'.) Check for updates

ocfhglﬁesﬁ]é(t):lrnal For submission: https://mc.manuscriptcentral.com/cjoc Com rehensive Report
y For published articles: https://onlinelibrary.wiley.com/journal /16147065 P P

1 & {& % - An International Journal

Cite this paper: Chin. J. Chem. 2021, 39, 3071—3078. DOI: 10.1002/cjoc.202100308

Seed-mediated Growth of Alloyed Ag-Pd Shells toward Alkyne
Semi-hydrogenation Reactions under Mild Conditions'

Yuqin Zheng,” Taixing Tan,” and Cheng Wang**

 Tianjin Key Laboratory of Advanced Functional Porous Materials, Institute for New Energy Materials and Low-Carbon Technologies,
School of Materials Science and Engineering, Tianjin University of Technology, Tianjin 300384, China
b Ganjiang Innovation Academy, Chinese Academy of Sciences, Ganzhou, Jiangxi 341000, China

Keywords

Nanostructures | Alloys | Heterogeneous catalysis | Hydrogenation | Alkynes

Main observation and conclusion

Ag@Ag-Pd, core-shell nanocomposites with various Ag/Pd ratio were deposited on Ag nanoplates using a seed growth method. When
physically loaded on C;N,, Ag@Ag-Pd,q77/CsN, with optimized Ag/Pd ratio could accomplish high catalytic performance for the
semi-hydrogenation of phenylacetylene as well as other aliphatic (both terminal and internal alkynes) alkynes and phenylcycloalkynes
containing functional groups (such as ester, hydroxyl, ethyl groups) under room temperature and 1 atm H,. The alloying and ensemble
effects are used to interpret such catalytic performance.
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Background and Originality Content

Alkenes are important industrial chemical precursors to the
industrial synthesis of lots of pharmaceuticals, vitamins, agro-
chemicals, and polymerization. For example, polystyrene (PS)
synthesized from styrene has been widely used to make plastic
industrial products. It is worth noting that the removal of even
small amounts of phenylacetylene from the styrene feed, because
of its toxicity to poIYmerization is crucial for producing high qual-
ity PS products Therefore, selective semihydrogenation of
phenylacetylene is an extremely important and valuable trans-
formation. However, it is difficult to achieve high selectivity and
conversion of alkenes in industry since experimental conditions
are usually complex and tedious.™™

For decades, Pd-based catalysts have dominated the hyro-
genation of alkynes due to their superior capability in dissociating
H, and absorbing aIkynes.[3'4] However, unmodified Pd catalysts
showed poor performance for the transformation of alkynes to
alkenes. For a pure Pd surface, the alkynes tend to be converted
into alkanes instead of corresponding semi-hydrogenation prod-
ucts, alkenes, since there are sufficient catalytic sites of Pd at-
oms.” In addition, the Pd nanoparticles usually undergo a sur-
face reconstruction that leads to the particle sintering during cal-
cination and reactions and subsequently decreases their overall
activities. Conventional approaches for enhancing the catalytic
selectivity and stability of Pd targeting alkenes via the semi-hy-
drogenation include controlling the shape of palladium nanocrys-
tals,[7'8] preparing isolated smgle atom Pd catalysts,[g'm using
various supports (e.g, TiOz N|(OH) mpg C3N4, CeOZ,[lﬁ’m
AIZO3,[18] 5i0,,™ Fe;0,,%% 2% N-oNT, HTY cOF™®! and
MOF!#¢3 materials), doping second elements (e.g, Pb, [8:32:33)
n, [34-35] s, [36] F,[37] C[as 39] Ga, 4041l | [1042]) preparing nanocom-
posites (e.g, CuFe204,[ 3l Cu,0, ) Zn0[45]) and using organic modi-
fiers (modifying elements such as N,[46 >4 S,[51 >lo [55]) to poison
the active sites. Nearly all these methods could increase the se-
lectivity of Pd as a semi-hydrogenation catalyst by regulating the
electronic state (ligand effect)[8’12’15’36] or/and separating the ac-
tive sites of Pd (ensemble effect).m’ssl The presences of electronic
modifiers or/and isolated Pd active sites have been confirmed to
be efficient in tuning the adsorption kinetics of the products on
the Pd surface, which in turn avoids over-hydrogenation.

