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ABSTRACT: Although precious transition metals such as palladium, platinum, and iridium have been widely used in hydro-
genation reactions, the earth-abundant transition metal-catalyzed highly selective semi-hydrogenation of alkynes, especially ter-
minal alkynes to terminal alkenes remains challenging and poor developed. We demonstrate herein that excellent selective, cost-
effective semi-hydrogenation of terminal alkynes can be realized via novel none precious graphene encapsulated Ni@N/C cata-
lyst. The precise regulation of the graphene layer for the encapsulated nano-catalyst Ni@N/C can avoid metal leaching and
increase catalytic stability significantly. Nitrogen has strong interaction with Ni nanoparticles, which regulate the activity of Ni
towards selective semi-hydrogenation of terminal alkynes. The substrate having un-functionalized as well as functionalized sub-
stituents, challenging hydrogenation sensitive functional groups (olefins, ketones), were semi-hydrogenated with excellent con-

version (up to 99%) and selectivity (up to 99%).

Semi-hydrogenation of alkynes to alkenes represents an
important transformation in organic synthesis and has been
widely used in the fine chemical industry and petroleum in-
dustry.S It is well known that alkyne could be hydrogenated
to alkene easily using transition metal catalyst (Pd, Pt, Rh, Ru,
Ir), but normally with undesired over reduction product al-
kane.®® In the olefin industry, the alkene is the crucial sub-
starting marital for the synthesis of various valuable products
like rubbers and plastics.12 However, during the selective
hydrogenation of alkyne to an alkene, starting material alkyne
and the over-reduction product alkane are the impurity and
harmful components which poisoned the subsequent alkene
polymerization process. So, the developments of controllable
excellent selective hydrogenation of alkyne to the alkene,
which can lower alkyne concentration and increase desired

alkene product, are of great importance. %
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Scheme 1. Heterogeneous transition metal-catalyzed Semi-
hydrogenation of Terminal Alkynes

Up to now, a variety of high efficient transition metal cat-
alysts have been developed and applied in the semi-hydro-
genation of alkyne to the alkene, and some of them have been

widely applied in industry. Precious transition metals like Pd,
Rh, Ir, Au were widely used in the semi-hydrogenation of in-
ternal alkynes, which normally favored Z-selectivity. Re-
cently, many Pd, Au, and Ru catalyzed selective semi-hydro-
genation of terminal alkyne, which has been recognized as
more challenging substrates than internal alkyne in semi-hy-
drogenation, have been developed and showed good to excel-
lent catalytic activity and selectivity.>'41"-% Kaneda and co-
workers made a great contribution to the Core-Au/Shell-
CeO; catalyst for the semi-hydrogenation of alkynes.?* They
prepared the novel core-shell nanocomposite Au@CeO, cat-
alyst using a facile synthesis redox co-precipitation method
through the spontaneous redox reaction between Au(l1l) with
Ce (11I) to Au (0) and Ce (IV). The core-shell structure was
important for the catalytic activity and stability, it can mini-
mize the exposed surface Au sites and maximize the core-
shell interfacial sites. Under mild reaction conditions
(Au@CeO; (Au: 10 mol%), r.t., 30-50 atm H,), various al-
kynes including aromatic, aliphatic terminal alkynes, and in-
ternal alkynes were transformed to alkene product with good
to excellent selectivity (72 ~ >99%) (Scheme 1a). In 2017,
Bao and co-workers®? reported a heterogeneous palla-
dium(Pd(0)NPore) catalyst for semi-hydrogenation of termi-
nal alkynes. Ten terminal alkynes including aromatic and al-
iphatic substrates were converted to the desired terminal al-
kenes in 75~88% vyield under mild conditions (1 atm of Hy,
rt). One equiv. NaOH and 16-20 h reaction time were neces-
sary in all the cases (Scheme 1a). Recently, Lu et al.** re-
ported a novel system containing both active metal Rh (0) and
promoter ion Ga (lIl) on metal-organic framework (MOF)
support. The promoter Ga (I11) could dramatically affect the
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semi-hydrogenation selectivity of the Rh-Ga@NU-1000 cat-
alyst via the electronic (decreasing Rh electron density and
making it more electropositive) and structural effect (limiting
number of available coordination sites at Rh). Unlike the pre-
vious report, the Rh-Ga@NU-1000 catalyst favored high se-
lectivity of E-alkenes from internal alkynes, and also could
selective semi-hydrogenated more than 10 examples of ter-
minal alkynes to alkenes with 80 ~ 89 % yield (Scheme 1a).
Compared with the abovementioned precious transition metal
catalysts, earth-abundant transition metal catalysts like Fe,
Co, Ni (Scheme 1b) also showed promising application in the
semi-hydrogenation of alkynes, especially with their obvious
advantage in economic cost and bio-safety require-
ments, 1516182329 Hawever, when concerning the most cost-
effective and promising heterogeneous supported earth-abun-
dant transition metal catalysts, the unstable and gradually
weaken metal-support interaction causing active metal spe-
cies aggregation during reactions are generally one of the
most factors which 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, results in poor reactivity and selectivity in chal-
lenging synthetic organic reactions or poor stability. To solve
these problems, recently, the core-shell, yolk-shell structure
catalysts that encapsulate active metal nanoparticles (core)
with support (shell) maintaining the high activity and stability
of metals in the acidic medium are proved to be novel and
promising and has recently been applied in a variety of cata-
lytic systems. 3% Graphene has been widely used as catalyst
support due to its unique properties of thinnest, hardest, ther-
mal and electrical conductivity. But the previous prepared
graphene encapsulated catalysts generally have multi-layer of
graphitic shell which reduced the catalytic reactivity, hence
searching and developing advanced synthesis methods for
thin graphene layers especially for twisted bilayer, three-layer
graphene with superconductivity are of great interest.3"-4

