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Anchoring of palladium nanoparticles
on N-doped mesoporous carbon†

Lisa Warczinski, *a Bin Hu, bc Till Eckhard, b Baoxiang Peng, bc

Martin Muhler bc and Christof Hättig a

Pd nanoparticles deposited on nitrogen-doped mesoporous carbon are promising catalysts for highly

selective and effective catalytic hydrogenation reactions. To design and utilize these novel catalysts, it

is essential to understand the effect of N doping on the metal–support interactions. A combined experi-

mental (X-ray photoelectron spectroscopy) and computational (density functional theory) approach is

used to identify preferential adsorption sites and to give detailed explanations of the corresponding

metal–support interactions. Pyridinic N atoms turned out to be the preferential adsorption sites for Pd

nanoparticles on nitrogen-doped mesoporous carbon, interacting through their lone pairs (LPs) with the

Pd atoms via N-LP – Pd ds and N-LP – Pd s and Pd dp – p* charge transfer, which leads to a change in

the Pd oxidation state. Our results evidence the existence of bifunctional palladium nanoparticles con-

taining Pd0 and Pd2+ centers.

Introduction

Carbon materials are among the most commonly used support
materials for metal nanoparticle catalysts. They are highly
resistant to both acidic and basic media and as a support
material for metal nanoparticles (NPs) they also facilitate an
easy recovery of the metal. Another advantage of carbon mate-
rials is that their surface properties can be fine-tuned with great
precision.1 For industrial heterogeneous catalysis two carbon
support materials have attracted tremendous attention: carbon
nanotubes and mesoporous carbon. Carbon nanotubes are
among the most intensively studied materials in surface chem-
istry in recent years. Due to their unique crystalline structure,
carbon nanotubes show high thermal stability.2 Mesoporous
carbon is a novel promising support material in heterogeneous
catalysis. With its irregular porosity, mesoporous carbon is
characterized by a very large surface area and can be easily
synthesized at a low cost.3

One main focus of carbon research is the modification of
carbon materials. The influence of surface defects, functional
groups and heteroatoms on the structure and functionality of
carbon materials, in the first place on carbon nanotubes, has

been addressed in several studies. It has been shown that these
surface defects, functional groups and heteroatoms also affect
the interaction between a carbon surface and deposited metal
nanoparticles. Nitrogen and oxygen on the surface of carbon
support materials change the properties of the supported metal
nanoparticles. As a consequence, nitrogen- and oxygen-containing
functional groups can be used to tune the dispersion, morphol-
ogy, crystal structure, electronic structure, mobility/stability and
the catalytic performance of the supported nanoparticles.4

One of the most important industrial applications of metal
nanoparticles on carbon support materials in heterogeneous
catalysis is the hydrogenation of aromatic compounds. For
instance, the catalytic hydrogenation of chloronitrobenzenes
produces chloroanilines, which are precursors for many impor-
tant organic materials. The major side reaction, which reduces
the selectivity of these hydrogenation reactions towards chlor-
oanilines, is the process of dechlorination.5 To improve the
selectivity, dehalogenation inhibitors like quinoline have to be
added to the reaction system. We aim at designing novel
catalyst support materials with moderate to strong surface
basicity, which seems to be a promising alternative to adding
basic molecules to the hydrogenation reaction. A key step for
accomplishing this goal is to fully understand the fundamental
processes occurring on the catalyst surface.