In particular, bimetallic alloy catalysts have been widely stud-
ied.®" One of the most attracting properties of these bimetallic
alloy nanoparticles is their highly tunable composition and struc-
ture, which endow them with superior physical and chemical
properties than their single constitutional metallic counterparts in
terms of catalytic performance. Lu’s group[8] prepared Pd-Pb alloy
nanocrystals with tailored composition for semi-hydrogenation of
alkynes and found that the introduction of Pb could improve the
selectivity of catalyst effectively. Although this strategy can control
the composition easily, it has been limited either by complicated
synthetic approaches or toxicity of used Pb element. The con-
struction of alloyed surface on core-shell nanostructure could be
another effective approach. Yin's grouplss] modified Pd surfaces
with Au element by constructing Pd-Au alloy surfaces directly on
the nanoscale Pd seeds without changing their original surface
structures. The above findings clearly show that the exposure of
different metal atoms in Pd-based bimetallic nanostructures is an
effective strategy to enhance their semi-hydrogenation catalytic
performance.[‘r’g'60

Previous studies revealed that the existence of Ag component
in a Pd catalyst could significantly facilitate the selective adsorp-
tion of alkynes in hydrogenation reactions because the binding
energy of alkenes could be decreased on catalyst surface, which is
beneficial for the formation of alkenes.®**® Zhang'’s groupml
systematically investigated the molar ratio of Pd/Ag in Pd@Ag
core@shell metal nanostructures and found an optimized ratio for
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the selective semihydrogenation of phenylacetylene. Since most
of the reported AgPd bimetallic alloyed catalysts are rich in Pd,
they usually suffer from low utilization of the precious noble Pd
metal due to its low exposure on the catalyst surface. Here, we
designed and fabricated a series of Ag@Ag-Pd core@shell nano-
crystals supported on C;N, catalysts using seed-mediated growth
method, which has been proven to be a powerful route to synthe-
size bimetallic core@shell NPs.®”!

Among them, Ag@Ag-Pd, o77/C5N, catalyst exhibits the highest
catalytic performance for various alkynes, showing nearly 100%
conversion and over 90% selectivity to alkenes within 32 h reac-
tion under room temperature and ambient H, pressure. The im-
proved catalytic performance of the catalyst is attributed to the
combination of the high selectivity of Ag and high activity of Pd by
inserting the introduced Pd atoms into the Ag lattice of the Ag
nanoplates to generate Ag-Pd alloy shells.

Results and Discussion

© 2021 SIOC, CAS, Shanghai, & WILEY-VCH GmbH

Results

Preparation of catalysts. To synthesize Ag nanoplates with
loaded Pd on their surfaces, firstly, triangular Ag nanoplates with
an average diameter and thickness of about 105 nm and 22 nm
(as shown in Figure 1) were synthesized using our previous con-
secutive seed-mediated synthetic method.®”! Synthetic details
could be found in the experimental section. Then the as-prepared
Ag nanoplates were used as substrates for the formation of
Ag@Ag-Pd alloyed catalysts by reducing K,PdClg using ascorbic
acid as a reductant in aqueous solutions at 80 °C . Due to the
strong interaction between ascorbic acid and Ag nanoplates, the
reduction of K,PdClg by ascorbic acid allows the formaiton of Pd (0)
on the surface of Ag nanoplates. Finally, Ag@Ag-Pd composite
nanoplates were physically mixed with C;N, prepared from a con-
ventional method.®® The introduced C;N, has a large specific
surface area’®”" and more exposed active sites.”?" |t served as
the substrate for anchoring Ag@Ag-Pd composite nanoplates in
order to avoid the agglomeration of alloyed nanoplates in subse-
quent catalytic reaction process.

