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Introduction

N-Allylation reactions are one of the most powerful synthetic
tools for the formation of C�N bonds; they have been recog-
nized as an important infrastructure in organic synthesis.[1, 2]

Consequently, the diverse functionalization of various allylic
compounds with amines as nucleophiles has been developed
for the synthesis of pharmaceuticals, natural products, and fine
chemicals.[3, 4] Among the numerous catalytic species, palladi-
um-based catalysts stand out for their high efficiency toward
the C�N coupling owing to their unique coordination and acti-
vation properties.[5] However, classic homogeneous palladium
complexes with sterically demanding electron-rich phosphine
or N-heterocyclic carbene (NHC) ancillary ligands are expen-
sive, air sensitive, and difficult to separate from the reaction
system, which seriously restricts their practical applications.[6–8]

Thus, the development of heterogeneous palladium catalysts
for N-allylation reactions has recently drawn much attention.
Motokura et al. stabilized Pd-bisphosphine complexes on SiO2

surfaces as a high-performance catalyst for allylation of various
nucleophiles.[9] Vittoz et al. co-entrapped palladium nanoparti-
cles (Pd NPs) with ionic liquid inside a sodium alginate matrix
as a highly active and recyclable catalyst for allylic substitution
reactions.[10] Supported palladium catalysts are readily separat-
ed and recycled through filtration or centrifugation. Unfortu-
nately, the inferior catalytic activity and selectivity still makes
developing highly efficient and recyclable palladium catalysts
an urgent task.[11–13]

Previous studies have demonstrated that the interactions
between catalytic species and the support play significant
roles in the catalytic activity and stability.[14–16] Compared with
other carriers [e.g. , silica,[17] zeolite,[18] metal oxides,[19, 20] metal–
organic frameworks (MOFs),[21] etc.] , carbon materials provide
versatile substrates for metallic catalysts owing to their unique
physicochemical properties, such as controllable morphology,
high surface area, thermal and chemical stability, and the avail-
ability for chemical modifications.[22, 23] In particular, intercalat-
ing heteroatoms into carbon skeletons can further tailor the
support properties and adjust the catalytic performance of the
active metallic species on the support. Recently, nitrogen-
doped carbon materials have been reported to be promising
matrixes for Pd NPs in various chemical transformations.[24–26]

Nitrogen doping can efficiently promote the overall catalytic
activity and selectivity by modifying the interactions between

In this study, nitrogen-doped graphene nanoshells (N-GNS)
were developed to support palladium nanoparticles (Pd/N-
GNS) as an efficient and recyclable catalyst for the N-allylation
reaction. N-GNS was synthesized through a facile hard-tem-
plate method by using petroleum asphalt, followed by nitro-
gen doping by thermal annealing with urea, the contents and
species of which could be altered by the calcination tempera-
ture. Palladium nanoparticles (Pd NPs) with an average diame-
ter of 3.3 nm were homogeneously deposited onto the N-GNS
support through a mild solvent-growth approach. The Pd/N-
GNS exhibited a superior activity towards the N-allylation reac-
tion, 6-fold higher than that of the pristine graphene nano-
shells supporting the palladium catalyst. The Pd/N-GNS could

be recycled several times without activity deterioration and
metal leaching. The catalytic activity showed a linear correla-
tion relationship with the pyridinic N content. Experimental
and theoretical studies reveal strong metal–support interac-
tions between the pyridinic N and palladium species, which
can downsize the Pd NPs, modulate the electronic properties,
and promote the adsorption of reactant, thereby significantly
boosting the catalytic efficiency and stability for the N-allyla-
tion process. The present work could help unravel the roles of
nitrogen-doped carbon supports and provides a feasible strat-
egy to rationally design superior palladium catalysts for chemi-
cal transformations.
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the support and palladium active species.[27, 28] For instance, Bi
et al. reported that pyridinic N doped carbon supports can en-
hance the catalytic performance of palladium for dehydrogena-
tion of formic acid.[29] Koh et al. demonstrated that pyridinic/
pyrrolic N species on polyaniline-derived nitrogen-doped mes-
oporous carbon surface accelerate the dehydrogenation reac-
tion through strong metal–support interactions.[30] Neverthe-
less, no research has focused on advanced nitrogen-doped
carbon-supported palladium catalysts towards N-allylation re-
actions. Additionally, the effect of the nitrogen-doped support,
especially the nitrogen type, still requires further exploration
and discussion. Unravelling the nature of interactions between
palladium and nitrogen-doped carbon surface is crucial to con-
struct efficient and stable N-allylation catalysts.

