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Nickel is a highly active catalyst for the semi-hydrogenation of alkynes. However, the low selectivity of
the alkene product caused by the over-hydrogenation reaction on Ni has hindered its practical applica-
tions. In this work, we report a new nickel nitride (Ni3N)-catalyzed semi-hydrogenation of alkynes to
the corresponding alkenes. The Ni3N nanorods were facilely fabricated via a direct pyrolysis of the solid
mixture of nickel acetate tetrahydrate and melamine (Mlm). The Ni3N phase in the optimum catalyst
(Ni3N/NC-6/5-550) is shown to be effective and stable in the semi-hydrogenation of alkynes, with a high
yield and good selectivity for alkenes (Z/E ratios up to >99/1). Both terminal and internal alkynes bearing
a broad scope of functional groups are readily converted into alkenes with good chemo- and stereoselec-
tivity. Notably, it was found that the over-hydrogenation can be markedly suppressed even at high con-
version of alkyne. Density functional theory (DFT) calculations reveal that the low interaction between
the alkene product and the Ni3N might plays a critical role in the selectivity enhancement.

� 2019 Elsevier Inc. All rights reserved.
1. Introduction

Catalytic semi-hydrogenation of alkynes to alkenes is an impor-
tant chemical process in fine chemical intermediates production
and alkenes purification industry [1–9]. For decades, Pd-based cat-
alysts have dominated this transformation [10–22], and the most
widely used catalyst is known as Lindlar catalyst (Pd/CaCO3 poi-
soned with Pb(OAc)2 and quinoline). However, the high cost of
Pd, toxic lead additives, and over-hydrogenation have limited its
practical application for alkene production. Replacement of Pd-
based catalyst with the non-precious metals (e.g. Ni, Co, Cu, Fe)
has captured increasing attention due to the cost performance
and resource availability [23–37]. One promising class of non-
precious metal catalysts for the semi-hydrogenation of alkynes is
Ni-based catalysts [38–42], and recently graphitic shell encapsu-
lated Ni [42], single Ni atoms [43], ligand-free Ni nanoparticles
[44], confined cationic nickel [45], have been reported to show
excellent catalytic activity towards alkynes semi-hydrogenation.
Particularly, doping mono-metal catalysts with second element
often leads to unique properties in the semi-hydrogenation of alky-
nes with respect to conventional catalyst [10–16,46–49], such as
Ni + P, Ni + Ga, Ni + Sn, Ni + B, Ni + Al, Ni + Zn, Ni + In, and
Ni + Tl [49–56]. However, the doping effect of the second element
on the catalytic performance was much less discussed. For exam-
ple, Corma and co-workers reported that the selectivity for cis-
alkene can be tuned by the P atom in the nickel phosphide
nanoparticles, which can be attributed to the blocking of the unsat-
urated Ni sites by P atoms [53]. By comparing two kinds of nickel
phosphide catalyst, namely Ni2P and Ni5P4, Albani and co-workers
demonstrated that the formation of spatially-isolated nickel tri-
mers was responsible for the selectivity enhancement [50]. In a
work carried out by Laursen et al., some strategies for designing
the intermetallic compound catalyst composed of Ni and the boron
group elements were reported [52]. Zhou and coworkers have
demonstrated that the NiZn and NiGa alloys on AlSBA-15 showed
high selectivity for alkene due to the geometric and electronic
effects of the second element [56].

Nowadays, despite these achievements, the Ni-based catalysts
still suffer from the low alkene selectivity or over-hydrogenation
issues, which represent the key obstacle for alkynes semi-
hydrogenation. It has been reported that the over-hydrogenation
of alkene may be ascribed to two reasons: (i) the strong adsorption
energy of alkene prolongs its resident time on the catalyst surface,
increasing its likelihood for further hydrogenation reaction [57];
(ii) after the full conversion of alkyne, the accelerated over-
hydrogenation always takes place due to the lack of competitive
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adsorption of alkyne species on the Ni active sites [58]. Such cat-
alytic systems always require a strict-time monitoring especially
at the high alkyne conversion. Accordingly, the optimum semi-
hydrogenation catalysts for alkenes production should have the
following features: (i) active for alkynes adsorption and hydro-
genation; (ii) weak interaction with alkenes and higher activation
energy barrier for alkenes hydrogenation. Thus, the searching for
new efficient and practical catalytic system with these features is
essential for synthesizing high-purity alkenes.