Characterization of catalysts. In making Ag@Ag-Pd composite
nanoplates, 6, 12 and 24 mL 1.0 mmol/L K,PdClg aqueous solu-
tions were directly added to 40 mL freshly prepared solutions
containing 0.125 mmol dispersed Ag nanoplates, separately. After
harvesting the products, the molar ratios of Pd to Ag in the three
kinds of uniform and monodispersed Ag@Ag-Pd,, measured by
ICP-MS analysis, were 0.041, 0.077 and 0.182 (Table S1), respec-
tively. Their corresponding calculated yields of Pd are 85.5%, 80.1%
and 95.1%, respectively. After Pd loading, the thicknesses of the
composite nanoplates (about 30 nm) increased and the thickness
increases slightly with the increase of Pd loading. Gradual in-
creases of average lateral sizes were also observed as shown in
Figure 1 and Figure S1. No isolated Pd nanoparticle was observed
for all three products. This might be due to the dispersion of tiny
Pd nanoparticles in the solutions that could not be centrifuged
together with nanoplates and could also interpret the deviated
yields of Pd. This also implies that the surface of Ag triangular
nanoplates could serve as a preferential site for the reduction of
Pd nanoparticles since most of Pd was deposited on Ag nano-
plates. Compared with bare Ag nanoplates (Figure 1a), their sur-
faces are roughened as a result of the deposition of Pd, suggesting
the nonuniform distribution of Pd on their surfaces. Since
Ag@Ag-Pdy7; nanoplates exhibit the highest catalytic activity
among all investigated catalysts, they were selected for further
characterizations.

Under TEM observation (Figure 2a), the nonuniform distribu-
tion of Pd becomes more apparent. Our previous work indicates
that the top and bottom faces of AgNPs are covered with (111)
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(c) and Ag@Ag-Pd, .15, nanaoplates (d).

planes.m] Under HRTEM (Figure 2b and Figure S2), since the elec-
tron beam irradiates along the axis perpendicular to the (111)
planes, the observed lattice fringes of 0.25 and 0.24 nm corre-
spond to Ag 1/3(422) and Pd 1/3(422). This observation is due to
the presence of stacking faults (or planar defects) in nano-
plates.[67’74'76] Two other fringes with d-spacings of 0.248 and
0.246 nm appeared, indicating the formation of AgPd alloys that
is believed to be originated from the heat treatment at 80 °C dur-
ing the Pd reduction process. Elemental mappings of the sample
given by energy-dispersive X-ray spectroscopy (EDX) (Figures
2e—2h) revealed that the deposition of Pd took place on the
whole Ag surfaces, consistent with the increase of average lateral
size and thickness observed in SEM images. The Pd contents in
the two Ag-Pd alloys with d-spacings of 0.248 and 0.246 nm are
calculated to be 18.2% and 36.4% in molar ratio according to the
Vegard’s law.”” The XRD pattern (Figure 2c) is dominated by the
(111) peak of FCC Ag as the nanoplates are mainly bound by the
(111) planes. There are two additional peaks, ascribed to hexag-
onal structural defects in Ag nanoplates, adjacent to the (111)
peak in the magnified pattern. Besides these two peaks, peaks
correlated to the AgPd alloys also appear between Ag (111) and
Pd (111) peaks in Figure 2c and Figure 2d. As a result of deposi-
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tion and uneven distribution of Pd nanoparticles on the surface of
Ag nanoplates, a dramatic change of localized surface plasmon
resonance (LSPR) occurred. As shown in Figure S3, the primitive
Ag nanoplates have four LSPR bands with peaks at 600, 440, 380,
and 350 nm, which are indexed to the in-plane dipole, in-plane
quadrupole, out-of-plane dipole, and out-of-plane quadrupole
resonances, respectively.[57‘74] With the deposition of Pd, the
in-plane dipole resonance peak of the AgNPs tends to redshift
from 600 nm to 680 nm. The in-plane quadrupole resonance peak
at 440 nm also redshifts but becomes less prominent.”g’gol The
two other out-of-plane resonances could be no longer differenti-
ated caused by the broadening of peaks.lso]

