,31 This has been confirmed also
for Pt and Pd NPs deposited on N-doped HOPG4,32,33 CNTs30

and N-doped GC.5 Figure 7 reports the XPS Pd 3d and Pt 4f
spectral regions of samples deposited on MC-2 and NMC-2. As
can be observed, the photoemission spectra of the metals show
significant peak broadening when they are deposited on NMC-
2. This can be explained by the formation of oxidized metal
species over the nitrogen sites. Moreover, a BE shift of the
signals takes place after the deposition on NMC-2 and this is
particularly evident in the case of Pd@NMC-2 (Figure 7a). For

Figure 4. XPS detailed study of (a) MC-2 and (c, d) NMC-2. Modeling of the surface functional groups (b) MC and (e) NMC.

Figure 5. Raman spectra for MC-2 and NMC-2.
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Pt, it was reported that the addition of nitrogen to the support
induces a BE shift that is proportional to the number and
proximity of nitrogen atoms to the carbon−platinum bond and
that it is a result of the destabilization induced by nitrogen
atoms on the delocalized double bond present in the undoped

structure.31,34 Table 4 summarizes the values of BEs and
FWHMs of the photoemission peaks recorded for Pt and Pd

deposited on both MC-2 and NMC-2. The metal loading was
evaluated by XPS analysis to be ca. 30 wt % for each sample;
this result was confirmed also by thermogravimetric analysis
(TGA).

3.3. Electrochemical Analyses. The electrochemical
properties of pure MC-2 and NMC-2 were examined by cyclic
voltammetry (CV) in Ar purged 0.1 M H2SO4 solution at a
scan rate of 200 mV s−1 (Figures 8a,b). NMC-2 shows an

increased capacitance with respect to MC-2; it is commonly
known that nitrogen doping improves the capacitive behavior
of carbon materials and this is generally attributed to the
electron donor capability of nitrogen atoms.35,36 Specifically,
the strong electron donor nature of nitrogen atoms promotes
reinforcement in π bonding, enhancing wettability of the
material at the electrode/electrolyte interface. Therefore, the
presence of nitrogen functional groups induces a pseudocapa-
citive effect,37 caused by the increased adsorption of proton and
electrolyte ions in the electrical double layer.38

A well-defined quasi-reversible redox peak couple was
observed on both MC-2 and NMC-2 in the potential range
of 0.75 and 0.25 V vs SHE. The presence of these peaks may be
ascribed to redox active surface oxygen functional groups such
as hydroquinone/quinone, which usually undergo proton
coupled electron transfer. This type of surface electrochemistry
behavior can be found in other type of mesoporous carbon and
carbon nanotubes modified electrodes.39,40

Figure 6. TEM images and size distribution of Pt@MC-2 (a and b),
Pt@NMC-2 (c and d), Pd@MC-2 (e and f) and Pd@NMC-2 (g and
h).

Figure 7. Pd 3d (a) and Pt 4f (b) XPS regions of M@MC and M@
NMC (M= Pd, Pt).

Table 4. BE and FWHM of XPS signals of Pd and Pt
deposited on MC-2 and NMC-2

MC-2 NMC-2

BE (eV) FWHM (eV) BE (eV) FWHM (eV)

Pd 3d5/2 335.4 1.7 336.0 2.9
Pt 4f7/2 71.3 1.4 71.6 1.7

Figure 8. Cyclic voltammetry at different scan rates in 0.1 M H2SO4
on (a) MC-2 and (b) NMC-2. (c) RDE linear sweep voltammetry
curves on MC-2 and NMC-2 modified GC electrode in O2-saturated
0.1 M H2SO4 solution. Scan rate 10 mV s−1. (d) RDE linear sweep
voltammetry curves on NMC-2 at different rotation rates in the range
1000−3100 rpm/s in O2-saturated 0.1 M H2SO4 solution at scan rate
of 10 mV s−1. The inset reports the corresponding Koutecky−Levich
plot at 0.0 V vs SHE.
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The linear sweep voltammetry (LSV) with a rotating disk
electrode (RDE) was undertaken at different rotating rates
from 1000 to 3100 rpm in an O2-saturated 0.1 M H2SO4
solution, at a scan rate of 5 mV s−1 in order to ensure a steady-
state condition (Figure 8c). Both MC-2 and NMC-2 show
mixed kinetic and mass transport control, but the influence of
mass transport becomes visible at much lower potentials for
MC, in a region where thermodynamically other reactions like
hydrogen evolution could take place. An ideal plateau was not
fully reached in these experiments but clearly approached at all
rotation rates for NMC-2 (Figure 8d). NMC-2 approached the
plateau of diffusion-limiting currents below −0.1 V vs SHE, and
showed an onset reduction potential for O2 at 0.33 V vs SHE
almost 300 mV more positive than that of MC-2. Such a
difference in the onset potential between the two materials
highlights a pronounced electrocatalytic activity of NMC-2 for
oxygen reduction with respect to the undoped MC-2. The
improved catalytic activity of nitrogen doped carbon based
electrodes toward ORR is a well-established effect although the
actual mechanisms involved in the reaction are not well
understood to date.41 The effect is generally ascribed to the n-
type dopant character of nitrogen, which allows a faster
adsorption of oxygen molecules on carbon atoms that are next
neighbors to the nitrogen doping atoms, in particular those
placed in a substitutional, pyridinic or pyrrolic position.42−46