Herein, we demonstrate new nitrogen-doped graphene
nanoshells (N-GNS) that support Pd NPs (Pd/N-GNS) as a supe-
rior catalyst for the N-allylation reaction. N-GNS was synthe-
sized by a facile hard-template method derived from petrole-
um asphalt, followed by nitrogen doping with urea as the ni-
trogen source. The doped nitrogen contents and species could
be altered by varying the calcination temperature. Experimen-
tal results and DFT calculations reveal strong metal–support in-
teractions between the pyridinic N and palladium species,
which impact the growth of Pd NPs on N-GNS, modulate the
electronic properties, and promote the adsorption of reactant,
thereby significantly boosting the catalytic efficiency for the N-
allylation reaction. In addition, the Pd/N-GNS catalyst also ex-
hibited excellent stability and could be recycled several times
without activity deterioration and metal leaching.

Results and Discussion

Synthesis and characterization of Pd/N-GNS

Pd/N-GNS was prepared through a facile synthetic methodolo-
gy as shown in Scheme 1. Petroleum asphalt contains a high
content of polycyclic aromatic hydrocarbons and is employed
as a cost-effective carbon precursor for the synthesis of porous
nanoshell-structured supports through a facile hard-template
method. First, a-Fe2O3 nanoparticles were encapsulated by the
viscous petroleum asphalt, which was further carbonized
under inert atmosphere. The sacrificial template was removed
by acid etching to obtain graphene nanoshells (GNS). Subse-

quently, employing urea as the nitrogen source, N-GNS was
prepared by doping nitrogen into GNS. Then, ultra-small Pd
NPs were homogeneously deposited onto the N-GNS support
to achieve Pd/N-GNS through a mild solvent-growth ap-
proach.[31] As a contrast, Pd/GNS was also prepared by directly
anchoring Pd NPs onto GNS800, which was obtained by further
calcination without addition of urea.

The structure and morphology of the samples were firstly
characterized by SEM and TEM. As shown in Figure S1 a (in the
Supporting Information), compared with the bulk structure of
calcined petroleum asphalt (CPA) under inert atmosphere with-
out a-Fe2O3 template, the SEM image of GNS (Figure S1 b in
the Supporting Information) exhibits an abundant porous
structure, revealing the basic pore-forming role of the nano a-
Fe2O3 template. According to the TEM image of GNS in Fig-
ure 1 a, the dense mesopores show an average diameter of ap-
proximately 30 nm, in accordance with the template size. Im-
portantly, high-resolution TEM (HR-TEM) tests clearly present
the (0 0 2) lattice spacing of carbon, revealing the well-graphit-
ed feature of the carbon nanoshells (Figure 1 a, inset).

This should be attributed to the special activation and cata-
lytic graphitization effect of metallic iron species derived from
thermal reduction of a-Fe2O3 by carbon.[32–34] After nitrogen
doping, N-GNS800 shows only slight differences to GNS800 and
maintains the porous nanoshell structure (Figure 1 b). Owing to
the versatile property induced by nitrogen doping, Pd NPs
with uniform small size were well distributed and tightly anch-
ored on the N-GNS800 support (Figure 1 d). However, without

Scheme 1. Schematic illustration of the preparation procedure for Pd/N-GNS
and Pd/GNS.

Figure 1. (a) TEM image of GNS and corresponding HR-TEM image (inset).
TEM images of (b) N-GNS800, (c) Pd/GNS800, and (d) Pd/N-GNS800. (e) HR-TEM
image of Pd/N-GNS800 and (f) corresponding palladium particle-size distribu-
tion.
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nitrogen doping, Pd/GNS800 suffers from serious agglomeration
of Pd NPs, with a wide size distribution and mean diameter of
8.1 nm (Figure 1 c). The HR-TEM image of Pd/N-GNS800 shows a
well-resolved lattice spacing of 0.23 nm, corresponding to the
(111) planes of face-centered cubic metallic palladium (Fig-
ure 1 e). Further statistical analysis reveals a narrow palladium
size distribution ranging from 2.1 to 4.5 nm, with an average
diameter of (3.3�0.5) nm (Figure 1 f). The result indicates that
incorporation of nitrogen atoms dramatically changes the
properties of the support, which plays a significant role in the
growth of Pd NPs. Appropriate nitrogen doping can efficiently
decrease the particle size of Pd NPs and favor their good dis-
persion on the substrate.