To confirm the formation of alloyed AgPd on the Ag silver na-
noplates, X-ray photoelectron spectroscopy (XPS) experiments
were also performed to investigate the electronic interaction be-
tween Ag and Pd atoms on the catalyst surface. The results
showed that the Pd 3d 5/2 peaks for Ag@Ag-Pdgo41/C5Ny,
Ag@Ag-Pd77/CsN, and Ag@Ag-Pdg 15,/CsN, located below 335
eV were shifted to lower values by approximately 1.1, 0.9 and 1.1
eV as compared to monometallic Pd/C;N, catalyst (Figure 3a).
Similarly, the observed Ag 3d 5/2 binding energies for the three
alloyed catalysts below 368.0 eV were shifted to lower values by
about 0.3, 0.2 and 0.5 eV than the monometallic Ag/C;N, coun-
terpart (Figure 3b). These observations confirm the formation of
AgPd, alloys and suggest electron transfers from Ag to more elec-
tronegative Pd atoms within these alloys, which lead to the de-
crease of the local density of states and shift of the d-band center
of the surface Pd. Nevertheless, the formation of AgPd, alloys in
these nanocomposites, as explained by the ligand effects that
describe the changes in the chemical properties of the atoms in
the surface due to alloying, does not favor the adsorption of acet-
ylene on the alloys’ surfaces since the binding energy of acetylene
is decreased.’®***81 |t should be pointed out here that, besides
forming AgPd alloys with different Ag/Pd ratio, there are also iso-
lated Pd nanoparticles on the surface of all three Ag@Ag-Pd,/C;N,
nanocomposites as evidenced from XPS results in Figure 3a.

Performance of catalysts. The catalytic performance of
Ag@Ag-Pd/C;5N, (Figure S4) with different Pd/Ag ratio for the se-
lective hydrogenation of phenylacetylene was evaluated in a
H,-filled flask. The hydrogenation reactions were performed in
ethanol solvent with the presence of 0.91 mmol of phenylacety-
lene at room temperature under 1 atm H, (Scheme 1). For
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Figure 2 TEM (a), HRTEM (b) images, XRD pattern (c) and its enlarged red ellipse (d) and STEM image and mapping analysis (e—h) of the Ag@Ag-Pdo 077

nanoplates.
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comparison, monometallic Ag/CsN, and Pd/C;N, (Figure S5) cata-
lysts were also prepared using similar protocols. In the cases of
catalysts containing Pd, the amounts of Pd added into the reac-
tions were kept almost same. No catalytic activity could be ob-
served (the conversion of phenylacetylene is almost 0%) in the
case of pure Ag/C;N, (Figure S6a), while the Pd/C;N, (Figure S6b)
achieved a complete conversion (100% conversion of phenyla-
cetylene) within 12 h but showed an extremely poor yield of sty-
rene (almost 0%) because of the over-hydrogenation of styrene to
phenylethane. For Ag@Ag-Pdy 041/C3N4, nearly 10% conversion of
phenylacetylene was obtained, but its selectivity was over 99%
(Figure 4a). This suggests that the Ag nanoplates, as substrate and
loaded with less amount of Pd, could effectively inhibit the
over-hydrogenation of phenylacetylene. When the Pd loading was
doubled, Ag@Ag-Pd;077/CsN, catalyst exhibited a superior cata-
lytic performance. The conversion gradually increased to 100%
and the selectivity slightly decreased but still maintained over 90%
within 32 h reaction (Figure 4b). Further increasing the Pd loading
in Ag@Ag-Pdg 15,/C3N4, 100% conversion of phenylacetylene could
be attained but with a sacrifice of selectivity for styrene (66%) in
12 h (Figure 4c). Under such mild conditions, a lower Pd loading is
not sufficient in reducing phenylacetylene, although a high selec-
tivity toward styrene could be achieved, while a higher Pd loading
usually cannot guarantee a high selectivity. Therefore, too low or
too high Pd loading should be avoided if semi-hyrogenation prod-
ucts were the target products.

