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1 Introduction

ABSTRACT

The introduction of nitrogen significantly decreases the metal particle size and
improves the performance of metal-based graphene-supported catalysts. In this
work, the density functional theory is used to understand the interaction between
nitrogen-doped graphene and Pd@PdO clusters. Experiments show that small
size Pd@PdO clusters (1-2 nm) can be grown uniformly on nitrogen-doped
graphene sheets by a facile oxidation-reduction method. The nanoscale interaction
relationship between nitrogen-doped graphene and Pd@PdO clusters is investigated
through X-ray photoelectron spectroscopy (XPS) and X-ray absorption spectra
(XAS). The composite catalysts are applied in Suzuki-Miyaura reactions giving
high yields and good structural stability. These results have potential impact in
design and optimization of future high performance catalyst materials for cross
coupling reactions.

and a decrease of the amount of Pd used [5, 6]. The
use of Pd clusters, the sizes of which range from sub-

Pd-catalyzed cross coupling reactions are one of the
most important methods for C-C bond formation in
organic chemistry [1-4]. Their outstanding importance
has been demonstrated by the Nobel Prize in Chemistry
2010. However, to realize the practical application
of Pd catalysts in C—C cross coupling reactions such
as the Suzuki-Miyaura reaction, several important
improvements still await to be made, e.g., reduction of
the Pd particle size, increase of the catalyst stability,

Address correspondence to fuhg@vip.sina.com

TRINGHNA ) Springer

nanometer to about 2 nm, could greatly improve the
catalytic properties because of their unique electrical
structure, large surface area, and high proportion of
surface atoms [7, 8]. Moreover, PdO clusters can also
be used as a highly efficient heterogeneous catalyst
for Suzuki coupling reactions [9]. However, the surface
energy increases with decreasing particle size, which
usually leads to serious aggregation of Pd clusters
[10]. Moreover, the morphology and size of Pd clusters
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may be changed during the Suzuki-Miyaura reaction,
which will decrease the catalytic performance. To avoid
these problems, the introduction of support materials
could effectively stabilize the Pd clusters and enhance
the catalytic properties. In addition, compared to
monometallic nanoparticles, core-shell type structures
such as Pd@PdO could exhibit improved electronic,
physiochemical, and catalytic properties by virtue of
the complex electronic interactions between the core
and the shell component [11].

Recently, many studies have suggested that
carbon-based support materials can be doped with
heteroatoms such as nitrogen and boron to create
strong, beneficial catalyst—carbon support interactions
which substantially enhance catalyst activity and
stability due to the small particle size and the narrower
size distribution of catalyst [12]. For example, a density
functional theory (DFT) study suggested that in
nitrogen-doped Vulcan carbon the nitrogen atoms
significantly enhance the Pd adsorption on the surface
[13]. Graphene is a novel one atom-thick two-
dimensional graphitic carbon material, which has
attracted increasing interest due to its high surface
area and good chemical stability [14-18], and can also
be used as an ideal support material for growing and
anchoring noble metal Pd clusters for the Suzuki-
Miyaura reaction [19]. In particular, N-doped graphene
(NDG) has an increased conductivity as the nitrogen
atoms contribute additional electron density in the
parent matrix, which will also influence the metal-
NDG interaction behavior [20]. The nitrogen in
graphene also plays a significant role in determining
the nucleation rate and growth process of Pd clusters.
However, the direct observation of the spatial rela-
tionship between the Pd catalyst and the NDG support
is still lacking and, in particular, further understanding
of the interaction between the nitrogen and metal Pd
particles is needed.

This study uses DFT to calculate the binding energy
between NDG and Pd@PdO clusters. Then we prepared
Pd@PdO clusters supported on NDG in order to
further investigate the effect of nitrogen on the growth
of Pd@PdO clusters. Pd nanoparticles supported on
reduced graphene oxide generally exhibit large size
(>5nm) and poor distribution (5-20 nm). In our
synthesis process, high quality and smooth graphene
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sheets were obtained from expanded graphite by a
quenching method. This smooth support material is
beneficial for the uniform distribution of small size
metal clusters. Moreover, the N element in NDG can
not only stabilize the embedded Pd@PdO clusters, but
also promote the catalytic activity for Suzuki-Miyaura
reaction.