The pore features of the samples were investigated by Bru-
nauer–Emmett–Teller (BET) analysis. As shown in Figure S2 a (in
the Supporting Information), both N-GNS800 and Pd/N-GNS800

exhibit a type IV adsorption/desorption isotherm with clear
hysteresis loops, suggesting the existence of abundant meso-
pores, which can also be confirmed by the pore size distribu-
tion of N-GNS800 and Pd/N-GNS800 (Figure S2 b in the
Supporting Information). N-GNS800 and Pd/N-GNS800

show high specific surface areas of 941 and
659 m2 g�1, respectively. The decrease should be as-
cribed to the introduction of Pd NPs, which is sup-
ported by the fact that Pd/N-GNS800 shows lower
pore volume than N-GNS800, below 30 nm diameter.
The micropores and mesopores provide favorable lo-
cations for the deposition of Pd NPs. Moreover, the
porous structure and high surface area of Pd/N-
GNS800 would efficiently facilitate mass transfer of
the reactants and products in the reaction process.

XRD was employed to determine the crystal struc-
ture of the samples. As seen in Figure 2 a, GNS, N-
GNS800, and Pd/N-GNS800 all present two peaks at ap-
proximately 23.8 and 43.38, which correspond to the
(0 0 2) and (1 0 0) planes of typical amorphous
carbon. Compared with GNS, N-GNS800 and Pd/N-
GNS800 show broader and weaker diffraction peaks,
indicating a more disordered structure arising from
nitrogen doping and Pd deposition. Notably, Pd/N-
GNS800 exhibits a broad peak at 40.08 and two weak
diffraction peaks at 46.5 and 67.98, which are as-
signed to the (111), (2 0 0), and (2 2 0) planes of met-
allic Pd (JCPDS # 88-2335). The peak intensity indicates the
high exposure of (111) crystal planes of the Pd NPs. According

to the Debye–Scherrer equation, the average size of Pd NPs is
calculated to be 3.6 nm, which is close to that of the above
statistical analysis result. The structural changes of GNS, N-
GNS800, and Pd/N-GNS800 were further characterized by Raman
spectroscopy. Figure 2 b illustrates the presence of two peaks
at approximately 1350 cm�1 (D band), corresponding to struc-
ture defects, and 1595 cm�1 (G band), associated with the
stretching vibration mode of graphite crystals. The peak inten-
sity ratios (ID/IG) of N-GNS800 and Pd/N-GNS800 are 1.06 and 1.04,
respectively, which is relatively higher than that of GNS (ID/IG =

0.93), revealing the formation of abundant defects after nitro-
gen incorporation. The similar ID/IG value of N-GNS800 and Pd/N-
GNS800 suggests no significant structural change after Pd depo-
sition.

To further examine the surface chemistry of the composites,
X-ray photoelectron spectroscopy (XPS) analysis was conduct-
ed. Compared with GNS, the full-range XPS spectra of N-GNS800

and Pd/N-GNS800 show additional N and Pd signals in addition
to C and O in the samples (Figure 3 a). The high-resolution C 1s

XPS spectrum of Pd/N-GNS800 reveals the presence of C=N and
C�N bonds at 285.7 and 287.2 eV, respectively, suggesting suc-

cessful nitrogen doping into the carbon skeleton
(Figure 3 b). The high-resolution N 1s XPS spectrum is
split into peaks at 398.4, 399.8, and 402.5 eV, attribut-
ed to pyridinic, pyrrolic, and graphitic N species, re-
spectively (Figure 3 c). Among them, pyridinic N is
the main doping type, which constitutes 76.7 % of
the total nitrogen atoms. Additionally, four major
contributions can be identified from the Pd 3d spec-
tra of Pd/N-GNS800 (Figure 3 d) and Pd/GNS800 (Fig-
ure S3 in the Supporting Information), simultaneous-
ly. For Pd/N-GNS800, Pd 3d5/2 and 3d3/2 peaks observed
at 334.7 and 339.9 eV correspond to metallic Pd,Figure 2. (a) XRD and (b) Raman patterns of GNS, N-GNS800, and Pd/N-GNS800.