The durability of the Ag@Ag-Pd,477/CsN, catalyst was tested
by collecting the catalyst through filtrating after the reaction and

Zheng, Tan & Wang

S7, the conversion gradually decreases along with an increase of
cycling times for five runs. However, the selectivity increased to
nearly 100% after 4 runs. The catalyst after reaction exhibited no
dramatic change in terms of phase purity, morphology and disper-
sion as revealed by SEM, TEM, and XRD analysis (Figure S8).
Meanwhile, nearly no residual Pd was detected in the supernatant
after reaction given from ICP-MS analyses (Table S1), implying that
no metal was leached from Ag-Pd alloy surfaces during the cata-
lytic reaction. Interestingly, as shown in Figure 5, 40 mg
Ag@Ag-Pd, 477/C5N, catalyst could convert 6.37 mmol phenyla-
cetylene (35 times of the amount of phenylacetylene used in the
cycling test) to styrene with selectivity higher than 90%. Although
it took nearly 10 d to reach a conversion higher than 90%, the
TON was calculated to be 3844.76, which was the highest among
catalysts reported in literatures (Table S2). These observations
suggested that the catalyst was still efficient once it was not taken
out from the catalytic solution. The catalytic activities of
Ag@Ag-Pdy041/C5N, and Ag@Ag-Pd, 15,/CsN, samples on the hy-
drogenation of phenylacetylene with five times of substrate were
also tested. Similar performance (combining the conversion and
selectivity) to those obtained in Figures 3b and 3d could be at-
tained (Figures S9 and S10). The different catalytic behavior of the
Ag@Ag-Pd;577/CsN, between the cycling test and increased
amounts of the phenylacetylene substrate might be interpreted
by the composition change of the alloy. In the cycling test, the
catalyst with fresh surface was filtered from the catalytic solution
and the surficial active Pd atoms might be oxidized during the
transfer process. When these oxidized species were subjected to
following catalytic reactions, they would be reduced to atomic Pd
again, resulting in the change of the original alloy composition.
Additionally, migration of surficial Pd atoms to bulk Ag nanoplates
might occur during the cycling test and decreases the content of
Pd in the Ag@Ag-Pdg o77/C3N4, making its Ag/Pd ratio become less
(approaching that in Ag@Ag-Pdg041/C3N4) as manifested by the
catalytic performance after 5 runs (Figure S11a).

The excellent catalytic performance of Ag@Ag-Pd,q77/CsN,
can be further supported using a wide range of alkyne substrates
under similar mild conditions (Scheme 2). Aliphatic terminal and
internal alkynes could be completely converted to their corre-
sponding alkenes with selectivity near 90% within 12 h running.
But for phenylcycloalkynes containing functional groups (such as
ester, hydroxyl, ethyl), it took at least 24 h to achieve similar high
performance. No corresponding alkanes could be detected after
catalytic reactions. The results are summarized in Table 1, con-
firming that the Ag@Ag-Pdy77/CsN, is efficient in semi-hydro-
genation for a wide range of alkynes.