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 cat-
alyst’s chemical composition, morphology, phase structure,
and its catalytic semi-hydrogenation of terminal alkynes are
studied in detail.

The Ni@N/C catalysts were prepared using our previous
report with some modification.** Briefly, Ni nitrates, citric
acid, and different amine sources were mixed in EtOH under
vigorous stirring. Then the formed greenish gel was dried and
calcined, yielding N-doped graphene encapsulated Ni@N/C
catalysts (Scheme S1). As shown in Figure 1 of the repre-
sentative scanning electron microscopy (SEM) images and trans-
mission electron microscope (TEM) images, different amine
sources affected the catalyst’s surface significantly. The
Ni@N/C-5 catalyst prepared from urea had a denser structure,
while the other three catalysts Ni@N/C-1, Ni@N/C-4,
Ni@N/C-6 prepared from melamine, ammonium citrate, 1,2 pro-
pylene diamine respectively had looser structure, also have the
obvious pore structures, this could be further confirmed by the
BET measurements of the catalysts. As shown in Figure le- 1h,
the nitrogen source can affect the metal nanoparticles’ size dra-
matically. The Ni@N/C-1 has the uniform size of the metal spe-
cies with 12.5 nm, while the Ni@N/C-4 prepared with ammo-
nium citrate has the smallest particle size 5.9 nm. The Ni@N/C-
5 has an uneven metal nanoparticle size, and some of the metal
species could be seen aggregation. The Ni@N/C-6 prepared with
the aliphatic amine 1,2 propylene diamine has a very irregular
metal particle size distribution. The further zoom of the selected
area of Ni@N/C catalyst could see the formation of a thin gra-

phene layer structure around the Ni. The catalyst prepared by us-
ing melamine has an obvious thin-layer graphene structure, and
the graphene wraps the active Ni metal with about 5 numbers of
carbon layers. While the catalysts Ni@N/C-4 and Ni@N/C-5
prepared by using ammonium citrate or urea as the nitrogen
source have fewer carbon layers, and the structure of the carbon
layers is incomplete, and some carbon layers are destroyed. For
the catalyst prepared with 1,2 propanediamine, no obvious car-
bon-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 distri-
bution, 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 the
elemental mapping of the Ni@N/C-1 catalyst, indicating the
presence of graphene layers around the nanoparticles. The C, O,
N, and Ni atoms were also distributed homogeneously over the
other prepared Ni@C catalysts (Figure S1).

Figure 1. Representative SEM images of Ni@N/C-1 (a), Ni@N/C-4 (b),

Ni@N/C-5 (c), Ni@N/C-6 (d); Representative HAADF-TEM images of

Ni@N/C-1 (e, i), NiI@N/C-4 (f, j), Ni@N/C-5 (g, K), Ni@N/C-6 (h, I)
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Figure 2. Representative HAADF-TEM images of Ni@N/C-1 (a) and corre-
sponding EDS element mapping (EFTEM) of gray, C, N, O, and Ni (b-f).