Figure 3. (a) Full-range XPS survey spectra of GNS, N-GNS800, and Pd/N-GNS800. (b) C 1s,
(c) N 1s, and (d) Pd 3d high-resolution spectra of Pd/N-GNS800.
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whereas the 337.0 and 342.2 eV peaks indicate the existence
of Pd2 + species. The Pd0 percentage in fresh Pd/N-GNS800 is es-
timated to be 80.5 % (Figure 3 d), much higher than Pd/GNS800

(22.9 %, Figure S3 in the Supporting Information), implying that
the nitrogen-doped support can efficiently promote the reduc-
tion of Pd2 + to Pd0 catalytic species. Notably, compared with
Pd/GNS800, the Pd 3d5/2 peak of Pd/N-GNS800 shows a clear shift
to lower binding energy from 335.0 to 334.7 eV. The phenom-
enon indicates a considerable charge transfer from the nitro-
gen-doped support to Pd species, implying a strong surface–
metal interaction.[35, 36] The electron donation effect of the ni-
trogen-doped support would increase the electronic density
around palladium and further facilitate the formation of Pd
NPs.[37] The nitrogen-doping content in Pd/N-GNS800 is mea-
sured to be 3.6 wt % by elemental analysis (EA), and the palla-
dium amount is evaluated to be 6.4 wt % by inductively cou-
pled plasma optical emission spectrometry (ICP-OES).

Catalytic N-allylation reaction

N-Allylation of morpholine with allyl acetate was examined as
a model reaction to evaluate the catalytic performance of the
catalysts. The reaction was conducted at 110 8C by using anhy-
drous K2CO3 as an external base (Scheme 2). Excess morpholine
was added, acting as both reactant and solvent. The catalytic
results are summarized in Table 1. The reaction hardly proceed-
ed with no catalyst (entry 1), indicating the necessity of an effi-
cient catalyst. GNS and N-GNS800 both resulted in poor conver-
sion of less than 5 % (entries 2 and 3), whereas a sharp increase
was observed by using intercalated Pd NPs, clarifying the cata-

lytic efficiency of palladium towards the N-allylation reaction.
Particularly, Pd/N-GNS800 delivered a high yield of 65.2 and
92.2 % within 1.0 h and 1.5 h, respectively, the catalytic activity
of which is about 6-fold higher than Pd/GNS800 (entries 4–6), re-
vealing significant enhancement of the catalytic activity arising
from nitrogen doping. Pd/N-GNS700, Pd/N-GNS900, and Pd/N-
GNS1000 afforded conversions of 59.1, 47.2, and 35.8 %, respec-
tively. The distinct activity of Pd/N-GNS catalysts prepared at
different temperatures suggests the significant influence of the
support on their catalytic performance. As a control, a com-
mercial Pd/C catalyst only obtained a conversion of 31.4 %
after 1.5 h (entry 10), which is considerably lower than Pd/N-
GNS800. A wider comparison with reported catalysts further
demonstrates the superior catalytic efficiency of the Pd/GNS800

catalyst (Table S1 in the Supporting Information). To illustrate
the promoted effect of nitrogen-doped supports, N-GNS800 was
mixed with commercial Pd/C catalyst as a promoter. Unexpect-
edly, the Pd/C + N-GNS800 composite only resulted in a slightly
lower yield (26.3 %) than pristine Pd/C catalyst (entry 11 vs. 10).
Thus, N-GNS800 cannot promote the catalytic efficiency of the
Pd/C catalyst, or even leads to increased transfer resistance
during the reaction process. This result demonstrates that the
superior catalytic performance of Pd/N-GNS800 is attributed to
the strong interaction between the nitrogen-doped support
and palladium active species. Moreover, the Pd/N-GNS800 cata-
lyst showed excellent reusability and could be recycled for at
least four cycles without significant deterioration in catalytic
activity (entry 12).