Discussion

Both experimental and theoretical results revealed that Pd can
dissociate hydrogen easily and shows a strong binding of the acti-
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Figure 4 Selectivity and conversion of phenylacetylene into styrene using AS@Ag-Pdo041/CsN, (a), Ag@Ag-Pdoo77/C3Ng (b), Ag@Ag-Pdo 182/CsN, (c). Reac-
tion conditions: phenylacetylene (0.91 mmol), absolute ethanol (5 mL), H, (1 atm), 25 °C, catalysts (Pd/substrate: 0.07 mol%).
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Scheme 2 Semihydrogenation of various alkynes

Ag@Ag-Pdy g77/C3Ny —\

R R H,(1 atm), r.t R R'

Table 1 The performance of semihydrogenation of various alkynes
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Reaction conditions: Ag@Ag-Pdoo77/CsNs (20 mg, Pd/substrate: 0.09%),
alkynes (0.91 mmol), EtOH (5 mL). “ Determined by GC-MS using internal
standard technique.

alloyed with Pd on the catalyst surface, an ensemble effect (sur-
face dilution)[n’SS] on AgPd alloy surface leads to the formation of
single Pd sites or very small Pd clusters. Here, H, molecules can be
easily dissociated at Pd sites to produce the surface H, species.
Then the generated H, spills from Pd sites to adjacent Ag metal
sites.®#87 |t has been revealed that the Ag sites do not adsorb
alkynes and alkenes and the binding energy of spilled H, on them
is less than that of Pd sites.®®®® The spilled H, species on Ag
sites tend to flow back to the Pd sites and facilitate the hydro-
genation of alkynes or alkenes absorbed on Pd sites. Since Pd site
has a higher affinity for alkynes than for alkenes, alkynes prefer to
be absorbed and reduced on incompletely covered Pd sites.
Therefore, over hydrogenation of phenylacetylene could be sup-
pressed.BG] In addition, the reduction of the ensemble size of Pd
and confinement lead to a decreased number of adjacent adsorp-
tion sites, block diffusion paths of the organic fragments and limit
oligomerization and condensation reactions.® These might cause
the decrease of overall catalytic activity as manifested by the pro-
longed reduction time. Meanwhile, Ag nanoplates as growth sub-
strates could suppress the formation of B-palladium hydride
(B-PdH) phase, which has been proven to be the key factor for
forming alkanes. #3861

Chin. J. Chem. 2021, 39, 3071—3078
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Conclusions

In summary, we developed a seed-mediated growth method
to deposit Pd on Ag nanoplates, which form Ag@Ag-Pd, core-shell
nanostructures. When physically mixed with C5N,, they were used
as catalysts for the semi-hydrogenation of phenylacetylene. Our
results showed that a lower Pd loading is not sufficient in reducing
phenylacetylene, although a high selectivity toward styrene could
be achieved, while a higher Pd loading usually cannot guarantee a
high selectivity. With an optimized Ag/Pd ratio, Ag@Ag-Pd77/CsN,
catalyst could convert phenylacetylene completely into styrene
with a selectivity being maintained over 90% within 32 h reaction
under mild conditions. The catalyst did not show satisfactory du-
rability in the cycling test. But it did give a high TON when the
amount of substrate was multiplied by 7 times in a single running
test. The improved catalytic performance could be ascribed to the
isolated active Pd sites as a result of ensemble effect and the
modified electronic structure of Pd after being alloyed with Ag.
The poor durability was speculated to be originated from the
change of alloy composition in the Ag@Ag-Pd,77/CsN, catalyst
during the transfer process in the cycling experiment. A balance
between conversion and selectivity toward a wide range of al-
kynes using Ag@Ag-Pd, o77/CsN, catalyst was also attained. The
modification approach proposed in this work might be extended
to other bimetallic core-shell nanocatalysts for enhancing their
performance in heterogeneous catalysis.

Experimental

© 2021 SIOC, CAS, Shanghai, & WILEY-VCH GmbH

Materials and apparatus

The reagents, apparatus and methods in the work were listed
in Supporting Information.