The purpose of this study is to shed light on the properties
of Pd nanoparticles deposited on nitrogen-doped mesoporous
carbon (Pd/NMC) compared to Pd on nitrogen-free mesoporous
carbon (Pd/CMC). We aim to identify the preferential adsorp-
tion sites of Pd and to give an in-depth insight into the effect of
nitrogen doping on the corresponding metal–support interactions.
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For this purpose we combine experimental X-ray photoelectron
spectroscopy (XPS) with a computational density functional
theory (DFT) study. As theoretical model systems, we use a
Pd21 cluster on a hydrogen terminated graphene layer, which
has successfully been used as a model system for Pd/CMC in a
previous study.6

Methodology
Synthesis of mesoporous carbon

Mesoporous carbon (CMC) was prepared from fructose (99%
ADM) using ZnCl2 as the template and catalyst.7 N-Containing
mesoporous carbon (NMC) was synthesized via carbonization
of melamine (99%, Sigma-Aldrich) and formaldehyde (37 wt%
in water, Sigma-Aldrich) using CaCl2 (495%, Fluka) as the
template according to a previous report.3 The as-prepared NMC
and CMC were purified using a 1.5 M HNO3 aqueous solution at
room temperature for 72 h, followed by washing and filtration
in deionized water several times until the pH of the filtrate
became neutral. The purified NMC and CMC were dried at
80 1C overnight and ground for further use.

Catalyst preparation

Pd/NMC and Pd/CMC were prepared using a sol-immobilization
method. Briefly, an aqueous solution of PdCl2 (99%, Sigma-
Aldrich) of the desired concentration was prepared. Subse-
quently, a polyvinyl alcohol (PVA) solution (1 wt%, MW =
9000–10 000 g mol�1) was added (PVA/Pd (wt/wt) = 1.2). After-
wards, a freshly prepared NaBH4 aqueous solution (0.1 M,
10 times excess) was added, which immediately formed a
dark-brown colloidal solution containing the Pd nanoparticles.
As NaBH4 is a very strong reducing agent, the complete
reduction of the Pd2+ precursor to Pd0 has been clearly demon-
strated via UV-vis spectroscopy after the addition of NaBH4 as
reported in the literature.8,9 After 30 min of sol generation, the
powder support was added into the dark-brown colloidal
solution at a proper pH under vigorous stirring. The required
amount of the support was calculated to achieve a Pd loading of
1 wt%. After 2 h, the catalyst was obtained after filtration,
washing with distilled water several times to remove boron and
chloride, and drying at 80 1C overnight.

The supported catalysts and mesoporous supports were
characterized via N2 physisorption, XRD, and TEM and their
properties have been reported in a previous study.10 In brief,
CMC and NMC exhibited comparable mesoporous structures,
for example, similar average pore sizes of 5.0 and 4.9 nm, pore
volumes of 1.2 and 0.7 cm3 g�1, and specific surface areas of
997 and 657 m2 g�1, respectively (Table S1, ESI†). After the
deposition of Pd, the pore sizes, pore volumes, and BET surface
areas of both catalysts were slightly decreased compared with
those of the parent materials. The actual Pd loadings of the
catalysts were found to be ca. 1.0 wt%. Compared with Pd/CMC,
no significant Pd reflections were identified for Pd/NMC via
XRD (Fig. S1, ESI†), suggesting higher Pd dispersion on NMC
and the crucial role of N atoms as strong anchoring sites for Pd

nanoparticles. The mean Pd particle sizes for Pd/NMC and
Pd/CMC were rather similar amounting to 3.4 and 4.2 nm,
respectively (Fig. S2, ESI†), allowing a direct comparison of
metal–support interactions, excluding the effect of particle size.

X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) measurements were
performed in an ultrahigh vacuum setup equipped with a
high-resolution Gammadata Scienta SES 2002 analyzer. A
monochromatic Al Ka X-ray source (1486.6 eV, the anode
operating at 14.5 kV and 30.5 mA) was used as the incident
radiation source. The pressure inside the measuring chamber
was kept in the range of 3.5 to 7 � 10�10 mbar during each
measurement. The slit width of the analyzer was set at 0.3 mm
and the pass energy was fixed at 200 eV for all measurements.
The overall energy was better than 0.5 eV. Charging effects due
to the insufficient conductivity of the carbon materials were
mediated by using a flood gun (SPECS). All spectra were
calibrated based on the C 1s binding energy of 284.5 eV. The
CASA XPS program was used to analyze the XPS spectra, and a
mixed Gaussian–Lorentzian function and Shirley background
subtraction were applied in the fitting of the XPS data. The XPS
survey spectra of the catalysts verified the presence of C, N, O,
and Pd as well as the absence of B and Cl residues (Fig. S3,
ESI†). Elemental analysis and XPS results demonstrated
similar bulk and surface N abundances in NMC and Pd/NMC
(Table S2, ESI†), indicating a homogenous distribution of N in
NMC. Furthermore, CMC and Pd/CMC exhibit comparable but
slightly higher surface oxygen contents compared to NMC and
Pd/NMC (Table S2, ESI†).