2 Experimental

2.1 Synthesis of Pd@PdO-N doped graphene
(Pd@PdO-NDG)

All chemical reagents were obtained from commercial
sources and used without further purification. The
graphite powder was bought from Qingdao Tianyuan
Company. H,SO, (98%), HNO; (65%), KMnO,, H,O,,
HCI, ammonia, ethanol, and methanol were obtained
from Beijing Chemical Co., Ltd. The ethylene glycol,
palladium acetate, and polyvinylpyrrolidone (PVP)
were obtained from Sigma-Aldrich Trading Co., Ltd.

In a typical experimental procedure, briefly, we
prepared the expanded graphite (EG) using the H,SO,,
HNO;, and KMnO, as the oxidant and intercalation
agent. Then, the single- and few-layer graphene was
obtained from EG by quenching method, which is
similar to our previous work [17]. For purifying the
graphene, we selected the simple density gradient
separation method to remove the un-exfoliated EG
[21]. The density gradient solution contains ethanol
and ethylene glycol with different ratios. After the
separation process, the graphene sheets were dried,
and dispersed in ammonia for a subsequent hydro-
thermal process to obtain NDG sheets similar to our
previous work [22].

Finally, the Pd@PdO-NDG was produced by a
simple reduction reaction of palladium acetate as
follows: 150 mL of a methanol solution including 0.05 g
of NDG and 2.5 g of PVP was sonicated for 15 min to
produce a homogeneous solution. Then, the solution
was transferred to a three necked flask for the sub-
sequent reflux procedure. Meanwhile, 20 mL of a
methanol solution of palladium acetate (0.22 mmol of
Pd(C,H;0,),) was added into the above solution with
continuous stirring and refluxing at 65°C for 2 h
similar to a previous report [23]. After the reduction
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reaction, the black samples (Pd@PdO-NDG) were
separated by high-speed centrifugation, washed several
times with ethanol and distilled water, and dried at
below than 60 °C. For comparison, the Pd@PdO-
graphene was obtained by a similar method as follows:
The graphene sheets were also prepared from the
expanded graphite by the quenching method. Then,
150 mL of a methanol solution including 0.05g of
graphene and 2.5 g of PVP was sonicated for 15 min
to produce a homogeneous solution. 20 mL of a
methanol solution of palladium acetate (0.22 mmol)
was added into above solution with continuous stirring
and refluxing for 2 h at 65 °C in a three necked flask.
Finally, the Pd@PdO-graphene was obtained after
centrifugation, washing, and drying.

2.2 Catalytic experiments

The Suzuki cross coupling reaction procedure: A flask
was charged with phenylboronic acid (0.75 mmol),
K,CO; (1.25 mmol), an ethanol solution of Pd@PdO-
NDG (4 mL, catalyst 5 mg-mL™), ethanol (4 mL), and
different substrates (0.5 mmol). The flask was sealed
and stirred in a preheated oil bath (80 °C) for 1 h. After
cooling to room temperature, the mixture was filtered,
followed by removing a 10 uL aliquot of the mixture
for high-performance liquid chromatography (HPLC)
analysis. Purification of mixture was completed using
petroleum ether and ethyl acetate as the eluent in a
small column of silica gel. Then, the final pure products
were obtained by evaporating the solvent. All the
isolated products were analyzed by 'H nuclear
magnetic resonance (NMR) spectroscopy. In the
recycling tests of the catalyst for Suzuki-Miyaura
reaction, five consecutive cycles were tested. After
each cycle, the mixture was diluted with ethanol and
shaken. The entire mixture was filtered and washed
thoroughly with ethanol and water to ensure the
removal of all the products from the catalyst surface.
The same amount of dry catalyst and then fresh
phenylboronic acid and different substrate solutions
were added to the catalytic system for the next run.