Nickel nitride (Ni3N) is an interstitial metallic compound, which
has been widely studied as electrocatalyst [59,60]. However, the
application of Ni3N in the heterogeneous catalysis is much less dis-
cussed [61,62]. The Ni atoms with the low plus valent (0.23 elec-
trons) are isolated by N in the interstices. The strong interaction
between Ni and N alters the electronic structure and the contrac-
tion of d-bands of Ni results in higher electron density near Fermi
level [63]. On the one hand, the isolation of Ni active sites by the N
atoms leads to a high barrier for the segregation of Ni atoms and
the subsequent hydride formation, which may inhibit the over-
hydrogenation. On the other hand, the absorption energy of alkyne
and alkene can also be tuned by the second elements. In this con-
text, we proposed that Ni3N might be an efficient catalyst for
alkyne semi-hydrogenation.

Herein, we report a straightforward protocol for the facile
preparation of Ni3N nanorods supported on N-doped carbon (NC)
via the direct pyrolysis of a mixture of nickel salt and melamine
(Mlm). Notably, Ni3N nanorods can be in situ formed during the
pyrolysis process under optimal conditions [Ni(OAc)2/Mlm, 6/5;
pyrolysed at 550 �C], constituting a novel metallic nitride catalyst
for the semi-hydrogenation of a variety of alkynes to their corre-
sponding (Z)-alkenes. To the best of our knowledge, this is the first
time that Ni3N is introduced as an efficient catalyst for alkyne
semi-hydrogenation. Moreover, density functional theory (DFT)
calculations confirmed that the improved selectivity for Z-alkene
(1,2-diphenylethyne) over Ni3N/NC can be ascribed to its
decreased adsorption energy and increased hydrogenation energy
barriers when compared with those of Ni, providing a fundamental
understanding of the hydrogenation mechanism at atomic level.
2. Experimental and computational details

2.1. Reagents and materials

Unless otherwise noted, all chemicals were of analytical reagent
grade and used without any pre-treatment. Nickel(II) acetate
tetrahydrate [Ni(AcO)2�4H2O], nickel nitrate hexahydrate [Ni
(NO3)2�6H2O] and Mlm were purchased from Aladdin Reagent Co.
Ltd.. 1-(Phenylethynyl)-4-(trifluoromethyl) benzene, 1-fluoro-4-
(phenylethynyl) benzene, 1-methyl-4-(phenylethynyl)benzene,
and 1-(4-(phenylethynyl)phenyl)ethan-1-one were synthesized
according to a reported method [64].
2.2. Catalyst preparation

The Ni3N/NC or Ni/NC catalysts were prepared using a basic
pyrolysis process. In a typical run, the desired ratio of nickel acet-
ate tetrahydrate and Mlm was first mixed thoroughly using an
electric pulverizer. Then, the mixture (4.0 g) was pyrolysed in a
furnace using a temperature-programmed method under a high
purity N2 atmosphere (total N2 flow of 300 mL min�1) at room
temperature for 10 min. Afterwards, the temperature was raised
(2.3 �C min�1) to the desired temperature at low N2 flow rates
(31 mL min�1), held for 4 h, and then cooled to room temperature.
The Ni3N/NC or Ni/NC catalysts were prepared by a solvent-free
method via the direct pyrolysis of a solid mixture of nickel acetate
tetrahydrate and Mlm (Scheme 1). The effect of mass ratios of
nickel acetate tetrahydrate and Mlm (Ni:Mlm = a/b), as well as
the pyrolysis temperatures (T), were investigated. The resulting
Ni catalysts prepared under different conditions are denoted as
‘‘Ni/NC-a/b-T” or ‘‘Ni3N/NC-a/b-T”, accordingly.

Detailed information on the preparation of reference catalysts
(Ni/SiO2, Ni/AC and Ni3N) are displayed in the Supplementary
Material.