Computational methods and model systems

The quantum chemical calculations were performed at the
level of density functional theory (DFT) with the TPSS11/def2-
SVP12 functional and basis set and carried out using the
TURBOMOLE13 program package. For the palladium atoms
Stuttgart–Cologne effective core potentials (def2-ecp)14 were
employed. All calculations include the multipole accelerated
resolution of identity (MARI-J)15 approximation with optimized
auxiliary basis sets16 and Grimme’s D317 correction for London
dispersion interactions.

To obtain an insight into the role of dispersion on the
binding energies, single point energies were calculated with
and without the D3 correction. Zero-point vibrational energy
(ZPVE) corrections from the vibrational analysis were added to
the energy differences.

To study the details of the electronic structure natural
population analyses (NPAs)18 were performed. As the p-system
of the different support materials can be well described using
Hückel theory, we also looked at Hückel-based population
analyses. Furthermore, we calculated electron densities, gener-
ated electron density difference plots and visualized intrinsic
bond orbitals (IBOs),19 for which we used a 1s1p1d subset of
the atomic orbitals in the cc-pVTZ-PP basis set for Pd.20 To
validate the experimental N 1s and Pd 3d XPS spectra, we
calculated the density of states (DOS) based on a Mulliken
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population analysis,21 for Pd with a full electron ansatz
(SVPall22). The absolute orbital energies are usually far away
from experimental ionization energies. However, the Kohn–
Sham eigenvalues provide a good estimate of the core level
binding energy shifts.23 Therefore, qualitative trends and
energy differences for significantly different functional groups
should be in good agreement with the experiment. Previously, it
was shown that also the DSCF method can be used to accurately
estimate N 1s core level binding energies.24,25

To model the Pd/CMC system we chose a Pd21 cluster on a
hydrogen terminated graphene layer of 150 carbon atoms, which
proved to be a reasonable choice in a previous study.6 For the
NMC systems we set up seven support material models for four
different N atom types: graphitic N, pyridinic N, pyrrolic N and
N–O like species (compare Fig. 1).

In the model for graphitic N, one C atom in the graphene
layer was substituted by a N atom (compare Fig. 1a). For
pyridinic N several different atomic arrangements would be
possible. Based on a 2D TOF-SIMS study, which shows that
pyridinic N atoms are usually distributed in domains,26 we
chose a support model system with a high density of pyridinic
N, i.e. a model including a one C atom vacancy surrounded by
three pyridinic N atoms (pyridinic b; compare Fig. 1b). As the
three pyridinic nitrogen atoms show slightly different N 1s
orbital energies, we set up a second support model for pyridinic
N (one N atom replacing a C–H group at the edge of the
graphene sheet; pyridinic c; compare Fig. 1c), which was used
for calibrating the DOS calculations. Based on the results of a
previous study, which show that the N 1s binding energies of
pyridinic N atoms at different positions in the support material
do not significantly differ from each other,27 this should not
introduce any significant uncertainty.