The robust stability of Pd/N-GNS800 was further confirmed by
hot-filtration experiments and TEM tests. As shown in Fig-
ure 4 a, after hot filtration of solid Pd/GNS800 (conversion of

10.3 %) and commercial Pd/C catalysts (conversion of 21.2 %) at
1.0 h, the reaction continued to proceed and resulted in a con-
version of 19.4 % and 41.4 % after 5 h, respectively, suggesting
leaching of active species into the solvent. For Pd/N-GNS800

(conversion of 65.2 %), no further reaction proceeded in the fil-
trate, which implies that the catalytic reaction occurred at the
solid surface. Additionally, it is found that the TEM image of
Pd/N-GNS800 after recycling showed similar features as fresh
Pd/N-GNS800. Pd NPs with an average diameter of 3.6 nm were
homogeneously dispersed on the carbon-based substrate, with
no significant aggregation (Figure 4 b and inset). These results
demonstrate the excellent stability of the prepared catalyst.
Therefore, nitrogen doping not only efficiently promotes the

Scheme 2. N-Allylation of morpholine with allyl acetate.

Table 1. Pd-catalyzed N-allylation reaction.[a]

Entry Catalyst t [h] Conv. [%] Sel. [%] Final TOF [h�1]

1 blank 1.5 0.9 – –
2 GNS 1.5 1.5 – –
3 N-GNS800 1.5 2.1 – –
4 Pd/GNS800 1.5 15.6 �100 8.0
5 Pd/N-GNS800 1.0 65.4 �100 54.4
6 Pd/N-GNS800 1.5 92.2 �100 51.2
7 Pd/N-GNS700 1.5 59.1 �100 32.8
8 Pd/N-GNS900 1.5 47.2 �100 26.2
9 Pd/N-GNS1000 1.5 35.8 �100 19.9

10 Pd/C[b] 1.5 31.4 �100 17.4
11 Pd/C + N-GNS800

[c] 1.5 26.3 �100 14.6
12 Pd/N-GNS[d] 1.5 90.4 �100 50.2

[a] Reaction conditions: allyl acetate (1.0 mmol), catalyst (0.012 mmol Pd),
morpholine (5.0 mL), K2CO3 (2 mmol), 110 8C, Ar atmosphere. Final TOF=

molconverted molactive sites
�1/t. [b] Commercial Pd/C catalyst (12.8 mg,

0.012 mmol Pd). [c] Commercial Pd/C catalyst (12.8 mg) and N-GNS
(18.7 mg). [d] After being reused for four cycles.

Figure 4. (a) Hot-filtration tests of Pd/C, Pd/GNS800, and Pd/N-GNS800. (b) TEM
and HR-TEM (inset) images of Pd/N-GNS800 after being reused for four cycles.
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catalytic activity for the N-allylation reaction, but also drastical-
ly reinforces the durability of the catalyst.

Considering the superior catalytic efficiency of Pd/N-GNS800,
further studies were performed to give better insight into the
nature of the catalytic properties. Typically, the pore structure
of the catalyst greatly influences its catalytic performance.
Thus, further BET analyses of Pd/N-GNS700, Pd/N-GNS900, and
Pd/N-GNS1000 were performed and are shown in Figure S4 (in
the Supporting Information). Similar to Pd/N-GNS800 in Fig-
ure S2 (in the Supporting Information), all samples exhibit a
type IV adsorption/desorption isotherm and possess abundant
mesopores. Pd/N-GNS700, Pd/N-GNS800, Pd/N-GNS900, and Pd/N-
GNS1000 show high specific surface areas of 664, 659, 929, and
976 m2 g�1 with corresponding final turnover frequencies
(TOFs) of 51.2, 32.8, 26.2, and 19.9, respectively (Figure S5 in
the Supporting Information). The results suggest that surface
area and pore features are not the crucial factor to determine
the catalytic properties. A further study of the XPS results of
Pd/N-GNS catalysts revealed that the doped nitrogen contents
and species can be readily altered by varying the calcination
temperature, which further affects the deposition of Pd NPs
(Figure S6 in the Supporting Information). Figure 5 exhibits the

nitrogen composition and corresponding catalytic performance
of the Pd/N-GNS catalysts. It is worth noting that Pd/N-GNS700

