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HIGHLIGHTS GRAPHICAL ABSTRACT

e A series of N-doped graphene encapsu-
lated Ni catalysts were synthesized via a

facile synthesis method. x ANV
e Ni@N/C shows excellent catalytic ac- R—: R_:
tivity for semi-hydrogenation of chal- = =
lenging terminal alkynes.
e The catalyst with magnetic properties
has good stability and can be success-
fully applied in the industrial flow
reactor.
ARTICLE INFO ABSTRACT
Keywords: Although precious transition metals such as palladium, platinum, and iridium are widely used in hydrogenation
Graphene reactions, the earth-abundant transition metal-catalyzed highly selective semi-hydrogenation of terminal alkynes

Nitrogen doping
Ni@N/C
Semi-hydrogenation
Terminal alkynes

to terminal alkenes remains poorly developed and a challenge. Herein we demonstrate the excellent selective,
cost-effective semi-hydrogenation of terminal alkynes via a novel graphene encapsulated Ni@N/C catalyst. The
graphene layer encapsulated nano-catalyst Ni@N/C could significantly avoid metal leaching and improve the
stability of the catalyst. The strong interaction of nitrogen with the Ni nanoparticles regulates the activity of Ni
towards selective semi-hydrogenation of terminal alkynes. Substrates having un-functionalized as well as func-
tionalized substituents, and substrates having sensitive functional groups (olefins, ketones) which pose a chal-
lenge to hydrogenate, were semi-hydrogenated with excellent conversion (up to 99%) and selectivity (up to 99%)
under optimized reaction conditions.

1. Introduction chemical and petroleum industry [1-5]. It is well documented that al-
kynes are easily hydrogenated to alkenes using transition metal catalysts

Semi-hydrogenation of alkynes to alkenes is an important trans- (Pd, Pt, Rh, Ru, Ir), however, the drawback is the presence of undesired
formation in organic synthesis and has been widely used in the fine over reduction product alkane [6-9]. In the olefin industry, alkenes are
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Scheme 1. Heterogeneous metal-catalyzed selective hydrogenation of alkynes.

the crucial sub-starting materials for the synthesis of various valuable
products like rubbers and plastics [10-12]. However, during selective
hydrogenation of an alkyne to alkene, the starting material (alkyne) and
the over-reduction product alkane are the harmful components that
poison the subsequent alkene polymerization process. So, the develop-
ment of controllable selective hydrogenation of alkynes to the alkenes,
which can lower alkyne concentration and increase the desired alkene
product, are of great importance [13-16].

Thus far, a variety of highly efficient transition metal catalysts have been
developed and applied in the semi-hydrogenation of alkyne to the alkene. It
should be noted that some of these catalysts have also been widely applied in
the industry. Precious transition metals like Pd, Rh, Ir, Au are widely used in
the semi-hydrogenation of internal alkynes, which usually favor Z-selec-
tivity. Recently, the selective semi-hydrogenation of terminal alkynes,
which are recognized as the more challenging substrates than internal al-
kynes, have been catalyzed using Pd, Au, and Ru in semi-hydrogenation,
giving good to excellent catalytic activity and selectivity [3,14,17-20].
Kaneda and co-workers [21] made a significant contribution to the devel-
opment of the Core-Au/Shell-CeO; catalyst for the semi-hydrogenation of
alkynes. They synthesized a novel core-shell nanocomposite Au@CeO,
catalyst using a facile co-precipitation method involving a spontaneous
redox reaction between Au(Ill) with Ce(IlI) to Au(0) and Ce(IV). The
core-shell structure of the catalyst can minimize the exposed Au surface sites
and maximize the core-shell interface sites, thereby improving the activity
and stability of the catalyst. Under mild reaction conditions (Au@CeO; (Au:

10 mol/mol), 30-50 atm of Hy, r.t.), various alkynes including aromatic,
aliphatic terminal alkynes, and internal alkynes were transformed to alkene
products with good to excellent selectivity (72%~ > 99%) (Scheme 1a). In
2017, Bao and co-workers [22] reported a heterogeneous palladium catalyst
(PdNPore) for semi-hydrogenation of terminal alkynes. Under very mild
reaction conditions (1 atm of Hy, r.t.), ten kinds of terminal alkyne substrates
including aromatic and aliphatic could be converted into corresponding
terminal olefin products with a yield of 75%-88%. One equivalent of NaOH
and 16-20 hreaction time was necessary for all cases (Scheme 1a). Recently,
Luetal. [14] reported a novel system having both the active metal Rh(0) and
promoter ion Ga(IlI) on the metal-organic framework (MOF) support. The
promoter Ga(Ill) dramatically affected the semi-hydrogenation selectivity
of the Rh-Ga@NU-1000 catalyst via electronic (decreased Rh electron
density and rendered it more electropositive) and structural effects (limited
number of available coordination sites on Rh). Unlike the previous report,
the RhGa (pystren) @NU-1000 catalyst favored high selectivity of E-alkenes
from internal alkynes, and also selectively semi-hydrogenated more than 10
terminal alkyne examples to alkenes with 80%-89% yield (Scheme 1a). A
comparison of precious transition metal catalysts to earth-abundant tran-
sition metal catalysts like Fe, Co (Scheme 1b) also showed promising
application in the semi-hydrogenation of alkynes, especially with regards to
their low cost and bio-safety requirements [15,16,18,23-29]. Although
earth-abundant transition metal homogeneous catalysts are high efficient
and promising, problems such as difficulty in preparing ligands, difficult
separation of products, and difficulty in reusing homogeneous catalysts
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restrict their wide application in industry. Moreover, the supported
metal-based catalysts also suffer from active species leaching in acids or
other harsh reaction conditions, which results in poor reactivity, poor sta-
bility, and selectivity in challenging synthetic organic reactions. In an
attempt to solve these problems, the core-shell, yolk-shell structure catalysts
encapsulate active metal nanoparticles (core) with support (shell) to
maintain the high activity and stability of metals in the acidic medium was
developed. These novel catalysts have recently been successfully applied in
a variety of systems [30-36]. Graphene is widely used as catalyst support
due to its unique properties as the thinnest and hardest material, as well as
having thermal and electrical conductivity. Previously prepared graphene
encapsulated catalysts had a multi-layered graphitic shell which reduced
catalytic reactivity. Thus the development of advanced synthetic methods
for thin graphene layers, especially twisted bilayers, three-layered graphene
with superconductivity, are of great interest [37-40].

Herein, we report a facile and environmentally friendly synthesis of
thin graphene shell encapsulated nitrogen doping Ni@N/C catalyst using
nickel nitrate and melamine. The catalyst's chemical composition,
morphology, phase structure, and its catalytic semi-hydrogenation of
terminal alkynes are investigated.

2. Experimental section
2.1. Materials and analysis methods

Ni(NO3)2-6H20 (AR, 98%), anhydrous citric acid (AR, > 99.5%),
melamine (AR, 99%), L-histidine (AR, 99%), ammonium citrate tribasic
(AR, 98.5%), urea (AR, 99%), 1,2-propanediamine (AR, 99%), CDClg
(99.8% D, stabilized with Ag) were obtained from Shanghai Macklin
Biochemical Co., Ltd.; HySO4 (GR, 98%) was purchased from Sinopharm
Chemical Reagent Co., Ltd.; AloO3 (basic, 200-300 meshes), ethanol (AR,
99.7%), methanol (GC, > 99.9%) were purchased from Aladdin
(Shanghai) Chemical Technology Co., Ltd.; Deionized water (¢ < 5 uS m)
was self-made in the laboratory. Before using, the purity of aldehydes and
amines has been checked. Gas Chromatography (GC) of products was
recorded by GC-2014C (Shimadzu, Japan) with HP5 column
(30 m x 250 mm x 0.25 pm) and FID detector. Gas Chromatography-Mass
Spectrometry (GC-MS) of products was determined by TRACE 1300ISQ
GC-MS (Thermo Fisher Scientific, America) with TG-5MS column
(30 m x 250 mm x 0.25 pm). 'H Nuclear Magnetic Resonance (NMR) of
products were recorded on a Bruker Avance III (400 MHz) spectrometer
(Bruker BioSpin, Germany) with CDCl3 as solvent at 400 MHz. The
Transmission Electron Microscope (TEM) measurements were conducted
on a JEM-2100F microscope (JEOL, Japan) operated at 200 kV. The
Scanning Electron Microscope (SEM) images were obtained on Analytical
SEM SU-70 (Hitachi, Japan) microscope operated at 10 kV. X-ray Photo-
electron Spectroscopy (XPS) measurements were performed on an Esca-
1ab250 Xi photoelectron spectrometer (Thermo Fisher Scientific, America)
with Al K, X-ray radiation with a scan number of 5. X-ray Diffraction (XRD)
powder patterns were recorded on an XPert Pro MPD diffractometer
(PANalytical, Netherlands) using the Cu K, radiation at 40 kV and 20 mA
(A = 1.5406 A). Processing and assignments of the powder patterns were
conducted on the software Jade 6.0 using the Powder Diffraction File
(PDF) database of the International Centre of Diffraction Data (ICDD).
Nitrogen adsorption isotherms were measured at —196 °C on a Quadrasorb
SI nitrogen adsorption apparatus (Quantachrome, America) by using the
Brunner—Emmet—Teller (BET) method.