Furthermore it was shown that pyrrolic N atoms at different
positions in the support material do show significantly differ-
ent N 1s binding energies.27 Accordingly, we set up three
different support material models for pyrrolic N: (1) a one C
atom vacancy surrounded by one pyrrolic N–H group and two
pyridinic N atoms (pyrrolic d; compare Fig. 1d), (2) a one C
atom vacancy surrounded by one pyrrolic N–H group and two
C–H groups (pyrrolic e; compare Fig. 1e), and (3) a five-
membered ring at the edge of the graphene sheet including a
N–H group (pyrrolic f; compare Fig. 1f).

For the N–O-like species a model system of a N–O group
replacing a C–H group at the edge of the graphene sheet was set
up (compare Fig. 1g).

As the pyridine-like support model c, the pyrrole-like sup-
port models e and f and the model for the N–O-like nitrogen
atom contain functional groups that are located on the edges of
the support material, which would introduce undesired side
effects in the geometry of the supported nanoparticles, these
systems have only been considered for the DOS calculations
and not as support materials for the Pd21 clusters.

The most stable structures of the support models as well as of
Pd21 on the different support materials were determined via
ground-state geometry optimizations. The model system for
Pd/CMC is shown in Fig. 1. For Pd/NMC two different graphitic
structures, two different pyridinic structures (both on the pyridi-
nic support model b), and one pyrrolic structure (for the pyrrolic
support model d) were investigated (compare Fig. 2–5).

Fig. 1 Model systems for the NMC support material: (a) graphitic N; (b)
pyridinic N b; (c) pyridinic N c; (d) pyrrolic N d; (e) pyrrolic N e; (f) pyrrolic
N f; and (g) N–O-like N.

Fig. 2 Most stable structure of Pd21 on N-free carbon support (the model
for Pd/CMC).
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It has been well established by combined experimental and
DFT studies that the oxygen functionalization of carbon nano-
tubes enhances the binding energy of Pd;28–30 however, the
interaction between Pd and surface oxygen is relatively weak.28

Furthermore, considering the similar surface oxygen contents
in Pd/CMC and Pd/NMC (Table S2, ESI†) and the same type of
oxygen functional groups originated from the HNO3 treatment,
the influence of surface oxygen is neglected in the present study.

Results and discussion
Preferential adsorption sites

The N 1s core level XPS spectra of NMC and Pd/NMC are
presented in Fig. 6. The deconvoluted N 1s spectrum of NMC
reveals that nitrogen is embedded into the carbon structure in
four different forms.3,31 The first peak at 398.0 eV refers to the
pyridine-like N atoms (N1). The second peak at 399.8 eV (N2) is
tentatively assigned to N atoms in the pyrrole-like configu-
ration, but considering previous studies32 this may need to be
further confirmed. The third peak at 401.0 eV (N3) can be
assigned to quaternary-like N atoms, and the fourth peak at

402.0 eV (N4) to oxidized or NO-like N atoms.33 This can further
be validated by the N 1s binding energies obtained from our
DOS calculations. The total DOS energies differ from the
experimental results by an approximately constant shift of
about 14 eV. Therefore, we used the pyridinic support model c
to calibrate the calculations and shifted all the calculated
binding energies by 14.3 eV (compare Table 1.). The energy
trend and the energy differences between the different nitrogen
species match very well. There are debates on whether pyrrolic
and graphitic N can be distinguished in literature reports.32

Because of the much better deconvoluted results as well as the
better agreement of binding energies between the experimental
and calculated values (Table 1), we decided to use 4 peaks for
the N 1s XPS deconvolution in the present study.

The relative chemical abundance of each N functional group
on the NMC surface was determined from the XPS data using
tabulated theoretical photoelectron cross sections34 and is
summarized in Table 2. It shows that the embedded N is
mainly in the state of pyridinic (N1, 45%) and pyrrolic (N2,
46.1%) groups, which are basic. The overall N abundance,
especially the abundance of the N1 species, slightly decreases
due to Pd loading, suggesting that pyridinic nitrogen species
are probably the preferential anchoring sites for Pd NPs.

Fig. 3 Most stable structures of Pd21 on graphitic N carbon support: 1
(left; graphitic N on the side of Pd21) and 2 (right; graphitic N below Pd21)
(models for Pd/NMC).