Preparation of catalysts

Synthesis of Ag nanoplates. Ag seeds are synthesized using
the method reported by Yin's group.[gll In a typical process, 5.0 mL
Ag seeds, 5.0 mL citrate (25 mmol/L), 2.5 mL PVP (25 mmol/L), 2.5
mL ultrapure water, and 1.5 mL Cu(NOs), (25 mmol/L) were mixed
and stirred together in a 100 mL double necked bottle followed by
heat treatment at 60 °C. Then, 7.5 mL AgNO; (10 mmol/L) and 7.5
mL ascorbic acid (10 mmol/L) were simultaneously introduced
into the double necked bottle using a peristatic pump. The drop
rate was about 0.36 mL/min. After that, 1.5 mL CuCl, (25 mmol/L)
was injected into the reaction solution rapidly. Finally, the same
amount of AgNO; and ascorbic acid were pumped into the double
necked bottle.

Synthesis of Ag@Ag-Pd, 77 nanoplates. 2.0 mL ascorbic acid
(10 mmol/L) was added into 40 mL as-prepared Ag nanoplates
solution in a 100 mL single necked bottle followed by heating at
80 °C under constant stirring. On the other hand, 12 mL K,PdClg (1
mmol/L) and 12 mL ascorbic acid (6.67 mmol/L) were dropped
into the reaction solution also using a peristatic pump. The drop-
ping rate was about 0.24 mL/min. The products were collected by
centrifugation after being washed with ultrapure water for several
times. The purified core@shell nanoplates were redispersed in 10
mL of water for further use.

Synthesis of Ag@Ag-Pdg s, and Ag@Ag-Pd, .3, nanoplates.
The synthesis was the same as the that of Ag@Ag-Pd, ;7 except
for adding K,PdClg ag-solution and ascorbic acid with different
amount (6 mL and 24 mL, respectively). The products were col-
lected after washing and centrifugation process similar to that of
Ag@Ag-Pdgg77. The purified core@shell nanoplates were redis-
persed in 10 mL of water for further use.

Synthesis of Ag@Ag-Pdx/C;N,. C%N‘, was prepared using a
method reported by Zhang’s group.” " To prepare the catalysts,
purified core@shell nanoplates were mixed with C;N, dissolved in
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alcohol. After ultrasonication, the mixtures were stirred and
stewed for 48 h, centrifuged and washed with ultrapure water for
several times consecutively. The catalysts were dried by
Freeze-Dryer for a few days. It should be noticed that the ratio of
Ag nanoplates solution to C3N, is 1 mL/5 mg for all core@shell
samples.

Synthesis of Ag/CsN,. The synthesis was the same as the
preparation of Ag@Ag-Pd,/C5N, catalyst except for replacing
Ag@Ag-Pd, core@shell samples by Ag nanoplates.

Synthesis of Pd/C5N,. 30 mL K,PdClg was dropped into 11.35
mg NaBH, solution dissolved in 50 mL alcohol to allow the syn-
thesis of Pd nanoparticles (corresponding TEM image shown in
Figure S5). Then the solution was mixed with 400 mg C5N, dis-
solved in 50 mL alcohol. Post treatments are similar to those
Ag-Pd alloyed catalysts (Ag@Ag-Pd,/C35N,)

Catalytic test

Firstly, catalyst powder was dispersed in absolute ethanol
under ultrasonication for 5 min. Then, designated amounts of
phenylacetylene and catalysts dispersion were mixed in a single
neck bottle under constant magnetic stirring. The reaction was
triggered once 1 atm H, was inlet into the single neck bottle. For
cycling test, after each catalytic reaction, the catalyst was re-
moved from the mixture by centrifugation and washed with eth-
anol for three times. Then fresh phenylacetylene and ethanol
were added for further catalytic reaction under the same condi-
tion. The filtrates were analyzed by GC-MS with an internal
standard to determine the conversion and selectivity.
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The supporting information for this article is available on the
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