2.3. Catalyst characterization

The Ni content of the catalyst was measured by inductively cou-
pled plasma optical emission spectrometry (ICP-OES) using a Vista
MPX spectrometer. CO-chemisorption was performed on a
Micromeritics AutoChem II 2920 chemisorber. X-ray diffraction
(XRD) patterns were obtained using a Bruker D8-ADVANCE X-ray
diffractometer using Cu Ka radiation at a scan step of 0.02�. Scan-
ning electron microscopy (SEM) images were performed on a FEI
Inspect F50 electron microscope. Transmission electron micro-
scopy (TEM) images were acquired on a FEI Tecnai G2 F20 S-
TWIN instrument at a voltage of 200 kV. The samples were first
dispersed in ethanol and then deposited on a carbon-coated double
copper grid, dried at 80 �C for 4 h. X-ray photoelectron spec-
troscopy (XPS) was recorded on a PHI 1600 spectrometer using
Mg Ka X-ray source for excitation, in which the hydrocarbon C 1s
line at 284.8 eV from adventitious carbon was used for energy ref-
erencing. The NMR spectra were measured with a Bruker DRX
600 MHz spectrometer using tetramethylsilane as the reference
compound for 1H and 13C NMR. The reaction mixtures were anal-
ysed using Agilent 7820A gas chromatography with a 30 m HP-5
capillary column. Gas chromatography–mass spectrometry (GC–
MS) was used to identify the products on a Thermo TRACE-
1300GC-ISQ-LT instrument.

2.4. Semi-hydrogenation of alkynes

Catalytic tests of Ni3N/NC or Ni/NC were performed as follows:
1,2-diphenylethyne (5.38 mmol), Ni/NC or Ni3N/NC catalyst
(7.8 mol%, based on ICP results) and solvent (70 mL) were mixed
in a stainless-steel autoclave (100 mL) equipped with an electric
heating system and a magnetically driven mechanical stirrer. The
reaction system was flushed with hydrogen three times and pres-
surized with hydrogen (2.0 MPa), and then heated to 100 �C for
hydrogenation. After the completion of reaction, it was allowed
to cool to room temperature and the residual hydrogen was
released. The solvent was removed under reduced pressure, and
the crude products were purified by column chromatography on
silica gel to withhold the catalyst.

For the substrate scope, the semi-hydrogenation of alkynes was
conducted using a similar method. For a typical run: the alkyne
(0.3 mmol), 7.8 mol% Ni3N/NC-6/5-550 and ethanol (3 mL) were
placed in a glass vial (4 mL) with cap, septum, and needle, and then
two glass vials were sealed in a stainless steel autoclave (100 mL)
equipped with an electrical heating system, where a certain
amount of ethanol was added to keep the same horizontal level
of ethanol inside and outside the glass vials. Then, the reaction sys-
tem was treated following the same steps as described above.

The turnover frequency (TOF), which was defined as alkyne
consumption per total active site per second, was calculated as
follows:

TOF ¼ Aa
WNt

where A is the amount of alkyne in the feedstock, mole; a is the
conversion of alkyne, %; W is the catalyst weight, g; and N is the



Scheme 1. Fabrication of Ni3N/NC nanohybrids for the selective semi-hydrogenation of alkynes.
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number of active sites determined by CO chemisorption, mol g�1; t
is the reaction time, s.

2.5. Computational method

The DFT calculations were performed using the VASP package
[65,66]. The Perdew-Burke-Ernzerhof (PBE) functional was used
for the exchange and correlation energy terms. The Ni and Ni3N
catalysts were modeled using their (1 1 1) surfaces. The Ni
(1 1 1) and Ni3N (1 1 1) surfaces were modeled using a (7 � 5)
and (2 � 2) unit cell with four Ni-atomic layer slabs, respectively.
The vacuum height was set to 15 Å. The bottom Ni layer was fixed
in their bulk positions, whereas the remaining layers and the
adsorbates were allowed to relax. A planewave cutoff energy was
set to be 400 eV. The k-space was sampled using a 2 � 2 � 1 Mon-
khorst–Pack grid. Structures were fully relaxed until the forces act-
ing on the atoms were smaller than 0.03 eV/Å. On the basis of fully
relaxed structures, adsorption energy (Eads) of the reactant and two
intermediate surface species were calculated by the following
equation:

Eads ¼ �ðEX=slab � EX � EslabÞ
where EX=slab represents the total energy of the adsorbate X bound to
the Ni (1 1 1) and Ni3N (1 1 1) slabs, EX is the energy of adsorbate
alone, Eslab is the energy of the optimized Ni (1 1 1) or Ni3N
(1 1 1) slab before adsorption. A more positive Eads corresponds to
a more stable adsorbate/slab system. The reaction transition states
(TS) are determined using the climbing image nudged elastic band
method (CI-NEB) and the TS was confirmed by its associated one
imagery frequency [67].
3. Results and discussion

3.1. Catalyst characterizations

To understand the catalytic performance of these novel materi-
als, detailed characterizations of selected catalysts were done.
Fig. 1a shows the XRD patterns of the obtained catalysts prepared
at 550 �C under different mass ratios (Ni:Mlm), 7/5, 6/5, and 5/5,
respectively. For all samples, a broad diffraction peak at about
26.4� was observed, corresponding to the (0 0 2) crystalline g-
C3N4 formed during the thermal condensation process of Mlm
[68]. In the cases of the pyrolysis temperature at 550 �C (Fig. 1a),
the peaks in Ni/NC-7/5-550 at 44.5�, 51.8� and 76.4� can be
assigned to the (1 1 1), (2 0 0) and (2 2 0) planes of the crystalline
Ni (JCPDS No. 87-0712), suggesting that the nickel acetate decom-
posed to form metallic Ni during the pyrolysis process. In contrast,
no peak related to crystalline Ni was observed in the samples of
Ni3N/NC-6/5-550, and Ni3N/NC-5/5-550. Instead, six new peaks
appeared at 39.2�, 41.6�, 44.6�, 58.5�, 71.1� and 78.0�, which were
in agreement with the (1 1 0), (0 0 2), (1 1 1), (1 1 2), (3 0 0) and
(1 1 3) crystal planes of the Ni3N phase (JCPDS No. 10-0280 and
Table S1) [62,69]. The results suggested that, at 550 �C, the Ni3N
phase can only be produced at a low Ni:Mlm ratio. Fig. 1b shows
the XRD patterns of the catalysts developed at different pyrolysis
temperatures but with a constant mass ratio (Ni:Mlm) of 6/5.
One can see that the Ni3N phase can only be obtained at or below
550 �C, presumably due to the decomposition of the Ni3N phase at
higher pyrolysis temperatures [61].

Fig. 2a and 2b show the SEM and TEM images of the optimum
Ni3N/NC-6/5-550 catalyst, respectively. One can clearly see that
the Ni3N nanorods were supported on the platelike g-C3N4. As pre-
sented in the high-resolution TEM (HRTEM) image (Fig. 2c), the
nanorods exhibited a fringe space of 0.203 nm which can be
indexed to the (1 1 1) lattice of Ni3N [70], further confirming the
formation of Ni3N. The elemental mapping from energy-
dispersive X-ray spectrometry (EDX) revealed that the Ni, N, C
and O elements were uniformly distributed throughout the Ni3N/
NC-6/5-550 (Fig. 2d). Notably, by increasing the Ni:Mlm to 7/5 or
the pyrolysis temperatures to 650 �C, the obtained Ni catalysts
showed a clear core-shell structure (Figs. S1 and S2). The Ni cores
have a rather broad size distribution and were embedded within
the graphite-like C3N4 shells. The formed C3N4 shells might also
tune the Ni3N or Ni electronically and hence are crucial for the
selectivity enhancement in the semi-hydrogenation of 1a.