2.3 Density functional theory calculations

Calculations were performed within the DFT frame-
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work embedded in the DMol® code. The exchange-
correlation energy was treated with the Perdew—Wang
functional of the general gradient approximation
(GGA) form. A DND basis set (double-numerical plus
d-DNP basis), which is comparable to Gaussian 6-31G*
basis sets, was used in the calculations. For the core
treatment, all electrons were explicitly included.
Moreover, to avoid spurious interactions between the
periodic images along the z axis, a vacuum region
with a length of 15 A was used. The stable configure-
ations were obtained by geometry optimization from
the ideal unrelaxed structures. The whole optimization
procedure was repeated until the forces on the atoms
were less than 0.002 Ha-A™' and the energy change
less than 1.0 x 10° Ha-atom™.

2.4 Characterization

The powder X-ray diffraction (XRD) patterns of the
as-prepared products were recorded using a Rigaku
D/max-IIIB diffractometer with Cu Ka radiation. The
morphology and structure of as-prepared products
were observed by high-resolution transmission electron
microscopy (HRTEM, JEM-2100) with an acceleration
voltage of 200 kV. X-ray photoelectron spectroscopy
(XPS) was performed on a VG ESCALAB MK II
with a Mg Ka (1253.6 eV) achromatic X-ray source.
Thermogravimetric analysis was performed on a TG
(TA, Q600) thermal analyzer in air with a heating rate
of 10 K'min™. The metal Pd ion concentration was
measured by inductively coupled plasma-atomic
emission spectroscopy (ICP-AES) (Optima-7000DV).
The X-ray absorption data at the Pd K-edge of
the samples were recorded at room temperature in
transmission mode using ion chambers or in the
fluorescence mode with silicon drift fluorescence
detector at beam line BL14W1 of the Shanghai
Synchrotron Radiation Facility (SSRF), China. The
station was operated with a Si (311) double crystal
monochromator. During the measurements, the
synchrotron was operated at energy of 3.5 GeV and a
current in the range 150-210 mA. The photon energy
was calibrated with the first inflection point of Pd
K-edge in Pd metal foil. Data processing was performed
using the program ATHENA. All fits to the EXAFS
data were performed using the program ARTEMIS.
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3 Results and discussion

Theoretical investigations concerning the adsorption
energy, nature of binding, and charge transfer were
performed to confirm the effect of N doping on
the interfacial interactions and the stabilities of the
systems. DFT calculations were employed to evaluate
the binding strength between Pd or PdO clusters and
NDG. To facilitate a comparison, the adsorption
energy between Pd or PdO clusters and a graphene
sheet was also considered. The numerical results are
listed in Table S1 (in the Electronic Supplementary
Material (ESM)). The adsorption energies, arising
from physisorption between Pd or PdO clusters and
graphene are about -2.21 and —2.29 eV, respectively.
However, when the PdO clusters approach NDG,
the adsorption energy of the system decreases
significantly (-3.61 eV), suggesting the existence of
strong covalent chemical adsorption between them.
Similar results are also found for the Pd-NDG system.
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Figures 1(a) and 1(b) show the density of states (DOS)
for Pd@PdO-NDG and Pd@PdO-graphene systems,
respectively. The black line in Fig. 1(a) represents the
total density of states (TDOS) of each element before
the Pd@PdO clusters come into contact with NDG,
while the red line indicates the TDOS of each element
after contacting with NDG. The calculation results
indicate the TDOS of Pd, which are mainly composed
of Pd 4d states [24], shift to a lower energy position.
Moreover, the TDOS for C atoms and N atoms are
also changed significantly. In contrast, when Pd@PdO
clusters are adsorbed on graphene, the TDOS of each
element is nearly unchanged, as shown in Fig. 1(b).
Therefore, it can be expected that the interaction
between Pd@PdO and NDG is much stronger than
that between Pd@PdO and graphene, and N doping
enhances the surface chemisorption of Pd on the
graphene sheet. Furthermore, the strong Pd-graphene
support interactions will control the Pd nanoparticle
size and dispersion, since the nature of support will
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Figure 1 DOS for PdA@PdO-NDG (a) and Pd@PdO- raphene (b); Electron-density difference diagrams for PdA@PdO-NDG (c¢) and
Pd@PdO—grapheme (d).
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govern the nucleation and growth processes during
deposition of metal particles.