2.2. General preparation of Ni@N/C catalyst
In a typical synthesis procedure, Ni(II) nitrate hexahydrate

(Ni(NOg3)2-6H50), nitrogenous substances, and citric acid (C¢gHgO7) were
dissolved in anhydrous ethanol (50 mL) at different ratios. The mixture
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was then aged at 70 °C for 4 h under stirring (300 r min™) until to obtain
a greenish gel, followed by drying at 100 °C for 24 h in a drying oven to
remove the excess solvent. The obtained greenish solid was then calcined
at a fixed bed at 700 °C for 3 h under a high-purity N3 (99.999%) flow of
40 mL min~'. The heating rate was controlled at 2 °C min~'. The ob-
tained black solids were treated in 1 M H2SO4 aqueous solution at 70 °C
until the solution was colorless to remove the insecure and uncovered Ni
particles. The black solids were then fully washed with deionized water
until the pH of the waste solution was 7. Finally, the black solids were
dried at —48 °C for 12 h in vacuum by using a freeze dryer. The dried
black solids are denoted as Ni@N/C-x, where x is the number of greenish
gel, such as Ni@N/C-1.

2.3. Procedure for semi-hydrogenation of alkynes in batch reactor

The reaction was conducted in a stainless-steel autoclave (Anhui
Kemi Machinery Technology Co., Ltd., China) with six wells (10 mL per
well), one thermocouple, and one circulating water-cooling equipment.
Each well has a glass lining, in which were loaded with one 5 mm
magnetic stirring bar, 0.5 mmol corresponding terminal alkynes, 5 mg
catalyst, and 1 mL solvent. Then, the autoclave was sealed and purged
with Hy three times at 2 MPa pressure and was pressurized with target
pressure of Hy. The autoclave was placed into a heating mantle and the
stirring rate was set at 300 r min'l. The autoclave was preheated from
room temperature to target temperature (inside temperature detected by
thermocouple) at the rate of 2 °C min~!. The target temperature was used
as the reaction temperature. The reaction proceeded at the reaction
temperature for required time. After the reaction, the remaining gas was
discharged after the autoclave was cooled down to room temperature.
The reaction solutions were collected with a dropper and filtered. The
catalyst was immobilized on the magnetic stirring bar and washed
thoroughly with ethanol and water. The catalyst (together with magnetic
stirring bar) was then dried at —48 °C for 12 h in a vacuum by using a
freeze dryer. The reaction products were identified by GC-MS and 'H
NMR and the yields of reaction products were determined by GC with
1,3,5-trimethoxybenzene as internal standard. For 'H NMR analysis,
about 2 mL reaction solutions were concentrated by rotary evaporation
and then added with 0.6 mL of CDCl3 (pre-neutralized with basic Al;03).

2.4. Procedure for the Ni@N/C-1 recycling test in batch reactor

The stability test of Ni@N/C-1 was performed in a stainless-steel
autoclave (Anhui Kemi Machinery Technology Co., Ltd., China) with
six wells (10 mL per well), one thermocouple, and one circulating water-
cooling equipment. The procedure of reaction and product analysis is
similar to the S3.1 section. After one batch reaction, the collected catalyst
(together with magnetic stirring bar) was thoroughly washed with
ethanol and water. The catalyst (together with magnetic stirring bar) was
dried at —48 °C for 12 h in vacuum by using a freeze dryer and was used
for the next cycle of reaction.

2.5. Procedure for the Ni@N/C-1 catalyzed semi-hydrogenation of alkynes
in flow reactor

The Ni@N/C-1 catalyzed semi-hydrogenation of alkynes was per-
formed in a flow reactor instrument H-Flow-10 (Ou Shi Sheng (Beijing)
Technology Co., Ltd., China). Since the catalyst has the magnetic prop-
erty, 1.2 g of Ni@N/C-1 catalyst is adsorbed on the 10 mm magnet ball,
and then filled into the reaction tube; then the entire reaction tube is
purged with Ny, and the entire reaction tube is cleaned with methanol.
After that, the reaction tube is heated to a target reaction temperature,
and then the hydrogen pressure is set to the pressure of the reaction
conditions, and the prepared 0.08 M phenylacetylene methanol solution
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Fig. 1. Representative SEM images of: (a) Ni@N/C-1, (b) Ni@N/C-4, (c) Ni@N/C-5, and (d) Ni@N/C-6; representative HAADF-TEM images of: (e, i) Ni@N/C-1,

(f, j) Ni@N/C-4, (g, k) Ni@N/C-5, and (h, 1) Ni@N/C-6.

Fig. 2. Representative HAADF-TEM images of: (a) Ni@N/C-1 and (b-f) corresponding EDS element mappings (EFTEM) of gray, C, N, O, and Ni.

is pumped into the reaction tube at a certain flow rate. The reaction so-
lution flows out of the reaction tube while participating in the reaction at
the set flow rate in the reaction tube, and then collects the reaction so-
lution for GC sample analysis.