As shown in the PXRD profile of different catalysts (Figure
3a), the Ni@N/C-1 has the highest intensity which showed
clearly the Ni (111), Ni (200), Ni (220) metal species. Also,
the graphene shell C (002) can be observed, which agrees
with the TEM analysis. The intensity of the Ni (111), Ni (200),
Ni (220) metal species peaks is lower in the catalysts
Ni@N/C-4 and Ni@N/C-6, which indicated that the metal
species were dispersed well in the support. While here, it also
needs to mention, the nitrogen sources have a great effect on
the metal dispersion in the graphene support. The catalyst
Ni@N/C-4 which was prepared from ammonium citrate has
a higher loading of Ni metal, according to the ICP and SEM-
EDS analysis (Table S1, S2), but it has better dispersion than




the Ni@N/C-1 catalyst prepared from melamine. For the cat-
alyst Ni@N/C-6, which was prepared from the aliphatic
amine 1,2 propylenediamine, it had the lowest Ni loading
only 8.36% (Table S2), and also the Ni metal species with
smaller nanoparticle size and better dispersion in the support,
which following the TEM analysis. The X-ray photoelectron
spectroscopy (XPS) was carried out to elucidate the chemical
states of the Ni metal elements (Figure 3b-3e). The survey
scan of all the catalysts (Ni@N/C-1,4,5,6) showed the pres-
ence of Ni, C, O, and N elements. The catalyst Ni@N/C-1
and Ni@N/C-6 had a similar figure trend with the presence
of metallic Ni° peaks at BE 852.2 Ev or 852.3 Ev (Ni2p3p)
after deconvolution. This was lower binding energy than the
reported Ni/AC and the even N doped Ni/AC-N-0.5 catalysts,
which indicated that the stronger electron density of the Ni
atom in Ni@N/C-1 increased dramatically for the reported
two catalysts.*** While the other two Ni@N/C-4 and
Ni@N/C-5 had a similar figure trend with the presence of
metallic Ni® peaks at BE 852.3 eV (Ni2ps.) after deconvolu-
tion. Moreover, the presence of a large quantity of high oxi-
dation state of Ni2*(II) species was also evident by the peaks
at BE 854.3-854.5 eV (Ni2ps2), BE 856.6-857.7 eV (Ni2p1)
and BE 871.3-872.1 eV (Ni2ps»). All of these observations
indicated that the active metal species Ni® were easily
oxidized to Ni*>"(II) during the preparation. Furthermore,
the N1s spectrum of Ni@N/C-x was recorded between 395.0
eV and 410.0 Ev. Deconvolution of the N1s spectra of
Ni@N/C-1 can be fitted into three peaks of nitrogen species
which were assigned to pyridinic-N, pyrrolic-N, graphitic-N
respectively. 28424446 |t is proved that when the N content in
the support increased, a charge transfer from N to Ni became
more intense. As shown in the TEM-EDS element, when the
nitrogen source changed from urea, ammonium citrate, and
melamine, the content of N in the catalyst Ni@N/C-5,
Ni@N/C-4, Ni@N/C-1 increased from 1.09%, 1.56% to 2.93%
gradually. The stronger interaction between the N-doped sup-
port and nickel, which comes from the enhanced electron
transfer, could improve the stability and activity of the cata-
lyst. As we all know, when the electron acceptor of pyridinic-
N species interacts with metal atoms, we can observe the pos-
itive binding energy shift. But for when the graphitic-N spe-
cies donates electrons to the neighboring metal atoms, instead,
we can obtain the negative binding energy shift. And this in-
censement of electron density could increase the Ni catalyst’s
selectivity. **#"Furthermore, The Cls electrons were decon-
voluted into the main four peaks centered at BE 284.2, 285.7,
286.8, 288.3 eV, which can be assigned to graphitic carbon
C-C sp?, C-C sp’/-C-N, C-0O, and C=0 type of carbons re-
spectively. 244 To know the surface physical properties of
the catalysts, we carried out the nitrogen adsorption isotherms
of series Ni@N/C catalysts’ samples. As illustrated in Figure
3f-3i, all the nitrogen-doped Ni@N/C catalysts showed the
typical type IV reversible adsorption isotherm curve, which
indicates the existence of mesoporous. The Brunauer-Em-
mett-Teller surface area of Ni@N/C-1, Ni@N/C-4,
Ni@N/C-5, and Ni@N/C-6 was calculated to be 297.6, 435 4,
200.7, and 591.9 m?*g* respectively (Table S3). The nitro-
gen sources affected the catalysts’ BET surface area signifi-
cantly. The catalyst Ni@N/C-5 prepared from urea has the
smallest surface area of 200.1 m?*g™, with the largest pore
diameter of 6.03 nm. While for the catalyst Ni@N/C-6 pre-
pared from aliphatic amine 1,2 propylenediamine, it had the
largest BET surface area of 591.9 m?*g?! and the smallest av-