To further verify the formation of Ni3N phase in Ni3N/NC-6/5-
550, the chemical state of the catalyst was investigated by XPS
(Fig. 3a and b). In the Ni 2p3/2 spectrum (Fig. 3a), the characteristic
peak at the binding energy (BE) of 852.9 eV can be attributed to
monovalent Ni+ [71], indicative for the presence of Ni3N. The fitted
peak located at 855.0 eV can be ascribed to the Ni 2p3/2 of NiO,
which was probably generated due to the surface atmospheric oxi-
dation of Ni3N [63]. Moreover, the peaks at 859.5 and 862.2 eV
(denoted as ‘‘Sat”) can be assigned to the corresponding satellite
peaks of Ni+ and oxygen-binding Ni2+, respectively [70]. In
Fig. 3b, the N 1s spectrum can be deconvoluted into four N-
bonding configurations with binding energies of 397.2, 398.3,
399.3 and 400.9 eV. According to the previous report [15], the peak
at 397.2 eV can be assigned to the N in Ni3N. The other peaks at
398.3, 399.3 and 400.9 eV can be attributed to the N of pyridinic
N, pyrrolic N and graphitic N in the g-C3N4 phase, respectively [72].
3.2. Optimization of reaction conditions

Table 1 summarized the catalytic performance of the as-
prepared Ni3N/NC or Ni/NC catalysts in the semi-hydrogenation
of 1,2-diphenylethyne 1a. The results showed that Ni3N/NC-6/5-
550 (Table 1, entry 2) exhibited the highest conversion (99%) and
excellent selectivity (98%) for (Z)-stilbene 2a in ethanol using
molecular hydrogen (2.0 MPa) as hydrogen source at 100 �C. In
case of higher mass ratio 7/5 (Table 1, entry 1), both conversion
and selectivity were lower than those of 6/5. In contrast, in case



Fig. 1. XRD patterns of the as-developed catalysts prepared under different conditions (a) prepared at 550 �C under different mass ratios (Ni:Mlm): 7/5, 6/5, and 5/5; (b)
prepared under the mass ratio (Ni:Mlm) of 6/5 at different pyrolysis temperatures: 850, 750, 650, 550 and 450 �C.

Fig. 2. (a) SEM, (b) TEM, (c) HRTEM images and (d) elemental maps of the Ni3N/NC-6/5-550 catalyst.
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of lower mass ratios 5/5 (Table 1, entry 3), the selectivity slightly
increased to 99%, but the conversion of 1a decreased to 81%.
Although the catalysts pyrolysed at 650 �C (Table 1, entry 5) and
750 �C (Table 1, entry 6) were active, the selectivities for stilbene
and the Z/E ratio were much lower than those of Ni3N/NC-6/5–
550. Furthermore, those catalysts pyrolysed at even lower
(450 �C, Table 1, entry 4) and higher (850 �C, Table 1, entry 7) tem-
peratures gave significantly lower conversion in this transforma-
tion. With respect to the TOF value, a negative correlation was
observed between the activity and the feed ratio of Mlm in the
mixture of nickel acetate tetrahydrate and Mlm (Table 1, entry 1-
3). In contrast, the activity showed a positive correlation with the
temperature (Table 1, entry 2, 4-7). These phenomena can be
attributed to the fact that the carbon layer on the catalyst surface
gradually thinned with the decreasing of the feed ratio of Mlm in
the precursor (Fig. S1), or the increasing of pyrolysis temperature
(Fig. S2), which can increase the exposure of the activity sites,
and thus enhance the activity. However, Ni/NC-6/5-850 showed a
low activity due to the severe aggregation of Ni nanoparticles
(Fig. S2).

In order to compare the selectivity for alkene, control experi-
ments were carried out using NC support, SiO2 supported Ni
(Ni/SiO2), activated carbon supported Ni (Ni/AC) and unsupported
Ni3N as reference catalysts (Table 1, entries 8-11). In the absence of
the Ni3N or Ni phase, the NC support gave the lowest conversion of
only 4% in 5 h (Table 1, entry 8). Although Ni/SiO2 and Ni/AC
showed high activities in the semi-hydrogenation of 1a with the
conversion up to 99%, the selectivity for stilbene was much lower
than that of Ni3N/NC-6/5-550 (Table 1, entries 9 and 10). Using
pure Ni3N, the selectivity for stilbene was increased to 71% with



Fig. 3. XPS spectra of (a) Ni 2p3/2, and (b) N 1s of the Ni3N/NC-6/5-550 catalyst.

Table 1
Semi-hydrogenation of 1,2-diphenylethyne over Ni-based catalysts.