3. Results and discussion

The Ni@N/C catalysts were prepared using our previously reported
method with some modifications [41]. Briefly, Ni nitrates, citric acid, and
a variety of different amine sources were mixed in EtOH with vigorous
stirring. The resulting green gel was dried and calcined, yielding N-doped
graphene encapsulated Ni@N/C catalysts. From the representative SEM
images and TEM images (Fig. 1), it was noted that different amine
sources affected the catalyst's surface significantly. The Ni@N/C-5

398

catalyst prepared from urea had a dense structure, while the other three
catalysts Ni@N/C-1, Ni@N/C-4, and Ni@N/C-6 prepared from mel-
amine, ammonium citrate, and 1,2-propylene diamine respectively had a
loose structure which was indicated by the presence of pores. This was
further confirmed by the BET measurements of the catalysts. The nitro-
gen source dramatically affected the size of the metal nanoparticles as
shown in Fig. 1e-h. The metal species of Ni@N/C-1 has a uniform size of
12.5 nm, while Ni@N/C-4 prepared using ammonium citrate had the
smallest particle size of 5.9 nm. The Ni@N/C-5 catalyst had an uneven
metal nanoparticle size, and aggregation of the metal species was
observed. The Ni@N/C-6 catalyst prepared using aliphatic amine 1,
2-propylene diamine had an irregular distribution metal particle size. A
closer inspection of a selected area on the Ni@N/C catalyst showed the
formation of a thin graphene layer structure around Ni. The catalyst
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Fig. 3. (a) Representative XRD images of Ni@N/C-1, Ni@N/C-4, Ni@N/C-5, and Ni@N/C-6; representative XPS images of: (b) Ni@N/C-1, (c) Ni@N/C-4, (d) Ni@N/
C-5, and (e) Ni@N/C-6; representative BET measurements of N, adsorption/desorption isotherm curves and pore size distribution profiles for catalysts (f) Ni@N/C-1,

(g) Ni@N/C-4, (h) Ni@N/C-5, and (i) Ni@N/C-6.

prepared using melamine had an obvious thin-layer graphene structure,
and the graphene wrapped the active Ni metal with approximately 5
carbon layers. The catalysts Ni@N/C-4 and Ni@N/C-5 were prepared
using ammonium citrate or urea as the nitrogen source had less carbon
layers. It was observed that the structure of the carbon layers is incom-
plete, and some carbon layers are destroyed. For the catalyst prepared
with 1,2-propanediamine, no obvious carbon-coated metal structure was
observed, but the presence of a graphene carbon layer was observed. In
addition, the TEM-EDS analysis and high-angle annular dark-field EDS
(HAADF-EDS) elemental mapping of Ni@N/C-1 exhibited a very similar
distribution, which further indicated the co-existence of both N and Ni
species in the Ni@N/C-1 catalyst. The elements of C, N, and O were well
dispersed over the Ni nanoparticles according to elemental mappings of
the Ni@N/C-1 catalyst, indicating the presence of graphene layers
around the nanoparticles. The C, O, N, and Ni atoms are also distributed
homogeneously over the other two prepared Ni@C catalysts (Fig. 2 and
Fig. S1).

As shown in the XRD profile of different catalysts (Fig. 3a), Ni@N/C-1
had the highest intensity which showed clearly the Ni (111), Ni (200), Ni
(220) metal species. Also, the graphene shell C (002) was observed, which
agrees with the TEM analysis. The intensity of the peaks for Ni (111), Ni
(200), Ni (220) metal species is lower in the Ni@N/C-4 and Ni@N/C-6
catalysts, which indicated that the metal species were dispersed well in the
support. It should be noted that nitrogen sources have a great effect on
metal dispersion in the graphene support. The catalyst Ni@N/C-4 which
was prepared from ammonium citrate had a higher loading of Ni metal,
based on SEM-EDS and Inductive Coupled Plasma (ICP) analysis
(Tables S2 and S3), and better dispersion than the Ni@N/C-1 catalyst
prepared from melamine. The Ni@N/C-6 catalyst, which was prepared
from aliphatic amine 1,2-propylenediamine, had the lowest Ni loading of
only 8.36% (Table S3). The Ni metal species in this catalyst had a smaller
nanoparticle size and better dispersion in the support based on the TEM

analysis. XPS was carried out to elucidate the chemical states of the Ni
metal elements (Fig. 3b-e). The survey scan of all the catalysts (Ni@N/C-
1,4,5,6) showed the presence of Ni, C, O, and N elements. The trend for
Ni@N/C-1 and Ni@N/C-6 catalysts was similar with the presence of
metallic Ni° peaks at BE 852.2 eV or 852.3 eV (Ni 2p3/») after deconvo-
lution. This is lower binding energy than that reported for Ni/AC as well as
the N doped Ni/AC-N-0.5 catalysts, which indicated that the strong elec-
tron density of the Ni atom in Ni@N/C-1 increased dramatically for the
two reported catalysts [42-44]. The other two Ni@N/C-4 and Ni@N/C-5
catalysts also had a similar trend with the presence of metallic Ni® peaks at
BE 852.3 eV (Ni 2ps/2) after deconvolution. The presence of a large
quantity of high oxidation state Ni2*(II) species was also evident by the
peaks at BE 854.3-854.5 eV (Ni 2ps,2), BE 856.6-857.7 eV (Ni 2p; /2) and
BE 871.3-872.1 eV (Ni 2p3,2). All these observations indicated that the
active metal species Ni’ were easily oxidized to Ni®*(II) during the
preparation.