To investigate the mechanism of the electron transfer process,
we used the Koutecky−Levich (K-L) plot (Figure 8d inset),
which was obtained from the polarization curves at various
rotation rates (Figure 8d).

ω
= + = + −j j j nFkC nF D v C

1 1 1 1 1
0.62 ( )k d O O

2/3 1/6
O

1/2
2 2 2 (1)

In the K-L equation j is the measured current density, jk and
jd are the kinetic and diffusion-limited current densities,
respectively, n is the number of electrons transferred per O2
molecule, k is the rate constant for O2 reduction, F is the
Faraday constant (96 485 C mol−1), ω is the rotation rate, CO2

is the concentration of oxygen in the bulk (1.1 × 10−6 mol
cm−3),47 DO2

is the diffusion coefficient of oxygen (1.4 × 10−5

cm2 s−1)48 and ν is the kinematic viscosity of the solution (0.01
cm2 s−1).48 The geometric surface area (0.0706 cm2) was
considered in the calculation. The slope of the straight line
(Figure 8d inset) allows us to assess the number of electrons
involved in the ORR. The experimentally determined number
of electrons is 3.47 at 0.0 V vs SHE for NMC-2, which indicates
that the four-electron process leading directly to water is the
favored reduction mechanism.
The electrochemical investigation was extended also to Pt@

NMC-2 and Pd@NMC-2, and the results were compared with
Pt@MC-2, Pd@MC-2 and with the commercial standard
Johnson Matthey 30 wt % Pt on Vulcan XC72R (hereafter
denoted as Pt@vulcan). The electrochemical properties of Pt
and Pd NPs deposited on MC-2 and NMC-2 were first
examined by cyclic voltammetry, as shown in Figure 9a,b. For
both types of NPs, there are three distinct potential regions in
the voltammograms: the hydrogen adsorption/desorption
region between 0.0 and 0.25 V, the double-layer region
between 0.25 and 0.50 V and the surface oxide formation/
reduction region (>0.50 V). The Coulombic charge for
hydrogen adsorption/desorption (QH) can be used to calculate
the electrochemical active Pt and Pd surface area of the
electrodes.49,50 The value of QH (mC cm−2) was calculated as

the mean value between the amounts of charge exchanged
during the electroadsorption and desorption of H2 on Pt or Pd
sites, with the correction of the capacitive current contribution.
The electrochemical active surface area can therefore be
calculated according to the formula:

=
·

Q
q

EAS
[M]

H

(2)

where [M] is the metal loading in the electrode and represents
the M/C wt % determined by XPS and TGA measurements,
which in the present case is 42.5 μg cm−2. The factor q = 0.21
represents the charge required to oxidize a monolayer of H2 on
smooth Pt and QH (μC cm−2) is the charge for hydrogen
adsorption/desorption. Table 5 summarizes the results for the

catalysts tested. The results point out that Pt@MC-2 and Pt@
vulcan have similar EAS, whereas Pt@NMC-2 sample shows
the higher EAS. The increase in EAS indicates that a larger
fraction of the Pt surface is exposed. This in agreement with the
consideration expressed in section 3.2 where it was observed
that on nitrogen doped mesoporous carbon, there is a better
nucleation and dispersion of Pt NPs, and less agglomeration. It
is worth noting that the EAS decreases sensitively when passing

Figure 9. (a,b) Cyclic voltammetry of the electrocatalysts in an
oxygen-free 0.1 M H2SO4, scan rate 100 mV s−1. (c) RRDE linear
sweep voltammetry curves on Pt@vulcan, M@MC-2 and M@NMC-2
(M = Pt, Pd) in O2-saturated 0.1 M H2SO4 solution. Scan rate 10 mV
s−1, rotation rate 1600 rpm. (d) Mass transfer corrected Tafel plots
extracted from the data of the RDE linear sweeps; the current density
is normalized to the geometric surface area of the electrode.