Figures 1(c) and 1(d) depict the electron density
differences (EDD) diagrams for Pd@PdO-NDG and
Pd@PdO-graphene, respectively. The positive (in blue)
or negative (in red) regions indicate where the electron
density is enriched or depleted. For the Pd@PdO-
NDG (Fig. 1(c)) system, the electron density around N
atoms is enhanced, while that around C atoms in N-C
bonds is weakened, as compared to the Pd@PdO-
graphene shown in Fig. 1(d). Meanwhile, the Mulliken
population for Pd in isolated Pd@PdO cluster is
about 0.46, and the corresponding values for N and C
in the isolated NDG are calculated to be —0.30 and
0.12 respectively. After Pd@PdO cluster comes into
contact with NDG, the Mulliken population of the Pd
in Pd@PdO cluster is changed from 0.46 to 0.86, and
those of N and C atoms are changed to —0.27 and 0.03,
which means there is considerable electron transfer
between Pd and NDG. The electron transfer process
possibly implies the formation of chemical bonds

between Pd@PdO and NDG in Pd@PdO-NDG system.

However, when Pd@PdO clusters adsorb on graphene
(Fig. 1(d)), the change in Mulliken population of the C
atoms in contact varies slightly from 0.00 to —0.05,
and that of the Pd atoms still remain positive (0.46).
Therefore, the dopant nitrogen atoms serve as a
mediator to activate nearby carbon atoms, leading to
the enhancement of Pd adsorption. Furthermore, due
to the large electron affinity of nitrogen, the nucleation
and the growth of Pd@PdO clusters on NDG surface
will also be influenced, which will result in small-sized,
well-dispersed, high-stability Pd@PdO clusters being
anchored on graphene.

Subsequently, Pd@PdO clusters anchored NDG for
use as composite catalysts were obtained by a facile
synthesis method to complement the theoretical
investigation. The detailed morphology and structure
of the as-prepared composite catalyst were characterized
using transmission electron microscopy (TEM), and
the results are exhibited in Fig. 2. Figure 2(a) shows
that graphene within the composite is an ultrathin
sheet with few folds and crinkles, indicating that
graphene obtained from expanded graphite has a
more stable and flat structure than that graphene
obtained from graphite oxide. It is interesting to note
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that these very small clusters are well distributed on
the graphene sheets. From the measured particle size
distributions, shown in the inset in Fig. 2(a), the average
particle size is about 1.8 nm + 0.6 nm. Moreover, the
HRTEM images (left inset in Fig.2(b)) show the
interplanar spacing of the particle lattice is 0.226 nm,
which agrees well with the (111) lattice spacing of
face centered cubic Pd [25]. Interestingly, the Pd
clusters (< 1.5 nm in diameter) exhibit an irregular
external structure which is marked by the white
arrows, possibly due to the partial surface oxidation
of the Pd clusters to forming PdO (right inset in
Fig. 2(b)). In order to identify the role of N doping,
Pd-graphene samples were also prepared (Fig. S1 in
the ESM). It is clearly observed that many larger Pd
nanoparticles (> 10 nm) are loaded on the graphene,
indicating that nitrogen doping in graphene can
efficiently control the nucleation rate and growth
process of Pd clusters. The DFT studies in Fig. 1 have
shown that C-N defects and N interstitials in carbon
substrates can serve as local heterogeneous Pd nucle-
ation sites. Moreover, it can be stated that Pd nucleation
preferentially occurs on regions of defective carbon as
opposed to well ordered graphitic carbon. The struc-
tures of PdA@PdO-NDG were further characterized by
XRD. The XRD patterns are shown as Fig. S2 in the
ESM, and the peaks located at 20 =26.4, 54.5, and 77.4°
are attributed to the (002), (004), and (110) diffraction
facets of NDG, respectively. The peak at 39.4° in
Fig. S2 corresponds to the (111) facets of palladium
crystal [26]. However, a weak peak at 42.2° could also
be observed, which is possibly from the (111) facets
of PdO. These results suggest that the Pd@PdO-NDG
composite catalysts have successfully been produced.
Additionally, the Pd content in Pd@PdO-NDG was
investigated by thermogravimetric analysis (TG-DSC)
in air (Fig. S3 in the ESM). On the basis of the TG
measurements, it is estimated that the Pd loading in
Pd@PdO-NDG is about 14 wt.%, which is close to the
ICP-AES analysis result for Pd content (15.5 wt.%).
XPS can be used to analyze the surface layer element
composition, chemical state, and electronic structure
of solid catalyst materials. Thus, XPS was used to
further study the electronic structure change and
the nitrogen doping effect (Fig. 3). The Pd—graphene
was also studied as a reference. Figure 3(a) shows the
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Figure 2 TEM images of the PdA@PdO-NDG catalyst; the particle size distribution and the HRTEM images of Pd@PdO clusters are