The N 1s spectrum of Ni@N/C-x was recorded between 395.0 eV and
410.0 eV. Deconvolution of the N 1s spectra of Ni@N/C-1 is attributed to
the three peaks for the nitrogen species which are assigned to pyridinic-
N, pyrrolic-N, and graphitic-N, respectively [28,42,44-46]. This proved
that when the N content in the support is increased, the charge transfer
from N to Ni intensified. According to the TEM-EDS element analysis,
when we changed the nitrogen source from urea to ammonium citrate, to
melamine, there was a gradual increase of N content in the catalyst as
follows: from Ni@N/C-5 (1.09%), Ni@N/C-4 (1.56%), to Ni@N/C-1
(2.93%). The strong interaction between the N-doped support and Ni,
arising from the enhanced electron transfer, improved the stability and
activity of the catalyst. When the electron acceptor from the pyridinic-N
species interacts with metal atoms, a positive binding energy shift is
observed. However, when the graphitic-N species donates electrons to
the neighboring metal atoms, there is instead a negative binding energy
shift. This increased electron density probably increases the Ni catalyst's



J. Liu et al.

O @ _Catalyst

Green Chemical Engineering 3 (2022) 395-404

o®. o®

Ho, r.t.
1
a S’\L‘ergl-hygrogen:tlon of phen){latczt)l/\ll_enetu?ntg b Semi-hydrogenation of phenylacetylene using N- C Semi-hydrogenation of phenylacetylene using N-
-doped graphene encapsulated Ni catalys doped graphene encapsulated Ni catalyst doped graphene encapsulated Ni catalyst
< 100 = 100 £
= 80 2 80 2z
3 g 2
° ° °
] 60 [ 60 8
g B 8
B 40 B 40 B
g g g
H 20 2 20 £
xR B ®
3 0 < 0 <
9 NiGNICET ] 70 s
g BN Nignic-4 Ni@N/C-5 g & %0 g
3 & ; g c
8 #Con, % m1aSel.% mibSel, % L CVCP 3 uCon,% =1aSel,% m1bSel, % 0| 8 =Con, % =1aSel, % -1b Sel., %
d Semi-hydrogenation of phenylacetyl?ne using e Semi-hydrogenation of phenylacetylene using N- f Semi-hydrogenation of phenylacetylene using
N-doped graphene encapsulated Ni catalyst doped graphene encapsulated Ni catalyst 100 different catalysts

o 100
= = 100 <

N . N 80
2 2
2 80 2 80 ’;
] 3 .

8 60 [ 60 2 40
] 8 8

E} 3 £} 20
3 3

40 40

g 3 g 0
2 2 20 2
; 20 ° © ) O

" 4 o

< 0 5 0 E:’ G ISP FEL P
s S s & ¥ &
2 10 4 CHEN rovene @ - & &

3 15 ] EOH - Y& &

H 20 2 (bar) g Cydoheane " 2 ‘\@c\\&a <

9 9 9 ar) 9 9 9 S

8 uCon,% w=1aSel,% m1bSel.% S uCon,% =1aSel,% uib Sel, % 8 wCon, % =la Sel,% -1b Sel, %