Entry Catalyst Ni loading of catalyst (wt %) Conv.a (%) Sel. For stilbeneb (%) Z/Ec TOFd (s�1)

1 Ni/NC-7/5–550 51.0 89 90 89/11 0.293
2 Ni3N/NC-6/5–550 36.3 99 98 98/2 0.110
3 Ni3N/NC-5/5–550 20.7 81 99 98/2 0.067
4 Ni3N/NC-6/5–450 11.4 71 96 97/3 0.034
5 Ni/NC-6/5–650 55.2 99 89 91/9 0.308
6 Ni/NC-6/5–750 63.8 97 97 95/5 0.975
7 Ni/NC-6/5–850 71.3 8 96 94/6 0.059
8 NC – 4 98 95/5 –
9e Ni/SiO2 14.3 97 37 91/9 –
10f Ni/AC 14.3 99 22 95/5 –
11 Ni3N – 99 71 93/7 –

Reaction conditions: 1a (5.38 mmol), 7.8 mol% Ni (based on ICP results), ethanol (70 mL), 5 h, 100 �C, initial P(H2) = 2.0 MPa.
a Determined by GC.
b Selectivity for (Z)- and (E)-stilbene.
c Relative percent ratio of (Z)-stilbene 2a and (E)-stilbene 3a.
d The TOF was calculated based on conversion lower than 30% and the number of active sites (Table S2).
e 2 mol% Ni, 80 �C, 10 min.
f 2 mol% Ni, 80 �C, 3 min.

Fig. 4. Time course of the semi-hydrogenation of 1a over Ni3N/NC-6/5-550.
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a 99% conversion (Table 1, entry 11), verifying the enhanced selec-
tivity for stilbene over the Ni3N catalyst. After introducing NC sup-
port in the Ni3N catalyst (Ni3N/NC-6/5-550, Table 1, entry 2), the
selectivity was further increased to 98% with a 99% conversion,
indicating that the NC support is also beneficial for the selectivity
enhancement in alkyne semi-hydrogenation [27,48,73]. In compar-
ison with reference catalysts, the selectivity for alkene at high con-
version follows the order of Ni3N/NC > Ni3N > Ni. In addition, effect
of solvents was also examined with the optimum catalyst Ni3N/
NC-6/5-550. It was found that the semi-hydrogenation of 1a pro-
ceeded sluggishly in a range of solvents, including N,N-dimethyl
formamide, acetonitrile, tetrahydrofuran, toluene, ethyl acetate
and dioxane, compared to ethanol (Table S3). Combined, these
experimental results demonstrated that the Ni3N phase is the most
active species in the selective semi-hydrogenation of 1a.

3.3. Kinetic profile and DFT study

The kinetic profile for the semi-hydrogenation of 1a over
Ni3N/NC-6/5-550 is shown in Fig. 4. It can be seen that Ni3N/NC-
6/5-550 afforded a 99% conversion and 96% selectivity for 2a
within 5 h. Notably, high chemo- and stereoselectivity was
maintained even during prolonging reaction times up to 12 h.
The excellent catalytic performance of Ni3N/NC-6/5-550 was also
evaluated by a control experiment (Scheme 2), in which a mixture
of 1a (4%) and a large excess of 2a (96%) was hydrogenated at
100 �C under 2.0 MPa of H2 in the presence of Ni3N/NC-6/5-550.
The results showed that only trace amounts of 3a isomer and
over-hydrogenated product 4a were detected after full conversion



Scheme 2. Control experiment: the hydrogenation of a mixture of 1a and 2a over Ni3N/NC-6/5-550.

X. Shi et al. / Journal of Catalysis 382 (2020) 22–30 27
of 1a, demonstrating that the isomerization and over-
hydrogenation of 2a were inhibited in this catalytic system involv-
ing Ni3N/NC-6/5-550. The superior chemo- and stereoselectivity of
Ni3N/NC-6/5-550 makes it an excellent candidate for the purifica-
tion of alkenes by the selective semi-hydrogenation of any alkyne
impurity, without the need for strict reaction monitoring.