erage pore diameter of 3.24 nm. Although the Ni@N/C-4 cat-
alyst had a higher loading of Ni (32.1%) than the Ni@N/C-1
catalyst (Ni loading 25.0%), due to its smaller Ni particles and
well dispersion in the support, it had a higher BET surface area
of 435.4 m**g?! than Ni@N/C-1 catalyst (297.6 m?*gL). Ac-
cording to the quenched solid density functional theory (QSDFT)
model, the pore-size distribution of these Ni@N/C-1 samples re-
veals main peaks in the range of approximately 3 nm to 5 nm.
Based on all these characterization results, the following
views can be obtained: the most active catalyst, Ni@N/C-1,
is characterized by the formation of specific metallic Ni na-
noparticles, which are encapsulated in a thin graphene shell.
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Figure 3. Representative XRD images of NJi@N/C-l, Ni@leng‘,mN-i@N/C-
5, Ni@N/C-6 (a); representative XPS images of Ni@N/C-1 (b), Ni@N/C-4
(c), NiI@N/C-5 (d), Ni@N/C-6 (e); representative BET measurements of N,
adsorption and desorption isotherm curves and pore size distribution profile
of catalysts Ni@N/C-1 (f), NI@N/C-4 (h), Ni@N/C-5 (g), Ni@N/C-6 (i).
With the successful development of graphene thin layer en-
capsulated N-doped catalysts (Ni@N/C-x), we were inter-
ested in their general application for the semi-hydrogenation
of challenging terminal alkynes substrates. Herein, we choose
the hydrogenation of phenylacetylene as the standard reaction
for the catalysts’ activity and reaction conditions’ evaluations.
As shown in Figure 4a, all the prepared N-doped catalysts
were evaluated in the standard reaction conditions. It is clear
to see that they gave different catalytic reactivity and product
selectivity for the hydrogenation of phenylacetylene. The
Ni@N/C-1 gave the best results among the catalysts with 53%
of conversion and 94% of 1a selectivity, and the other over-
hydrogenated product selectivity of 6%. The Ni@N/C-4 and
Ni@N/C-6 were not active for the semi-hydrogenation of
phenylacetylene under the selected reaction conditions. With
the optimized catalyst Ni@N/C-1 in hand, we next evaluated
the reaction temperature. As illustrated in Figure 4b, the con-
version increased from 79% to 99% when the reaction tem-
perature increased from 70 <C to 100 <C, while in the mean-
time, the la selectivity showed a decreasing trend accord-
ingly. At 80 <C, the Ni@N/C-1 catalyzed semi-hydrogena-
tion of phenylacetylene gave the best results of 92 % conver-
sion and 87 % of 1a selectivity. Then under this reaction tem-
perature, we shorten and prolonged the reaction time to see
the catalytic activity and product distributions. As shown in
Figure 4c, when the reaction time was prolonged from 6 h to
9 h, the conversion increased from 86 % to 99%, but the prod-
uct selectivity decreased from 85 % to 50 %. Although the
cyclohexane and CH3CN gave excellent selectivity, the cata-
lyst showed low activity in these solvents.
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Figure 4. Optimization of semi-hydrogenation of Phenylacetylene using N-doped Graphene encapsulated Ni catalyst and comparaion with other catalysts.
(a) Reaction conditions: 0.5 mmol Phenylacetylene, 5 mg catalyst, 4 ml of MeOH, 20 bar Hy, r.t. 20 h.; (b) Reaction conditions: 0.5 mmol Phenylacetylene,
5 mg catalyst, 4 ml of MeOH, 20 bar H,, 70-100 <C, 8 h.; (c) Reaction conditions: 0.5 mmol Phenylacetylene, 5 mg catalyst, 4 ml of MeOH, 20 bar H,,
80 <C, 6-9 h.; (d) Reaction conditions: 0.5 mmol Phenylacetylene, 5 mg catalyst, 4 ml of MeOH, 10-25 bar H,, 80 <C, 7 h.; (e) Reaction conditions: 0.5
mmol Phenylacetylene, 5 mg catalyst, 4 ml of solvent, 20 bar H,, 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 of MeOH, 20 bar H,, 80 <C, 7 h); Ni@N/C-1 (10 bar H,, 70 <C, 8 h); Pd/Al,O; (5 wt% phenylacetylene
in MeOH, 1 bar Hy, 40 <, 1.3 h); Lindlar catalyst (5 wt% phenylacetylene in MeOH, 1 bar H,, 40 <C, 30 h); Ni/Al,O5 (5 wt% phenylacetylene in
MeOH, 10 wt% Ni loading, 1 bar H,, 40 <C, 15 h); Ni/SiO; (5 wt% phenylacetylene in MeOH, 10 wt% Ni loading, 1 bar H,, 40 <C, 15 h); NiZns/AISBA-
15 (40) (5 wt% phenylacetylene in MeOH, 1 bar H,, 40 <C, 15.5 h); Ni-fructose@SiO»-800 (1 mmol phenylacetylene, 8 mg catalyst (0.6 mol% Ni), 2
MI CH3CN, 10 bar Hy, 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 [CNCsMMM]NTHf; prepared in situ, 0.5 mL cyclohexane, 4 bar H,, 30 <C, 3 h); The conver-
sion and selectivity were determined by GC or NMR analysis using internal standard or reported in the literature.