Fig. 4. Optimization of semi-hydrogenation of phenylacetylene using N-doped graphene encapsulated Ni catalyst and comparison to other catalysts. (a) Reaction
conditions: 0.5 mmol phenylacetylene, 5 mg catalyst, 4 mL MeOH, 20 bar Hy, r.t., 20 h; (b) Reaction conditions: 0.5 mmol phenylacetylene, 5 mg catalyst, 4 mL MeOH,
20 bar Hy, 70-100 °C, 8 h; (c) Reaction conditions: 0.5 mmol phenylacetylene, 5 mg catalyst, 4 mL MeOH, 20 bar H,, 80 °C, 6-9 h; (d) Reaction conditions: 0.5 mmol
phenylacetylene, 5 mg catalyst, 4 mL MeOH, 10-25 bar Hy, 80 °C, 7 h; (e) Reaction conditions: 0.5 mmol phenylacetylene, 5 mg catalyst, 4 mL solvent, 20 bar Hp,
80 °C, 7 h; (f) Reaction conditions: Pd/C, Ru/C, Rh/C, Raney Ni, Raney Co, NiO (0.5 mmol phenylacetylene, 5 mg catalyst, 4 mL MeOH, 20 bar H,, 80 °C, 7 h); Ni@N/
C-1 (10 bar Hy, 70 °C, 8 h); Pd/Al,0O3 (5 wt% phenylacetylene in MeOH, 1 bar Hy, 40 °C, 1.3 h); Lindlar catalyst (5 wt% phenylacetylene in MeOH, 1 bar H, 40 °C,
30 h); Ni/Al,O3 (5 wt% phenylacetylene in MeOH, 10 wt% Ni loading, 1 bar Hy, 40 °C, 15 h); Ni/SiO5 (5 wt% phenylacetylene in MeOH, 10 wt% Ni loading, 1 bar H,,
40 °C, 15 h); NiZn3/AISBA-15(40) (5 wt% phenylacetylene in MeOH, 1 bar Hj,, 40 °C, 15.5 h); Ni-fructose@SiO»-800 (1 mmol phenylacetylene, 8 mg catalyst
(0.6 mol/mol Ni), 2 mL CH3CN, 10 bar Hj, 110 °C, 5 h); NiCu Nanoalloy (0.005 mol, 50 mg pre-NiCu/MMO, isopropanol, 4 bar H,, 100 °C, 3 h). Ni-NPs (0.38 mmol
phenylacetylene, 10.5 mg Ni(COD), in 0.15 g ionic liquid [CNC3MMM][NTf,] prepared in situ, 0.5 mL cyclohexane, 4 bar Hy, 30 °C, 3 h). The conversion and
selectivity were determined by GC or NMR spectroscopy using an internal standard or as reported in the literature.

selectivity [43,47]. Furthermore, the C 1s electrons are deconvoluted
into the four main peaks centered at BE 284.2, 285.7, 286.8, and
288.3 eV, which are assigned to graphitic carbon types: C-C sp?, C-C
sp3/—C—N, C-0O, and C=O, respectively [28,48,49]. To investigate the
physical properties of the catalysts surface, we carried nitrogen adsorp-
tion studies on a series of Ni@N/C catalyst samples. From the isotherms
illustrated in Fig. 3f-3i, it showed that all nitrogen-doped Ni@N/C cat-
alysts have the typical type IV reversible adsorption isotherm curve,
indicating a mesoporous surface. The BET surface area of Ni@N/C-1,
Ni@N/C-4, Ni@N/C-5, and Ni@N/C-6 was calculated as 297.6, 435.4,
200.7, and 591.9 m?> g_l, respectively (Table S4). The Ni@N/C-5 catalyst
prepared from urea had the smallest surface area of 200.7 m? g, with
the largest pore diameter of 6.03 nm. While catalyst Ni@N/C-6 prepared
from aliphatic amine 1,2-propylenediamine, had the largest BET surface
area of 591.9 m? g~ ! and the smallest average pore diameter of 3.24 nm.
Even Ni@N/C-4 catalyst had a higher Ni (32.1%) loading than the
Ni@N/C-1 catalyst (25.0%), due to the smaller metal particles and good
dispersion, it had a higher BET surface area of 435.4 m? g~! than the
Ni@N/C-1 catalyst (297.6 m? g~1). According to quenched solid density
functional theory (QSDFT), the pore-size distribution of these Ni@N/C-1
samples reveals main peaks in the range of approximately 3-5 nm. Based
on all these results, we summarized that the most active catalyst,
Ni@N/C-1, is characterized by the formation of specific metallic Ni
nanoparticles, which are encapsulated in a thin graphene shell.

With the successful development of graphene thin layer encapsulated
N-doped catalysts (Ni@N/C-x), our next goal was to investigate their
general application for the semi-hydrogenation of challenging terminal
alkynes substrates. For this, we chose phenylacetylene as the model
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substrate for hydrogenation to optimize the catalysts’ activity and reac-
tion conditions. All the prepared N-doped catalysts (Fig. 4a) were eval-
uated under the standard reaction conditions. Different catalytic
reactivity and product selectivity was observed for the hydrogenation of
phenylacetylene. The Ni@N/C-1 catalyst gave the best results amongst
the catalysts with 53% conversion, 94% selectivity for 1a, and 6%
selectivity for the other over-hydrogenated product. The Ni@N/C-4 and
Ni@N/C-6 catalysts were not active for the semi-hydrogenation of phe-
nylacetylene under the standard reaction conditions. With the optimized
catalyst Ni@N/C-1 in hand, we evaluated the reaction by changing the
temperature. The conversion increased from 79% to 99% (Fig. 4b) when
the reaction temperature increased from 70 °C to 100 °C, while the
selectivity of 1a followed the trend and decreased accordingly. At 80 °C,
Ni@N/C-1 catalyzed semi-hydrogenation of phenylacetylene and gave
the best results with 92% conversion and 87% selectivity of 1a. Then
using this reaction temperature, we evaluated the reaction time to
determine the effect of catalytic activity and product distributions. When
the reaction time increased from 6 h to 9 h (Fig. 4c), conversion increased
from 86% to 99%, but product selectivity decreased from 85% to 50%.
When the reaction pressure increased from 10 bar to 25 bar, conversion
increased from 78% to 95%, but product selectivity decreased from 91%
to 83% (Fig. 4d). Although cyclohexane and CH3CN gave excellent
selectivity, the catalyst showed low activity in these solvents (Fig. 4e).
To showcase the generality and selectivity of this novel N-doped
graphene layer encapsulated Ni-based nano-catalyst, its reactivity was
compared to a few commercially available catalysts such as the Lindlar
catalyst, as well as some representative recently reported catalysts [27,
50-52]. The commercial noble catalysts Pd/C, Rh/C, Raney Ni, and
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Fig. 5. Catalyst recycle test and ideal flow synthesis of phenylacetylene to
prepare different products.