In order to clarify the role of Ni3N in the selectivity enhance-
ment in alkyne semi-hydrogenation, DFT calculations were per-
formed. Specifically, using 1,2-diphenylethyne (1a)
hydrogenation as the model reaction, the adsorption energy of
intermediate species produced during its semi-hydrogenation on
Ni (1 1 1) and Ni3N (1 1 1) surfaces were calculated (Fig. 5). These
intermediate species include the first (Z-int and E-int) and second
hydrogenation products (Z-stilbene and E-stilbene). The results
showed that, for the 1,2-diphenylethyne reactant, its adsorption
on Ni (1 1 1) surface (1.81 eV) was much stronger than that
(0.23 eV) on Ni3N (1 1 1), suggesting that Ni might be more active
for the hydrogenation reaction, and in accordance with the result
of control experiment (Ni/SiO2). Moreover, Ni3N (1 1 1) exhibited
lower adsorption towards the intermediate Z-int, E-int, Z-stilbene
and E-stilbene species as well. For example, on Ni (1 1 1), the
semi-hydrogenation product Z-stilbene and E-stilbene has adsorp-
tion energies of 0.99 and 2.50 eV, respectively. However, on Ni3N
(1 1 1), their corresponding Eads was only 0.10 and 0.31 eV, respec-
tively. The lower adsorption energies of stilbene products observed
on Ni3N (1 1 1) indicated that desorption of stilbene into gas phase
was preferred, suppressing its further hydrogenation and therefore
improve the selectivity of stilbene. Moreover, the hydrogenation
kinetics of 1,2-diphenylethyne towards stilbene production were
also investigated. Fig. 6 presents the transition states (T.S) and cor-
responding activation energies for the forward/backwards of the
hydrogenation reaction on Ni (1 1 1) and Ni3N (1 1 1) surfaces.
Overall, the energy barriers of these hydrogenation steps were very
similar on both surfaces except for the Z-stilbene production step,
Fig. 5. The most stable adsorption configurations of the surface species invloved in 1,2-d
Orange (Ni), gray (C), blue (N), white (H).
for which the energy barrier on Ni3N (1 1 1) was 1.44 eV higher
than that on Ni (1 1 1). The high adsorption energy and the rela-
tively low energy barrier on Ni (1 1 1) surface indicated that Ni
was more active for the hydrogenation reaction than Ni3N. How-
ever, this would also lead to over-hydrogenation during reaction.
On the other hand, the reaction kinetics on Ni3N (1 1 1) might be
slightly slow. However, the low adsorption energy of stilbene indi-
cated that, upon the formation of stilbene product, it would release
from the Ni3N surface, making it a promising catalyst towards the
semi-hydrogenation of alkynes. These calculation results agree
well with the experimental observations. As shown in Table 1,
the hydrogenation reaction proceeded rapidly on Ni (10 min).
However, the selectivity for stilbene production is higher on
Ni3N-based catalyst (71-98%) than Ni (37%).

3.4. Substrate scope

With the most active catalyst and optimal conditions in hand,
the semi-hydrogenation of various alkynes was also studied to
evaluate the versatility of Ni3N/NC-6/5 catalyst. The results sum-
marized in Table 2 confirm that a broad range of functional groups,
such as fluoro, chloro, bromo, cyano, trifluoromethyl, methyl, ethyl,
propyl, alkyl, thienyl, ester and hydroxy, in both terminal and
internal alkynes are tolerated in this semi-hydrogenation protocol.
Terminal alkynes with either phenylic or aliphatic substituents can
be smoothly hydrogenated to afford the corresponding alkenes
exclusively with up to > 99% conversion (Table 2, entries 1-8). A
substrate bearing a thienyl substituent displayed low reactivity
under standard conditions, probably due to the coordination with
the metal catalyst [74], but still afforded a 91% conversion with
93% selectivity while prolonging the reaction time to 11 h (Table 2,
entry 8). On the other hand, a series of internal alkynes was
readily hydrogenated to the desired (Z)-alkene products.
Aromatic substrates containing both electron-donating and
iphenylethyne hydrogenation reaction on Ni (1 1 1) and Ni3N (1 1 1) surface models.