and Pd/N-GNS800 possess similar total nitrogen contents,
whereas Pd/N-GNS800 shows nearly 1.8-fold activity compared
with Pd/N-GNS700, which implies the distinct roles of different
types of nitrogen species. With the increase of calcination tem-
perature, the nitrogen doping content decreases gradually, re-
sulting in inferior catalytic performance of Pd/N-GNS900 and Pd/
N-GNS1000. Further investigation illustrates a significant relation-
ship between the nitrogen types and their catalytic efficiency.
As can be seen, the black dotted line presents the pyridinic N
contents of the Pd/N-GNS samples, a trend that corresponds

well with the catalytic activity (red line). The linear correlation
reveals that pyridinic N is responsible for the superior catalytic
properties of the Pd/N-GNS catalysts. Among the catalysts, Pd/
N-GNS800 shows the highest pyridinic N content (2.8 wt %) and
percentage (76.7 %), thereby affording the best catalytic per-
formance.

Theoretical calculations and mechanism studies

To better unravel the intrinsic interactions between the palladi-
um and nitrogen species on the N-GNS support, the adsorp-
tion interaction was further studied by DFT calculations. To
simplify the calculation process, a palladium cluster containing
four atoms was used as a model active substance, located on
graphene, graphitic N, pyridinic N, and pyrrolic N models of
carbon-based substrates. Detailed configurations and the ad-
sorption energy (Eads) at each site are shown in Figure 6. The

Eads values of the four models are calculated to be �0.55,
�1.20, �2.77, and �1.34 eV, respectively. Among them, pyri-
dinic N exhibits by far the highest Eads, nearly five times that of
the pristine graphene model. Combined with the XPS results
above, the results reveal the extremely strong electronic and
chemical interactions between pyridinic N and palladium spe-
cies.[38] Considering pyridinic N usually has a lone pair of elec-
trons, nitrogen functionalities are expected to be more effec-
tive in retaining and inducing the growth Pd NPs, and thus
lead to a dramatic enhancement in the catalytic per-
formance.[29, 39] Additionally, because transfer of amines to the
active sites is a critical step for C�N coupling processes,[40] the
Eads of morpholine onto the four different models was further
calculated to evaluate the adsorption ability of the reactant. It
is found that pyridinic N exhibits the largest Eads among the
four models (Figure S7 in the Supporting Information). There-

Figure 5. Nitrogen content of each type of N species of Pd/N-GNS700, Pd/N-
GNS800, Pd/N-GNS900, and Pd/N-GNS1000, and corresponding catalytic final
TOF.

Figure 6. Top and side views for Pd cluster adsorption on carbon-based
models of (a) graphene, (b) graphitic N, (c) pyridinic N, and (d) pyrrolic N.
The grey, blue, white, and green balls stand for carbon, nitrogen, hydrogen,
and palladium atoms, respectively.

ChemSusChem 2019, 12, 1 – 9 www.chemsuschem.org � 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim5 &

These are not the final page numbers! ��These are not the final page numbers! ��

Full Papers

http://www.chemsuschem.org


fore, the pyridinic N-supported palladium catalyst can also en-
hance the transfer efficiency of morpholine in the reaction pro-
cess, which is favorable for the smooth proceeding of the reac-
tion.

Scheme 3 illustrates the reaction mechanism invoked for N-
allylation over the Pd/N-GNS catalyst. S stands for the nitro-
gen-doped support (N-GNS), acting as special ligands to coor-
dinate with Pd active species and to adjust their electronic

properties in the reaction cycle. At the beginning of the reac-
tion cycle, the palladium(0) coordinates to the alkene and
forms a p-allyl palladium(0) complex. Next, oxidative addition
occurs in which the leaving group is expelled with inversion of
configuration and a p-allyl palladium(II) is created. The base-ac-
tivated nucleophile then adds to the allyl group, regenerating
the p-allyl palladium(0) complex.[41–43] At the completion of the
reaction, palladium detaches from the allylated product and
starts a subsequent catalytic cycle. According to the obtained
experimental and theoretical results, the pyridinic N-doped
support increases the electronic density around palladium,
which would promote the oxidative addition of the palladium
active center to allyl acetate. Additionally, the enhanced ad-
sorption ability of morpholine onto the catalytic sites causes
smooth progress of the reaction cycle, promoting the intrinsic
catalytic activity. Additionally, the strong metal–support inter-
actions between pyridinic N and palladium species can impact
the growth of Pd NPs, which results in tight deposition, smaller
particle size, uniform dispersion, and exposure of more effec-
tive active sites. Moreover, the nanoshell-structured N-GNS
support with high surface area could prevent the leaching of
Pd NPs and facilitate mass transfer of the reactants and prod-
ucts in the reaction process.[44–46] Therefore, considering the
above merits, a highly efficient and stable palladium catalyst
for N-allylation reaction is achieved.