shown as insets in (a) and (b), respectively.
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Figure 3 The high-resolution XPS spectra of Pd 3d (a) and N 1s (b) for N-doped graphene, Pd—graphene, and Pd@PdO-NDG.
Comparison of the Pd K-edge XANES spectra for Pd@PdO-NDG and Pd foil (c). Fourier transform of k*-weighted EXAFS data for the
same sample of PA@PdO-NDG (d) and the inset is a structure schematic of the Pd@PdO clusters.
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high-resolution Pd 3d spectra. For Pd—graphene, the
two peaks located at 335.8 and 341.2 eV can be assigned
to Pd 3d;, and Pd 3ds;, of metallic Pd(0), respectively
[27]. The shoulder peaks at 337.8 and 343.2 eV are
which are consistent with the reported values for
Pd(II), confirming the presence of PdO species on the
surface of Pd. Interestingly, for Pd@PdO-NDG, Pd
peaks obviously shift toward higher binding energy
compared to those of Pd-graphene. Normally, this
kind of shift is induced by a change in electronic
structure or coordination environment [16, 28], which
can be attributed to the presence of strong interactions
between Pd@PdO and NDG, and the effect of the
small size of Pd@PdO clusters. In the Pd@PdO-NDG
system, the nitrogen atoms have more electrons and
change the electron density around carbon atoms,
leading to the enhanced adsorption energy of Pd on
graphene sheets (based on the DFT results), which is
beneficial to the growth of Pd@PdO clusters on the
graphene sheet. In addition, according to the XPS
measurements, the nitrogen concentration is about
4.0 atom%. Furthermore, three different types of
nitrogen in NDG, namely pyridinic nitrogen (398.3 eV),
pyrrolic nitrogen (399.6 V), and sp* C-N bonded
nitrogen (401 eV) can be seen in Fig. 3(b). However,
for Pd@PdO-NDG, the pyrrolic nitrogen (399.9 eV) is
the main component [29]. The pyrrolic nitrogen atoms
donate m-electron density to the carbon network of
the graphene lattice and contribute to the sp® character
of the graphene network. Therefore, we believe the
metal Pd@PdO interacts with the pyrrolic nitrogen to
form a stable chemisorbed structure. Moreover, the
pyrrolic nitrogen peak is also shifted toward high
energy after the adsorption process, which further
proves the strong interaction between NDG and
Pd@PdO.