Raney Co (Fig. 4f), which are generally used as hydrogenation catalysts,
gave full conversion in the semi-hydrogenation of phenylacetylene but
also the over-hydrogenated alkane product. The less active Ru/C catalyst
gave 40% conversion and 85% selectivity for 1a. The NiO catalyst was
not active for the phenylacetylene semi-hydrogenation under the
selected reaction conditions. A slight modification of the reaction con-
ditions (10 bar Hp, 70 °C, 8 h), and the Ni@N/C-1 catalyst exhibited
excellent reactivity of 99% conversion and comparable selectivity of 91%
(Fig. 4f). The prepared Pd/Al,O3 catalyst had excellent activity but low
selectivity (47.8%) under mild reaction conditions (1 bar Hy, 40 °C,
1.3 h). Although the widely used commercial Lindlar catalyst showed a
high selectivity (90.2%) and super activity (99% conversion), the reac-
tion required a long reaction time of up to 30 h. The other two Ni-based
catalysts Ni/Al;03 and Ni/SiO, showed excellent selectivity (93% and
92%) under 1 bar of Hy pressure and at the mild reaction temperature of
40 °C, they had low activity, with conversions of only 23.5% and 29.8%,
respectively, even though the reaction time was prolonged up to 15 h.
The reported bi-metal catalysts NiZns/AlSBA-15(40), and NiCu nano-
alloy gave similar selectivity of 90% for 1a with 99% and 96% conver-
sion respectively under the modified reaction conditions. The in situ
prepared Ni-NPs catalyst also gave super reactivity of 100% conversion
and moderate selectivity of 79% for 1a with the help of an ionic liquid
under mild reaction conditions. Using slightly harsh reaction conditions
(10 bar Hp, 110 °C, 5 h), the Ni-fructose@SiO2-800 catalyst
semi-hydrogenated phenylacetylene with 99% conversion and 88%
selectivity for 1a.

With these optimized reaction conditions, we then evaluated the
substrate scope of the Ni@N/C-1 catalyzed semi-hydrogenation reaction.
Under the optimized reaction conditions of 20 bar Hy, 80 °C, 7 h, the
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Table 1
Substrate scope of Ni@N/C-1 catalyzed semi-hydrogenation of aromatic alkynes ®.
Ni@N/C-1
1_— p2 NLR? 4 R2
R== MeOH, 80 °C, 20bar i, 7h R > R
Produc Product b
Entry Substrate Product Con., % Sel., %
>
1 @ ©/ 99 75
b
1 1a o8 o
HoN A HoN
2 \©A\ ©/ 99 87
2 2a
F \ F
5 @ \@/ - ge
3 3a
Br. X Br-
P \@/\ \©/ &8 &
4 4a
X
5 99 98
5 Cl 5a Cl
X
6 99 89
0N 0N o2
X
7 43 99
7 7a
X
8 o 91 73
HO. HO.
8 8a
N
S
9 9a
ot g
10 94 99
N N
| 10 | 10a
=
di 99 91
B Bl
T " 1
X A
12 N ©/ ’ 93 74

=
N

12a

“Reaction conditions: 0.5 mmol substrate, 5 mg catalyst, 4 mL MeOH, 20 bar Ha,
80°C,7 h.

PReaction conditions: 0.5 mmol phenylacetylene, 5 mg catalyst, 4 mL MeOH, 10
bar H,, 70 °C, 8 h.