Conclusions

We successfully synthesized pyridinic nitrogen-doped gra-
phene nanoshells to support Pd NPs as a highly efficient and

recyclable catalyst toward the N-allylation reaction. Introduc-
tion of nitrogen led to 6-fold enhancement of the catalytic ac-
tivity. The catalyst also showed robust stability and could be
recycled several times without activity deterioration and metal
leaching. The promoted catalytic performance is caused by
strong metal–support interactions between the pyridinic N
and palladium species on the support, which can efficiently
downsize the Pd NPs, modulate the electronic density of palla-
dium, and accelerate the adsorption of the reactant, thereby
significantly boosting the catalytic efficiency for the N-allylation
reaction. These results demonstrate that pyridinic nitrogen-
doped carbon matrixes are promising substrates for construct-
ing advanced palladium catalysts for N-allylation reactions and
other chemical transformations.

Experimental Section

Materials

Petroleum asphalt was obtained from the China National Offshore
Oil Corporation (17.63 wt % saturates, 31.13 wt % aromatics,
38.21 wt % resins, and 6.40 % asphaltenes). a-Fe2O3 nanoparticles
(30 nm), methanol (99.9 %), allyl acetate (99 %), morpholine (99 %),
Pd/C catalyst (10 wt % Pd), hydrochloric acid (36–38 wt %), and po-
tassium carbonate (99 %) were purchased from Aladdin Reagent
Co. Urea (99 %) and palladium acetate (Pd 46–48 %) was purchased
from Macklin Biochemical Co. All reagents were used as received
from commercial suppliers without further purification.

Preparation of GNS and N-GNS

Petroleum asphalt (1 g) was dissolved in toluene (50 mL) and
stirred for 10 min. Then, a-Fe2O3 nanoparticles (4 g) were added
into the solution with vigorous stirring and formed a uniform sus-
pension. Brown powder was produced by distillation under re-
duced pressure, which was further carbonized at 800 8C for 1 h
under N2 atmosphere. The resulting sample was then etched with
2 m HCl at 90 8C for 8 h to remove the residual template. After fil-
tration and washing with deionized water until neutral, followed
by drying at 80 8C overnight, graphene nanoshells (GNS) were final-
ly observed. As a control, CPA was also prepared by calcining pe-
troleum asphalt at 800 8C for 1 h under N2 atmosphere without a-
Fe2O3 template. Subsequently, GNS was mixed with urea at a mass
ratio of 1:5 and calcined for 2 h under N2 atmosphere to achieve
N-GNS. To alter the nitrogen contents and species, the calcination
temperatures were set as 700, 800, 900, and 1000 8C to obtain N-
GNS700, N-GNS800, N-GNS900, and N-GNS1000, respectively. For compar-
ison, GNS was further calcined at 800 8C for 2 h under N2 atmos-
phere without the addition of urea and was denoted as GNS800.

Synthesis of Pd/N-GNS

The synthesis of Pd/N-GNS was performed as follows: N-GNS
(50 mg) was dispersed in methanol (10 mL) with intense stirring,
followed by addition of Pd(OAc)2 (7.5 mg) into the suspension.
After ultrasonication for 10 min, the mixture was stirred at 40 8C for
5 h. Finally, the resulting catalysts were collected by filtration and
washed with deionized water three times, followed by drying in a
vacuum oven at 80 8C for 10 h. According to the different N-GNS
supports, the Pd/N-GNS catalysts were denoted as Pd/N-GNS700,
Pd/N-GNS800, Pd/N-GNS900, and Pd/N-GNS1000, respectively. As a con-

Scheme 3. Proposed reaction mechanism for the N-allylation reaction. S rep-
resents the nitrogen-doped support anchoring Pd active species.
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trol, Pd/GNS800 was produced by the same method apart from
using GNS800 as the pristine support.