To support the above analysis, X-ray absorption
spectra (XAS) measurements were also performed,
since these are sensitive to the valence and local
structures of investigated elements [16, 30]. Figure 3(c)
displays the Pd K-edge of the X-ray absorption near
edge structure spectra (XANES) for Pd@PdO-NDG
together with a reference spectrum of Pd foil. For the
Pd foil reference, the absorption threshold resonance,
appearing between 24,360 and 24,380 eV corresponds
to the electronic transitions that arise from the 1s

Nano Res. 2014, 7(9): 1280-1290

state to the unoccupied 4p states above Fermi level
[31]. The second (24,385eV) and third (24,435 eV)
peaks correspond to 1s—dp and 1s—dsp transitions,
respectively. The absorption threshold resonance
position and intensity are sensitive to changes in
electron occupancy in the valence orbital and ligand
field environments of the absorber. However, the Pd
K-edge for Pd@PdO-NDG shows a distinct shift
toward higher energy relative to the reference spectrum
of Pd foil, which is in accord with the XPS results.
This kind of shift is normally induced by a change of
metal’s electronic structure. This shows the presence
of strong interface interaction and electron transfer
between Pd@PdO and NDG. Furthermore, the
spectrum of Pd@PdO-NDG also exhibits a small
feature at 24,372 eV, indicating the presence of Pd(II).
In contrast, the intensity of the metallic Pd peak at
24,370 eV decreases significantly, indicating the oxid-
ation of Pd clusters in the Pd@PdO, which is also in
agreement with the XPS results. The Fourier transform
of the k2-weighted EXAFS data for Pd@PdO-NDG is
exhibited in Fig. 3(d) along with reference data for
bulk metallic Pd. The results show the first-shell
Pd-O signal and the Pd-Pd signal, indicating that the
Pd(Il) ion was formed directly on the surface of Pd
clusters, in good agreement with the XANES and
XPS results. The structural parameters derived from
the Pd K-edge EXAFS data analyses are shown in
Table S2 in the ESM. The Pd-Pd coordination number
in Pd foil is found to be 9.7 +0.5. However, for
Pd@PdO-NDG, the coordination number is decreased
to 2.1+0.2, reflecting a decrease in the average
coordination number, as expected in the case of small
sized Pd clusters. The coordination number derived
from XAS is a nonlinear function of particle diameter,
and it has been widely used in EXAFS analysis to
determine the size of the nanoparticles. Therefore,
based on the Pd crystal cell parameters and our
physical model, the particle diameter of Pd@PdO
clusters is about 1.5 nm with an approximate surface
single layer PdO structure (Table S2), which is very
close to the HRTEM results. A schematic of the
structure of Pd@PdO is also shown as an inset in
Fig. 3(d). Furthermore, the detailed structure schematics
for Pd@PdO-NDG and Pd@PdO-graphene are shown
as Scheme S1 in the ESM. It is therefore believed that
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the introduction of nitrogen into the graphene support
network can also potentially increase the utilization
of the noble-phase metal through improvements in
dispersion, catalytic activity, and durability.

The practical application of Pd@PdO-NDG catalysts
in C-C cross coupling reactions such as Suzuki-
Miyaura reaction were tested using phenylboronic
acid and different substrates in the presence of
stabilized Pd@PdO-NDG catalysts. Table 1 gives the
reaction conditions and results for the different
substrates. As shown in Table 1, both reactions can be
successfully performed, providing complete conversions
of 100% and high yields of 96% of the corresponding
Suzuki reactions products after 1 h at 80 °C, respecti-
vely. Entry no. 3 shows a slightly lower yield, but is
still higher than that obtained with other Pd catalysts
in the same time in previous reports, which can be
attributed to the small size of the Pd@PdO clusters
with a high ratio of surface atoms [32]. In contrast,
Pd@PdO-graphene—which has relatively large and
aggregated nanoparticles—exhibits low yields for the
Suzuki-Miyaura reaction (the detailed results are
shown in Table S3 in the ESM). Therefore N-dopant
induced alteration of the catalyst electronic structure
clearly influences the catalytic reaction. For example,
one study showed that C-N surface species interactions
with a decorating Pt nanoparticle phase result in a
shift to higher binding energy which may reduce the
detrimental strong adsorption of intermediates on
the Pt surface, resulting in enhancement of catalysis
[33]. The purified products for the Suzuki reaction
were analyzed by 'H NMR, and the results are listed
in the ESM. The Suzuki coupling reaction involves an
oxidation-addition reaction, the transfer of negative