Table 5. Electrochemical Data Obtained from Cyclic and
Linear Sweep Voltammetry

catalyst
Ep
ac

(V)
Eonset

bc

(V)
E1/2

bc

(V)
ΔE1/2bd
(mV) ne

EASa

(m2/g)

Pt@vulcan 0.687 0.804 0.707 0 3.93 43
Pt@MC-2 0.687 0.804 0.707 0 3.98 46
Pt@NMC-2 0.701 0.842 0.748 41 3.89 67
Pd@MC-2 0.660 0.734 0.646 −61 3.98 26
Pd@NMC-2 0.668 0.753 0.682 −25 3.86 32

aData obtained from cyclic voltammetery. bData obtained from RDE
voltammetry. cAll potentials are referred to SHE. dΔE1/2 = E1/2

catalyst −
E1/2

Pt@vulcan. eNumber of transferred electrons calculated from RRDE
measurements
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from Pt to Pd NPs loaded on MC-2. This effect can be
associated with the NPs dimension that in the case of Pd@MC-
2 results to be 3−4 times greater than for Pt NPs, causing a
decrease of the NPs surface area. However, when Pd NPs are
loaded on NMC-2, it is possible to observe again an increase of
the EAS, in accordance with the fact that Pd@NMC-2 shows
smaller catalyst particles.
The electrocatalytic performances for the whole batch of

electrocatalysts toward ORR were tested by both cyclic
voltammetry and linear sweep voltammetry at RDE and
RRDE. The reduction peak potentials (Ep) for the irreversible
reduction of O2 in silent condition at all the investigated
surfaces are reported in Table 5. Figure 9c presents the ORR
polarization curves at RRDE (1600 rpm, 10 mVs−1) for Pt and
Pd catalysts with different carbon supports. From the disk
current response, it should be noted that the onset and the half-
wave potential of Pt@MC-2 are in good agreement with the
values of Pt@vulcan. Therefore, it appears that the mere
increase of the carbon support surface area does not improve
the mass specific catalytic activity. It is interesting to observe
that Pt@NMC-2 is characterized by better performances (in
terms of onset potential and Ep, Table 5) than the commercial
standard Pt@vulcan; in fact the diffusion limiting current
density of Pt@NMC-2 reaches that of Pt@vulcan and a positive
shift of about 40 mV exists in the half-wave potential of Pt@
NMC-2 as compared to Pt@vulcan (Table 5). Also in the case
of Pd based catalyst, an increased catalytic activity is observed
when the Pd NPs are supported on NMC-2. However, the
catalytic performance is significantly worse than Pt@vulcan,
especially in term of half wave potential.
The K-L plots (not shown), resulting from the polarization

curves for the ORR at different rotation rates, are linear for all
the investigated catalysts. This indicates a first-order depend-
ence of the kinetics for the ORR on the Pt and Pd surface.
Figure 9c reports also the ring current recorded at RRDE for all
the investigated electrodes in an oxygen saturated 0.1 M H2SO4
solution. The ring currents were at least 2 orders of magnitude
lower than the disk currents, indicating the production of
minimal amounts of H2O2. The electron number calculated
from the formula:

=
+

n
I

I I
4

( /N)
d

d r

where Id is the limiting disk current, Ir is the limiting ring
current, and N is the collection efficiency (0.25), shows that n
≈ 3.8−3.9 within the range of 0.3 to 0.5 V for the commercial
Pt/C as well as for the new catalysts (Table 5).
The mass transfer corrected Tafel plots for ORR activity of

these samples are shown in Figure 9d. The kinetic current
density of the different catalysts at various potentials can be
determined according to the equation:

=
·
−

j
j j

j jk
lim

lim (3)

In all five observed cases, double slope Tafel plots are
evident, which is known to be dependent on the formation of
metal oxide on the NPs surface.51 The higher current density is
observed in the case of Pt@NMC-2 catalyst, which indicates
that the O2 reduction rate is faster on Pt NPs loaded on a
nitrogen-doped support. The same observation can be made in
the case of Pd NPs loaded on doped MC. As it was seen above
for the NMC, the presence of nitrogen defects on MC

improves the catalytic performance of Pt and Pd NPs toward
ORR. In terms of onset and peak potentials, the ORR activity
increases as follows: Pd@MC-2 < Pd@NMC-2 < Pt@vulcan ≈
Pt@MC < Pt@NMC-2, as particularly evidenced by the E1/2
potentials of these samples (Table 5).