Characterization

SEM images (Hitachi S-4800) and TEM images (JEM-2100F) were
utilized to observe the morphology of the samples. The crystal
structure was characterized by XRD (X’Pert PRO MPD) with CuKa ra-
diation (1.518 �). Raman analysis was conducted by using a Jobin–
Yvon Labram-010 Raman spectrometer. The elemental composition
and chemical bonding were studied by XPS with a MgKa radiation
(1486.6 eV) monochromatic X-ray source (Thermo Scientific Escalab
250XI). BET was employed to measure the specific surface area and
pore properties. The palladium contents were detected by ICP-OES
(Vista-MPX). The catalytic results were determined by GC (BF-2002)
with a flame-ionization detector.

General procedure for the N-allylation reaction

The catalytic reactions were conducted in a 10 mL sealed Schlenk
tube. Generally, Pd/N-GNS (0.012 mmol Pd species) and K2CO3

(2.0 mmol, 279.3 mg) were dispersed in morpholine (5 mL). Subse-
quently, allyl acetate (1.0 mmol, 101.1 mg) was added into the sus-
pension. After degassing with Ar three times, the mixture was
heated to 110 8C with an oil bath and reacted for 1.5 h. After cool-
ing to room temperature, a sample was taken from the mixture for
GC analysis. For the control experiments, catalysts containing the
same amount of palladium species (0.012 mmol) were used under
the above reaction conditions. Repeated experiments were per-
formed to obtain averaged catalytic data. After the reaction, the
catalyst was recovered from the reaction system by filtration and
washed with ethanol three times. The recycled catalyst was dried
in a vacuum oven and reused in the sequential cycles. For the hot-
filtration experiments, the reactions were conducted under the
same reaction conditions as above. The catalyst was removed
quickly by filtration after reacting for 1 h, and the filtrate was trans-
ferred to a clean Schlenk tube containing K2CO3 (2.0 mmol). After
degassing with Ar three times, the mixture continued to react for
another 5 h.

DFT calculations

The DFT calculations for the adsorption of Pd clusters on different
supports and adsorption of morpholine (MOR) on palladium-deco-
rated carbon (Pd-C) catalysts were performed by using the Vienna
Ab-initio Simulation Package (VASP). The interaction between the
valence electrons and the core was described by projected aug-
mented wave potentials. The exchange correlation energy was cal-
culated with the generalized gradient approximation (GGA) as par-
ameterized by Perdew et al. based on the Perdew–Burke–Ernzerhof
(PBE) functional.[47] The Kohn–Sham orbitals were expanded in a
plane wave basis set with a kinetic cutoff energy of 400 eV.
Based on the lattice size, the Monkhorst–Pack meshes of 2 � 2 � 2
k-point samplings in the surface Brillouin zones were used for the
graphite surfaces with unit cells of 5 � 5,[48] 3 � 3 � 3 for the Pd clus-
ter, 2 � 2 � 2 for the Pd-C structure, and 1 � 1 � 1 for the MOR-Pd-C
structure. All structures were fully relaxed. A vacuum layer of 15 �
along the direction of the surface normal was used to avoid peri-
odic interactions. All calculations were spin-polarized and the opti-
mization was converged until the forces on each atom were below
0.03 eV ��1 and the total energy differences were less than 10�4 eV.
The adsorption energy of A (i.e. , Pd cluster or MOR) was calculated

by using Equation (1):

Eads ¼ EA=surface�EA�Esurface ð1Þ

in which EA/surface is the total energy of the surface adsorbed with
the Pd cluster or MOR, Esurface is the total energy of the clean sur-
face, and EA is the total energy of Pd cluster or MOR.
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Pyridinic Nitrogen-Doped Graphene
Nanoshells Boost the Catalytic
Efficiency of Palladium Nanoparticles
for the N-Allylation Reaction

Nitrogen-doped graphene nanoshells
supporting palladium nanoparticles (Pd/
N-GNS) have been developed as a supe-
rior catalyst for the N-allylation reaction.
Experimental results and DFT calcula-
tions reveal strong metal–support inter-
actions between the pyridinic N and
palladium species, which significantly
boost the catalytic efficiency and stabili-
ty of the catalyst.
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