1287

ions to the metal Pd(I) center, and a reduction-
elimination reaction [34]. During the reaction, the
formation of chemical bonds between the metal Pd
and the support material could enhance the structural
stability of metal Pd@PdO resulting in enhanced
catalytic performance. In general, dopant nitrogen
atoms could serve as a mediator to activate nearby
carbon atoms, leading to the enhancement of Pd
adsorption. Therefore, large numbers of small-sized,
well-dispersed Pd@PdO clusters are obtained which
have more catalytic active centers for the coupling
reaction. Furthermore, the PdO clusters are also highly
efficient heterogeneous catalysts for Suzuki coupling
reactions [35]. In this work, the PdO layer present on
the surface of the catalyst exhibits high reactivity.
This is attributed to the strong bonding interaction
between the surface atoms of the catalyst and the
substrate molecules [36]. The Pd@PdO core-shell
structure also enhances the catalytic stability. In fact,
the experiments show that the Pd@PdO-NDG catalytic
performance is still high after five cycles of Suzuki
coupling reaction. To further confirm the structure
and morphology change of Pd@PdO-NDG catalyst
during the Suzuki reactions, samples after Suzuki
coupling reactions were imaged by HRTEM (Fig. 54
in the ESM). The results show a large number of
highly uniform Pd@PdO clusters on the NDG, similar
to the earlier TEM image. No significant changes
could be found, indicating that the substrate material
interacts strongly with the Pd clusters. Meanwhile,
the XRD patterns of Pd@PdO-NDG after Suzuki
coupling reactions also show that the structure and
the oxidation state of catalyst have hardly changed0
(Fig. S2 in the ESM). Additionally, the Pd(Il) peaks

Table 1  Suzuki coupling reactions with the catalyst Pd@PdO-NDG
X < > Rl + OBF(OH)z Conditions @@ R1
Entry R1 X Reaction time 1% cycle yield® 2™ cycle yield® 3™ cycle yield® 4™ cycle yield® 5" cycle yield®
(min) (%) (%) (%) (%) (%)
No. 1 -NO, -Br 60 96 94 93 93 92
No. 2 -CN -Br 60 95 94 90 89 85
No.3 —OCH; —Br 60 90 86 84 82 80

* Experimental conditions: phenylboronic acid (0.75 mmol), K,CO; (1.25 mmol), different substrates (0.5 mmol), ethanol solution of
Pd@PJdO-NDG catalyst (4 mL, 5 mg-mL "), ethanol (4 mL), 80 °C, 60 min. The yield was determined by HPLC and 'H NMR.
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and the Pd(0) peaks in XPS spectra for the catalysts
before and after Suzuki reaction confirmed the
structural stability of the Pd@PdO core-shell (Fig. S5
in the ESM). The peak intensities of Pd(II) and Pd(0)
are essentially identical before and after Suzuki
reaction, showing there is no change in oxidation state
in the Pd@PdO catalysts. Meanwhile, the Pd@PdO-
NDG catalyst can be re-used in the Suzuki reaction
without any significant loss in catalytic activity and
selectivity. The above results show that the stable
PdO@Pd core-shell structures on NDG display high
activity. The electron-withdrawing nature of the
nitrogen atom improves the strength of Pd@PdO and
carbon interactions and help to prevent loss of Pd
catalyst from the substrate material.

4 Conclusions

The introduction of N-doped graphene can modify
nucleation and growth kinetics during Pd@PdO
catalyst deposition, which results in smaller Pd@PdO
particles, uniform dispersion, and enhanced catalyst
durability. Furthermore, the PdA@PdO-NDG catalysts
exhibit high yields and good structural stability in
C-C cross coupling reactions. N-doped graphene
therefore offers new opportunities for heterogeneous
catalysis with different metal clusters.
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