Ni@N/C-1 catalyst transformed most of the aromatic alkyne substrates to
the corresponding target alkene products (Table 1) with excellent con-
version and selectivity (exceeds 99%). These results indicate the gra-
phene encapsulated Ni@N/C-1 catalysts' superior application in the field
of non-noble heterogeneous catalyzed semi-hydrogenation reactions.
The model substrate phenylacetylene gave 99% conversion and product
selectivity of 75% for 1a was obtained under the standard reaction
conditions. The selectivity for 1a increased to 91% under a slight
modification of the reaction conditions. Next, the focus was the elec-
tronic effect of the substituent at the meta position on the aromatic al-
kynes. For substrate 2 with the electron-withdrawing -NHy group, full
conversion of > 99% and 87% selectivity were obtained. Substrate 3
bearing the strongest electron-withdrawing -F group at the meta position
was a challenge to semi-hydrogenate and gave only 61% conversion and
selectivity of 85% for 3a. For the other two weaker electron-withdrawing
-Br and -Cl groups, irrespective of the substituent position, either meta or
ortho, the catalyst showed excellent catalytic reactivity and product
selectivity. We then examined the effect of changing the substituent at
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Scheme 2. Graphene encapsulated Ni catalyzed semi-hydrogenation of alkynes.

the para position of the aromatic alkynes. And the substrate 6 with the
strongest electron-withdrawing -NOy group produced product 6a in
excellent conversion and good selectivity. The substrate with the strong
electron-donating -NMe; group also gave excellent conversion of 94%
and excellent selectivity of 99%. Substrates with the weak electron-
donating t-butyl and N-propyl groups gave only moderated conversion
but without any over-hydrogenated products. The graphene encapsu-
lated Ni@N/C-1 catalyst also showed excellent catalytic reactivity of
93% conversion and 74% selectivity for the E isomer product (12a). The
electron-withdrawing and electron-donating groups delocalize the elec-
tron negativities of the aromatic ring, which further affects the terminal
alkynes' electron negativity. The substrates having electron-withdrawing
NHy, Br, Cl, NOy, and NMe; groups gave higher catalytic reactivity and
selectivity of the desired semi-hydrogenated product than the substrates
with electron-donating t-butyl and N-propyl groups.

A proposed mechanism of graphene encapsulated Ni@N/C catalyzed
semi-hydrogenation of alkynes is shown in Scheme 2. First, the molecule
Hj and alkyne substrate are adsorbed on the surface of N-doped Ni@N/C
catalyst, the active Ni metal species interact with hydrogen and then the
H-H bond is cleaved to give the Ni-H species. Then the Ni-H species make
a nucleophilic addition to the C=C triple bond and produce the alkenyl
Nickel intermediate. Finally, when the Ni-C bond of the alkenyl nickel
intermediate is broken, the (Z)-olefin product and the recycled Ni cata-
lyst will be produced at the same time. However, since the active metal
species Ni® on the Ni catalyst has a strong ability to adsorb hydrogen, and
the electron-rich properties of the C=C double bond and benzene ring in
the product aromatic olefin, the aromatic olefin and Hy can be again
adsorbed on the catalyst active metal species. In this case, the hydrogen is
reactivated and Ni-H species are generated, so that the Ni-H species and
the C=C double bond in the aromatic olefin undergo a further reductive
nucleophilic addition reaction, and finally generate alkane products.
Generally speaking, it is quite difficult to control the reaction pathway
during the semi-hydrogenation of aromatic alkynes, and the over-
hydrogenation product alkane usually occurs which decreases the
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selectivity and increases the separation problem. Here, however, through
the modification of graphene encapsulated Ni catalyst, the ability of the
active metal species to adsorb olefins is regulated, thereby avoiding the
over-hydrogenation of olefin, and achieving high selectivity and high
yield preparation of terminal alkenes from an alkyne.

A stability and recycling test was carried out for the Ni@N/C-1
catalyst in a batch reactor and an advanced flow reactor (Fig. 5). The
catalyzed semi-hydrogenation of phenylacetylene using the graphene
encapsulated Ni@N/C-1 catalyst did not lose significant reactivity and
product selectivity after 5 times recycling test. It should be noted that the
stable catalyst with magnetic properties was applied in the industrial
flow reactor, and reaction conditions were easily optimized by switching
the control valve. The catalyst showed good reactivity and selectivity for
the semi-hydrogenation of phenylacetylene in the flow reactor and the
catalyst was recovered easily. Semi-hydrogenation catalyzed using gra-
phene encapsulated Ni-based catalysts in a flow reactor was notably
environmentally friendly producing less byproduct and easily recycling
Hy, for further use. This can provide a feasible reference method for the
industrialized selective production of ethylene.

4. Conclusion

In summary, we have reported a successful and facile synthesis of an
N-doped thin graphene layer encapsulated Ni-based catalyst. The nitro-
gen source significantly affected the catalysts' physical properties as well
as the interaction between the support and active metal species. This had
a further effect on the Ni@N/C catalysts' activity and selectivity for semi-
hydrogenation of aromatic alkynes. The optimized Ni@N/C catalyst
showed excellent activity and selectivity for semi-hydrogenation of
phenylacetylene under mild reaction conditions. More than 10 aromatic
alkyne substrates were transformed to the corresponding alkene product
with good to excellent reactivity and selectivity. The graphene encap-
sulated Ni@N/C catalyst also had good stability and has the potential to
be applied in an industrial flow reactor for the synthesis of ethylene.
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