Fig. 4 Most stable structures of Pd21 on pyridinic N carbon support b: 1
(left; one pyridinic N connected to Pd21) and 2 (right; two pyridinic N
connected to Pd21) (models for Pd/NMC).

Fig. 5 Most stable structure of Pd21 on pyrrolic N carbon support d
(model for Pd/NMC).

Fig. 6 N 1s regions of the deconvoluted XPS results for NMC and
Pd/NMC.

Table 1 N 1s binding energies (eV) for the different N species

Model system Calibrated DOS calculation Experimental value

Pyridinic b 397.6–397.9 N1, 398.0
Pyridinic c 398.0 N1, 398.0
Pyrrolic d 399.0 N2, 399.8
Pyrrolic e 400.1 N2, 399.8
Pyrrolic f 400.1 N2, 399.8
Graphitic 401.5 N3, 401.0
N–O-like 402.0 N4, 402.0

Table 2 Relative abundance (%) of the components in the N 1s spectra

Sample

Component/binding energy (eV)

N1 N2 N3 N4

398.0 399.8 401.0 402.0

NMC 45.0 46.1 6.0 3.0
Pd/NMC 41.1 44.5 7.6 3.3
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To validate this experimental observation, we calculated the
adsorption energies for the different Pd21 systems shown in
Fig. 2–5. The results are listed in Table 3.

In general, N doping increases the adsorption energy of the
Pd21 cluster on the carbon support material. This effect is, in
the first place, of covalent character, as it was previously
reported for the interaction of platinum nanoparticles with
nitrogen-doped carbon support materials.35 For the graphitic
system, the configuration in which Pd21 is located directly over
the N atom (graphitic N support 2, compare Fig. 3) is more
stable than the configuration with the N atom on the side of the
cluster (graphitic N support 1, compare Fig. 3). The pyrrolic
N system (compare Fig. 5) behaves very similar to the graphitic
N support 1 system.

The adsorption energies for the pyridinic systems are signifi-
cantly higher. The highest adsorption energy can be observed
for the configuration in which two pyridinic N atoms interact
with one Pd atom (pyridinic N support 2, compare Fig. 4).

This confirms that pyridinic nitrogen species should be the
preferential anchoring sites for Pd NPs on NMC, which is in
agreement with previous reports suggesting that N-functionalized
carbon materials can effectively anchor and stabilize the sup-
ported metal NPs.36,37

Details of the metal–support interactions

To understand the details of the previously described metal–
support interactions, we calculated the electron densities for
Pd21 on the graphitic N support 2, on the pyridinic N support 2
and on the pyrrolic N support. The corresponding electron
density difference plots are shown in Fig. 8–10. For comparison,
we reproduce the electron density difference plot for the N-free
system from our previous study6 (compare Fig. 7), showing that
the electron density is shifted from the lower layer of the cluster
to the Pd–C connecting lines. This indicates directed partially
covalent metal–support interactions.

In the plot for the graphitic N support 2 shown in Fig. 8 no
direct Pd–N bond can be observed. However, close to the
graphitic N atom even more electron density is shifted to the
Pd–C connecting lines compared to the N-free carbon support.
This is in agreement with our result that the binding of Pd21 on
N-doped support materials is more covalent. To explain this
phenomenon, we performed a natural population analysis for
the Pd21/graphitic N support 2 model system as well as a
Hückel-based population analysis for the support material.
Based on these results, the stronger covalent Pd–C binding
can be explained by two facts: (1) The graphitic N atom brings

in an additional electron, which in the interacting system is
(partially) located on the Pd21 cluster. The, in general, positive

Table 3 Calculated adsorption energies for the different Pd21 systems shown in Fig. 2–5

Model system
Adsorption energy
with D3 (kJ mol�1)

Adsorption energy
without D3 (kJ mol�1)

Dispersion energy
(kJ mol�1)