3.3. Stability Tests of Pt NPs on Doped and Undoped
Mesoporous Carbon. The active surface area of Pt NPs,
which is determined from the hydrogen adsorption/desorption
region,49 is used in order to compare the loss rate of Pt and Pd
quantitatively. In Figure 10a, the initial active area is fixed as

100%, and the residual active area after potential cycles is
normalized to the initial area in percentage. The residual active
area versus the number of potential cycles is fitted to the
exponential decay function shown as the solid lines. In Figure
10b is reported, as an example, the electrochemical behavior of
Pt@NMC-2 recorded after zero, 150 and 350 potential cycles.
After 750 voltammetric cycles performed between 0.25 and
1.45 V vs SHE at 50 mV s−1 in 0.1 M H2SO4 at 25 °C, a Pt@
vulcan 25% of Pt active area remains, whereas the Pt@NMC-2
and Pt@MC-2 keep 44% and 67%, respectively, of initial Pt
active area. In the case of Pd NPs, the active surface area
decreases to the 20% of the initial value after 50 and 150 cycles
for NMC-2 and MC-2, respectively. This indicates that the Pt
and Pd NPs supported on doped MC have a lower stability as
compared with the undoped MC, but in the case of Pt NPs,
they show higher stability with respect to the commercial
standard Pt@vulcan. These results may be indicative of an
increased stabilization provided by the mesoporous carbon with
respect to the vulcan as an electrode support. A possible
rationalization of the higher stability of Pt NPs on mesoporous
carbon may be done by considering the particle dimension with
respect to the pore size of the supporting matrix. Pt NPs are
very small (1−2 nm) and therefore, besides dissolution, Pt NPs
can be subjected to Ostwald ripening.52 This effect is less
pronounced when mesoporous carbon is adopted due to a
beneficial confinement effect inside the mesoporous structure.
In the case of N doped MC the confinement effect could be
limited on the bases of a lower number of available mesopores
with respect the undoped MC, as already observed from the
BET analysis.
Even though the increased stabilization expected for the

interaction between Pt NPs with the nitrogen functional groups
was not observed, these represent very promising and
interesting results since they allow to better define the
parameters influencing the catalyst activity and stability and
therefore to design with a clear view carbon supports able to
outclass standard commercial material both in term of activity
and chemical and mechanical stability.

Figure 10. (a) Degeneration of the Pt and Pd active area of supported
Pt particles in the stability measurements, (b) cyclic voltammograms
recorded in 0.1 M H2SO4 solution on Pt@NMC-2 at 0, 150 and 350
voltammetric cycles, scan rate 50 mV s−1.
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4. CONCLUSIONS

N-doped mesoporous carbon with high surface area and
enhanced catalytic activity toward ORR was prepared by an
optimized hard template approach, employing NH3 as the
doping agent. Pd and Pt NPs were deposited by wet
impregnation on both doped and undoped samples, showing
that the presence of nitrogen functional groups drives the
dimension and the dispersion of metal NPs. The shift of Pt and
Pd binding energy reveals the presence of a chemical
interaction between metal NPs and nitrogen defects, especially
in the case of Pd. All the catalysts were characterized by
electrochemical techniques, showing the general superiority of
metal NPs loaded on doped MC, with respect to the same
amount and type of metal deposited on undoped MC-2. In
particular, Pt nanoparticles supported on N-doped supports
showed high activities for the ORR in acidic solutions, with
better performances than those of commercial Pt@vulcan (30
wt % Pt on Vulcan XC-72). Furthermore, Pt NPs loaded on
mesoporous carbon seems to possess higher stability with
respect to the standard Pt@vulcan. This was rationalized in
term of a better confinement effect inside the mesoporous
structure. In conclusion, the doped mesoporous carbon
supports prepared in this work represent a viable tool for the
preparation of new electrocatalysts characterized by good
activities, a key factor in future fuel cell technology.
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