Fig. 6. Geometric structures of the transition state and corresponding forward/backward activation energies of the species and elementary reactions in 1,2-diphenylethyne
semi-hydrogenation reaction on Ni (1 1 1) and Ni3N (1 1 1) surface models. Orange (Ni), gray (C), blue (N), white (H).

Table 2
Nitride nickel-catalysed semi-hydrogenation of various alkynes.

Entry Substrate Time (h) Conv.a (%) Sel. For alkene (%)b Z/Ec

1 1 >99 87 –

2 1.5 >99 92 –

3 4 92 94 –

4 4 >99 85 –

5 2 96 87 –

6 1.3 >99 83 –

7 0.83 >99 80 –

8 11 91 93 –

9 5 99 98 98/2

10 4.7 >99 95 95/5

11 2 96 95 96/4

12d 11 >99 97 91/9

13 9.5 44 97 96/4
14d 14.5 >99 96 95/5
15e 7 >99 95 96/4

16 6 >99 94 97/3

17 3 >99 89 95/5

18f 3.7 >99 82 93/7

19 2 95 83 93/7

20 10 76 >99 >99/1
21e 11 >99 99 >99/1

22 2 >99 96 >99/1

Reaction conditions: substrate (0.3 mmol), 7.8 mol% Ni3N/NC-6/5–550, ethanol (3 mL), 100 �C, initial P(H2) = 2.0 MPa.
a The conversion and selectivity were determined by GC.
b Selectivity for (Z)- and (E)-stilbene.
c Relative percent ratio of (Z)-alkene and (E)-alkene.
d 120 oC, initial P(H2) = 3.0 MPa.
e 120 oC, initial P(H2) = 4.0 MPa.
f Ethyl (Z)-3-phenylacrylate was detected due to the transesterification.
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Fig. 7. (a) Influence of cycle number on the catalytic performance of Ni3N/NC-6/5-550; (b) TEM image and XRD pattern (inset) of recycled Ni3N/NC-6/5-550.
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electron-withdrawing groups (Table 2, entries 9-18) provided the
corresponding (Z)-alkene products in good conversion and with
satisfactory selectivity. In particular, ketones were compatible with
the reaction conditions (Table 2, entry 13), and no homologous
product was detected even under harsh conditions (Table 2, entry
14). In contrast, substrates bearing an ester group afforded rela-
tively lower alkene selectivities (Table 2, entries 17–19). Notably,
the reaction of aliphatic alkynes, either dialkylacetylenes or alky-
nols, proceeded smoothly to provide the corresponding alkenes
in excellent yield with Z/E ratios above 99:1 (Table 2, entries 20
and 21), probably due to their difficulty in accessing the active site
of Ni3N on the polar support [75]. In summary, the above results
demonstrate the general applicability of the Ni3N/NC-6/5 catalyst
toward the semi-hydrogenation of a range of alkynes.

3.5. Stability test

Finally, the recoverability and reusability of the Ni3N/NC-6/5-
550 catalyst was evaluated in the semi-hydrogenation reaction of
1a. The used catalyst can be readily isolated by precipitation, and
then be successfully cycled for 5 successive runs without loss of
its initial catalytic activity (Fig. 7a). In addition, the lattice param-
eter and morphology of the recycled Ni3N/NC-6/5-550 remain
unchanged after the recycling process (Fig. 7b), indicating the good
stability of Ni3N catalyst.
4. Conclusion

In summary, we have developed a novel method for the facile
fabrication of N-doped carbon supported nickel nitride (Ni3N/NC)
via a direct pyrolysis of a solid mixture of nickel acetate tetrahy-
drate and Mlm. Notably, Ni3N has been demonstrated as the active
species in the semi-hydrogenation of alkynes. The Ni3N/NC-6/
5-550 catalyst thus obtained showed high activity, excellent
selectivity for (Z)-alkenes and good functional group tolerance in
the semi-hydrogenation of both internal and terminal alkynes.
We have experimentally demonstrated and theoretically con-
firmed that the selectivity for alkene in semi-hydrogenation of
alkynes can be markedly enhanced using the Ni3N/NC-6/5-550 cat-
alyst. Furthermore, this non-precious metal catalyst showed good
stability, making it an excellent candidate for further applications.
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