Dispersion
contribution (%)

Pd21/carbon support 549.7 248.2 301.5 54.9
Pd21/graphitic N support 1 574.3 278.1 296.2 51.6
Pd21/graphitic N support 2 607.9 296.9 311.0 51.2
Pd21/pyridinic N support 1 657.4 367.5 289.9 44.1
Pd21/pyridinic N support 2 704.8 401.1 303.7 43.1
Pd21/pyrrolic N support 579.1 272.2 306.9 53.0

Fig. 7 Change in the electron density induced by the interaction between
the Pd21 cluster and the N-free support material. Density gain is colored in
green; density loss is in grey.

Fig. 8 Change in the electron density induced by the interaction between
the Pd21 cluster and the graphitic N support material 2. Density gain is
colored in green; density loss is in grey.

Fig. 9 Change in the electron density induced by the interaction between
the Pd21 cluster and the pyridinic N support material 2. Density gain is
colored in green; density loss is in grey.
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charge of the carbon supported Pd21 cluster is decreased. (2)
The graphitic N atom and the neighboring C atoms are posi-
tively charged, which leads to an additional electrostatic con-
tribution to the binding energy.

The plot for the pyrrolic N support system in Fig. 10 is very
similar to that for graphitic N support 2. Also for this system no
direct Pd–N bond and a stronger electron density shift to the
Pd–C connecting lines compared to the N-free carbon support
can be observed. However, this effect is slightly smaller com-
pared to the effect of the graphitic N support 2 and can mainly
be explained by the induced positive charge at the neighboring
carbon atoms.

The plot for the pyridinic N support 2 (compare Fig. 9) shows
a much more complicated electron density difference at the two
pyridinic N atoms bound to the Pd21 cluster. This special
structure can be explained with the help of an intrinsic bond
orbital analysis. Each pyridinic N atom possesses a lone pair
(LP), located in an sp2-orbital lying in the support plane. For the
two pyridinic N atoms directly bound to the Pd21 cluster this
LP sp2-orbital is tilted up by around 51 towards the cluster
(compare Fig. 11), which is associated with an N-LP – Pd ds and
an N-LP – Pd s interaction. Furthermore, a Pd dp – p* inter-
action can be observed.

Moreover, the XP Pd 3d spectra of Pd/NMC and Pd/CMC
were investigated, which help to further understand the metal–
support interactions between Pd and the pyridine-like nitrogen
species. The deconvoluted Pd 3d spectra are shown in Fig. 12. For
Pd/NMC, three different palladium species at 335.2–335.5 eV
(Pd1), 336.8 eV (Pd2), and 337.9 eV (Pd3) can be distinguished
from the 3d5/2 portion of the XP Pd 3d spectra. In comparison,

only Pd1 and Pd2 are observed for Pd/CMC. The relative abun-
dance of these three species is summarized in Table 4.

The Pd1 peak (335.2 eV) for Pd/CMC is slightly shifted to a
higher binding energy with respect to the reported bulk-like
metallic palladium (335.0 eV). Thus, it can be assigned to the
Pd0 nanoparticles with varying extents of interaction with the
carbon surface. Compared to that of Pd/CMC, the Pd1 peak for
Pd/NMC (335.5 eV) is also slightly shifted to a higher binding
energy by around 0.3 eV, which can be attributed to more
pronounced final-state effects in small Pd NPs (2–5 nm).37,38

This observation suggests the predominant existence of smaller
Pd nanoparticles in Pd/NMC compared with Pd/CMC. Accord-
ing to our previous study, the Pd2 species is suggested to be
located on the surface region of Pd nanoparticles/clusters and
is electronically modified by oxygen atoms bound to the sur-
face, resulting in a partial positive charge (Pdd+).39