Furthermore, to showcase the generality and selectivity of
this novel N-doped graphene layer encapsulated Ni-based
nano-catalyst, its reactivity was compared with other com-
mercially available catalysts, the Lindlar catalyst, and some
representative recently reported catalysts?”%-%2, As illustrated
in Figure 4f, the commercially noble catalysts Pd/C, Rh/C,
Raney Ni, and Raney Co, which were usually used as hydro-
genation catalysts due to their excellent hydrogenation ability,
gave the full conversion of the semi-hydrogenation of phe-
nylacetylene but with the over-hydrogenated alkane product.
The less active Ru/C catalyst gave 40% conversion and 85 %
la selectivity. The NiO was not active for the phenylacety-
lene semi-hydrogenation during the selected reaction condi-
tion. With a slight modification of reaction conditions (10 bar
Ha, 70 <C, 8 h), the Ni@N/C-1 exhibited excellent reactivity
of 99% conversion and comparable excellent selectivity of
91%. The prepared Pd/Al.Os had excellent activity but with
a low selectivity (47.8%) under mild reaction conditions (1
bar H,, 40 <C, 1.3 h). Although the commercially widely used
catalyst Lindlar catalyst shows a high selectivity (90.2%)
and super activity (99% con.), the reaction needs a long reac-
tion time of up to 30 hours. Although the other two Ni-based
catalysts Ni/Al203 and Ni/SiO2 showed excellent selectivity
(93% and 92%) under 1 bar of H, pressure and mild reaction
temperature of 40 <C, they had lower activity, with conver-
sions of only 23.5% and 29.8%, respectively, even prolong-
ing the reaction time of up to 15 hours. The reported bi-metal
NizZns /AISBA-15(40), and NiCu Nanoalloy catalysts gave

the similar 1a selectivity of 90% with 99% and 96% conver-
sion respectively at the modified reaction conditions sepa-
rately. The in situ prepared Ni-NPs catalyst could also give
super reactivity of 100% conversion and moderate la selec-
tivity of 79% with the help of ionic liquid under mild reaction
conditions. Under slightly harsh reaction conditions (10 bar
Hz, 110 <C, 5 h), the Ni-fructose@SiO.-800 catalyst can
semi-hydrogenate phenylacetylene with 99% conversion and
88% 1a selectivity.