Compared to the 3d5/2 part of the XP Pd 3d spectra for Pd/
CMC, which is dominated by the Pd1 species, a new Pd3 peak at
337.9 eV is predominant for Pd/NMC. A significant electronic
modification by the N dopants is presumably responsible for
the change of the Pd oxidation state.40 Based on our DOS
calculations, the new peak can be assigned to a divalent Pd
center stabilized by the strong interaction with two pyridine-
like N atoms: for the Pd21/pyridinic N support 2 model, in
which one Pd atom interacts with two pyridinic N atoms, one
3d orbital (delocalized, but with a main contribution of the Pd
atom interacting with two pyridinic N atoms) has a binding
energy of 262.6 eV. This is noticeably higher than the binding

Fig. 10 Change in the electron density induced by the interaction
between the Pd21 cluster and the pyrrolic N support material. Density gain
is colored in green; density loss is in grey.

Fig. 11 Visualization of one N lone pair (IBO) in the pyridinic N support 2
system.

Fig. 12 Pd 3d regions of the deconvoluted XPS results for Pd/CMC and
Pd/NMC.

Table 4 Relative abundance (%) of the components in the Pd 3d5/2

spectra

Sample

Component/binding energy (eV)

Pd1 Pd2 Pd3

335.2 336.8 337.9

Pd0 Pdd+ Pd2+

Pd/NMC 21 25 54
Pd/CMC 68 32 —
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energies of the remaining 3d orbitals and, furthermore, lies in
the region of the Pd 3d orbital energy of an isolated Pd2+ atom
(a DOS energy of around 262.2 eV). Such high binding energies
cannot be observed for the Pd21/carbon, Pd21/graphitic N and
Pd21/pyrrolic N support systems (compare Fig. S4, ESI†). These
results show that pyridinic nitrogen in the support material
stabilizes bifunctional palladium nanoparticles containing
both Pd0 and Pd2+ centers.

Our results are in agreement with a previous study, in which
Pd2+ ions coordinated by nitrogen species of the carbon sup-
port were reported based on a study of XPS and NEXAFS35.
Earlier, Stonkus et al.41 confirmed that the deposition of
palladium on N-functionalized carbon nanofibers contributes
to a change in the redox properties of Pd as compared to that of
Pd on N-free carbon nanofibers.

For Pd/NMC, a better fitting of the N 1s spectrum (Fig. 6) was
obtained, assuming the presence of one more type of nitrogen
species with a binding energy of 398.9 eV (shifted by 0.9 eV).
Based on the DOS for the Pd21/pyridinic N support 2 model
showing two different binding energies (one for the two inter-
acting N atoms and one for the non-interacting N atom)
separated by around 0.7 eV, this new peak could be assigned
to the pyridinic nitrogen species interacting with Pd NPs (the
N–Pd component).

This is also in agreement with a study by Bulusheva and co-
workers,36 who also detected a new peak in the same region
after depositing single Pd atoms on N-functionalized meso-
porous carbon materials. Meanwhile, similar changes in the
NEXAFS spectra of nitrogen after Pd deposition were observed
and the new species could be assigned to the formation of a
bond of palladium atoms with pyridinic nitrogen atoms.

Conclusions

With the combined experimental and computational approach,
we were able to identify the preferential adsorption sites of
Pd nanoparticles on NMC and, furthermore, to provide an
in-depth insight into the corresponding metal–support
interactions.

Nitrogen is embedded into the carbon structure in four
forms: pyridinic, pyrrolic, graphitic and oxidized or NO-like N
species. The majority of the N atoms are in the state of pyridinic
and pyrrolic groups. In general, N doping increases the adsorp-
tion energy of the Pd clusters, which is, in the first place, an
effect of the covalent and electrostatic character. For graphitic
nitrogen this effect can be explained by stronger covalent Pd–
support bonds due to the additional electron and the charge
redistribution introduced by the graphitic N atom. Stronger
covalent Pd–support bonds can also be observed for pyrrolic
nitrogen, which is mainly caused by a charge redistribution.

According to our XPS and DFT results, pyridinic nitrogen
atoms are the preferential adsorption sites for Pd nanoparticles
on NMC. When a Pd cluster is adsorbed on pyridinic nitrogen,
two N atoms interact with one Pd atom via an N-LP – Pd ds and
an N-LP – Pd s as well as a Pd dp – p* charge transfer. This

interaction results in a change in the Pd oxidation state and
leads to a bifunctional palladium nanoparticle containing Pd0

and Pd2+ centers.
In summary nitrogen-doped mesoporous carbon can effec-

tively anchor Pd nanoparticles, especially due to strong inter-
actions with pyridinic nitrogen atoms. These results raise the
question of how N doping affects the catalytic hydrogenation
reactions on carbon-supported Pd nanoparticles. As the major-
ity of the N atoms are in the state of pyridinic and pyrrolic
groups, which are basic, Pd/NMC should provide moderate to
strong surface basicity, desired for highly selective and effective
hydrogenation reactions. Furthermore, the coexistence of Pd0

and Pd2+ centers is expected to influence the mechanisms of
these reactions.
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22 A. Schäfer, C. Huber and R. Ahlrichs, J. Chem. Phys., 1994,
100, 5829.

23 N. Pueyo Bellafont, F. Illas and P. S. Bagus, Validation of
Koopmans’ theorem for density functional theory binding
energies, Phys. Chem. Chem. Phys., 2015, 17(6), 4015–4019.

24 P. S. Bagus, Self-Consistent-Field Wave Functions for Hole
States of Some Ne-Like and Ar-Like Ions, Phys. Rev., 1965,
139(3A), A619–A634.

25 J. M. Kahk and J. Lischner, Core electron binding energies
of adsorbates on Cu(111) from first-principles calculations,
Phys. Chem. Chem. Phys., 2018, 20(48), 30403–30411.

26 Z. Luo, S. Lim, Z. Tian, J. Shang, L. Lai, B. MacDonald, C. Fu,
Z. Shen, T. Yu and J. Lin, Pyridinic N doped graphene:
synthesis, electronic structure, and electrocatalytic property,
J. Mater. Chem., 2011, 21(22), 8038–8044.

27 I. Matanovic, K. Artyushkova, M. B. Strand, M. J. Dzara,
S. Pylypenko and P. Atanassov, Core Level Shifts of Hydro-
genated Pyridinic and Pyrrolic Nitrogen in the Nitrogen-
Containing Graphene-Based Electrocatalysts: In-Plane vs.
Edge Defects, J. Phys. Chem. C, 2016, 120(51), 29225–29232.

28 J. J. Adjizian, P. De Marco, I. Suarez-Martinez, A. A. El Mel,
R. Snyders, R. Y. N. Gengler, P. Rudolf, X. Ke, G. Van
Tendeloo, C. Bittencourt and C. P. Ewels, Platinum and
palladium on carbon nanotubes: Experimental and theore-
tical studies, Chem. Phys. Lett., 2013, 571, 44–48.

29 T. Prasomsri, D. Shi and D. E. Resasco, Anchoring Pd
nanoclusters onto pristine and functionalized single-wall
carbon nanotubes: A combined DFT and experimental
study, Chem. Phys. Lett., 2010, 497(1), 103–107.

30 W. Sun, Z. Liu, C. Jiang, Y. Xue, W. Chu and X. Zhao,
Experimental and theoretical investigation on the inter-
action between palladium nanoparticles and functionalized
carbon nanotubes for Heck synthesis, Catal. Today, 2013,
212, 206–214.

31 J. Cai, S. Bennici, J. Shen and A. Auroux, Influence of N
addition in mesoporous carbons used as supports of Pt, Pd
and Ru for toluene hydrogenation and iron oxide for
benzene oxidation, React. Kinet., Mech. Catal., 2015, 115(1),
263–282.

32 M. Figueras, I. J. Villar-Garcia, F. Viñes, C. Sousa, V. A. de la
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