After having the optimized reaction conditions in hand, we
then evaluated the substrate scope of Ni@N/C-1 catalyzed
semi-hydrogenation reaction. As shown in Table 2, using the
Ni@N/C-1 under the optimized reaction conditions of 20 bar
H,, 80 C, 7h, most of the aromatic alkynes substrates could
be transformed to the corresponding target alkene products
with excellent conversion and selectivity (exceeds 99%),
which indicating that the graphene encapsulated Ni@N/C-1
catalyst’s superior application in the field of non-noble heter-
ogeneous catalyzed semi-hydrogenation reactions. The
standard substrate phenylacetylene gave 99% conversion and
75% la product selectivity could be obtained under the given
standard reaction condition. The 1a selectivity could be in-
creased to 91% under slight modification of the reaction con-
ditions. Then we first investigated the electronic effect of the
substituent group on the meta position of aromatic alkynes.
For substrate 2 with the electron-withdrawing group -NH; on
the meta position, full conversion of >99% and 87% selectiv-
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ity were obtained. The substrate 3 bearing the strongest elec-
tron-withdrawing group -F at the meta position was a bit dif-
ficult to semi-hydrogenate and only gave 61% conversion and
86% 3a selectivity. While for the other two less electron-
withdrawing groups -Br and -Cl, no matter where the substit-
uent group was located on the meta or ortho position, the cat-
alyst showed excellent catalytic reactivity and product selec-
tivity. We then further examined the effect of changing the
substituent group at the para position of the aromatic alkynes.
Interestingly, substrate 6 with the strongest electron-with-
drawing group NO; could produce the chemo semi-hydro-
genation product 6a in excellent conversion and good selec-
tivity. The substrate having the strong electron-donating
group NMe; also gave an excellent conversion of 94% and
excellent selectivity of 99%. The substrates with weak elec-
tron-donating group t-butyl, N-propyl, only gave moderated
conversion but without any over-hydrogenation products.
The graphene encapsulated Ni@N/C-1 also showed excellent
catalytic reactivity of 93% conversion and 74% selectivity for
the E isomer product(12a). Here it is known that the electron-
withdrawing and electron-donating groups can both delocal-
ize the electron negativities of the aromatic ring, which can
further affect the terminal alkynes’ electron negativity. Here,
the substrates have electron-withdrawing groups NH,, Br, Cl,
NO,, NMe; gave higher catalytic reactivity and selectivity of
the desired semi-hydrogenated product than the substrates
with electron-donating groups of t-butyl, N-propyl.

Table 2. Substrate Scope of Ni@N/C-1 catalyzed semi-hy-

drogenation of aromatic alkynes
Ni@N/C-1
MeOH, 80 °C, 20 bar Hp, 7 h
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2 Reaction conditions: 0.5 mmol Phenylacetylene, 5 mg catalyst, 4 ml of
MeOH, 20 bar Hy, r.t. 20 h. ® Reaction conditions: 0.5 mmol Phenyla-
cetylene, 5 mg catalyst, 4 ml of MeOH, 20 bar H, r.t. 20 h. The conver-
sion and selectivity were determined by GC or NMR analysis using in-
ternal standard or reported in the literature.

The Ni@N/C-1 catalyst’s stability and recycling test were
further carried out in both batch reactor and advanced flow
reactor. Surprisingly, the graphene encapsulated Ni@N/C-1
catalyzed semi-hydrogenation of phenylacetylene did not loss
significant reactivity and product selectivity after 10 times’
recycling test (Table S4). And also it needs to mention, the
stable catalyst with magnetic properties can be applied in the
industrially applicable flow reactor, and reaction conditions
can be optimized easily by switching the control valve. The
catalyst showed excellent reactivity and selectivity for the
semi-hydrogenation of phenylacetylene in the flow reactor
and the catalyst can be recovered easily (Table S5, Scheme
S2). The graphene encapsulated Ni-based catalysts semi-hy-
drogenation in flow reactor process was high environmental
friendlier with producing less byproduct and easily recycling
use of Hy. This can provide a feasible reference method for
industrialized selective production of ethylene.
CONCLUSIONS

In summary, we have reported the successful facile synthesis
of N-doped thin graphene layer encapsulated Ni-based cata-
lyst. The nitrogen sources had a great effect on the catalyst
physical properties and interaction between support and ac-
tive metal species, which further affected the Ni@N/C cata-
lysts’ activity and selectivity for semi-hydrogenation of aro-
matic alkynes. The optimized Ni@N/C catalyst showed ex-
cellent activity and selectivity for semi-hydrogenation of phe-
nylacetylene under mild reaction conditions. More than 10
aromatic alkynes substrates could be transformed to the cor-
responding alkene product with good to excellent reactivity
and selectivity. The graphene encapsulated Ni@N/C catalyst
also had good stability and can be applied in the industrially
applicable flow reactor, which showed a promising method
for ethylene synthesis in industry.
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