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Graphdiyne anchored ultrafine Ag nanoparticles
for highly efficient and solvent-free catalysis
of CO, cycloadditiont

Chang Liu, Chao Zhang and Tong-Bu Lu 2 *

Apart from photo-/electro-catalytic CO, reduction, an important alternative route to CO, utilization is
to use this inert molecule as a C1 source to synthesize value-added chemicals; however, the practical
application is limited by the low conversion efficiency. Herein, we reported a composite catalyst of 3D
sponge-like pyrenyl-graphdiyne (Pyr-GDY) anchored ultrafine Ag nanoparticles (Ag/Pyr-GDY), with the
average size of Ag NPs of only 1.6 nm. The porous 3D Pyr-GDY component can not only anchor and
stabilize the capping agent free ultrafine Ag NPs by virtue of the strong affinity between alkynyl groups
and Ag, but also enhance the local concentration of CO, due to the porous nature of 3D Pyr-GDY. As a
result, the optimized Ag/Pyr-GDY catalyst displays a record-high activity towards the catalysis of CO,
cycloaddition with propargylamines under ambient temperature and pressure, with a TON of 20 488 and
a yield of 83%, and is 15.3 times more active than the most efficient catalyst Ag27-MOF (TON = 1333,

yield = 34%). Moreover, our catalysis was performed in a solvent-free system, which provides an

rsc.li/frontiers-materials

1. Introduction

The overdependence on fossil fuels has led to excessive emission of
CO, into the atmosphere,”* and scientists have been exploring
different routes to neutralize the CO, emission and in the mean-
time to obtain value-added products. Aside from photo-/electro-/
bio-chemical pathways,>>° CO, can be employed as a C1 source to
participate in the cycloaddition reaction with propargylamines,*'
haloalkylamines,** and aziridines*** for the production of 2-
oxazolidinones. Many metal-based catalysts such as Cu,*>>° Co,*’
Zn,* Pd,*™° Ag,***74777 pt,*® and Au*"***® have been found to be
catalytically active for this reaction, among which Ag-based catalysts
have attracted broad interest for their capability of promoting the
reaction under mild conditions due to their soft n-Lewis acid
characteristic. For example, Duan et al. assembled Ag clusters with
thiourea-incorporating ligands and obtained two metal-organic
frameworks (MOFs) of TOS-Ag4 and TNS-Ag8. They found that a
catalyst loading of merely 0.1 mol% could effectively promote the
conversion of propargylamines to oxazolidinones in the presence of
1 bar CO, at room temperature, with turnover numbers (TONs) of
930 and 760, respectively.>® Recently, Sun et al reported a very
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economic, green and practical avenue for carbon capture, utilization and storage (CCUS).

efficient Ag-cluster-based MOF catalyst denoted as Ag27-MOF,
which can efficiently catalyze the cycloaddition of both terminal
and internal propargylamines with CO, under atmospheric pres-
sure in acetonitrile, with a maximum TON of 1333.* These
successes shed light on the design of Ag-based high-performance
heterogeneous catalysts for CO, cycloaddition reaction. However,
the catalytic activities of the reported Ag-based catalysts are still too
low for practical applications. Moreover, most of the CO, cycloaddi-
tion reactions were performed in organic solvents, which con-
sumed enormous amounts of solvents and energy in the
subsequent separation process to get pure products. It is still highly
desired to develop more efficient CO, cycloaddition catalysts,
especially to catalyze the reactions in a solvent-free system.

The low catalytic performance of Ag cluster/NP-based catalysts
may partly originate from the presence of surface capping agents,
as most of the Ag clusters/NPs should be stabilized by the capping
agents to prevent aggregation, while the coordination between the
Ag clusters/NPs and the capping ligands will block part of the
catalytic sites of Ag clusters/NPs, thus decreasing their catalytic
activity. One can expect that the catalytic activity of Ag NP-based
catalysts could be enhanced by decreasing or without using the
capping agents. However, it remains a great challenge to construct
such stable capping agent free ultrafine Ag NPs, as the ultrafine Ag
NPs strongly tend to aggregate without the stabilization of surface
capping agents.

Recently, graphdiyne (GDY), which was first synthesized by
the Li group in 2010,** has attracted considerable attention.
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GDYs are generally synthesized via Cu-catalyzed polymerization
of aromatic monomers with multiple terminal alkynyl groups,
and feature a unique m-conjugated two-dimensional (2D)
structure made of sp- and sp*-hybridized carbon atoms.®*°®
In 2019, we synthesized a pyrenyl-graphdiyne (Pyr-GDY)
carbon material,"” which featured a three-dimensional (3D)
architecture composed of crossover nanowires, with abundant
uncoupled terminal alkynes on the surface of nanowires,®”*®
which could act as the reduction sites for electroless deposition
of sub-nanometric metal particles.”” We envisage that the
capping agent free ultrafine Ag NPs would be in situ formed
by the reduction of terminal alkynyl groups, and stabilized by
Pyr-GDY through a strong interaction between Ag NPs and the
conjugated diacetylene and terminal alkynyl groups.

Herein, we reported a Pyr-GDY anchored capping agent free
ultrafine Ag NP composite catalyst of Ag/Pyr-GDY, with the
average size of Ag NPs as small as 1.6 nm. To our knowledge,
such small Ag NPs without capping agents have not been
documented so far. As expected, Ag/Pyr-GDY displays outstand-
ing and solvent-free catalytic activity for CO, cycloaddition with
propargylamines under ambient temperature and pressure,
with record TONs of 20488 (83% conversion) and 10971
(100% conversion), respectively, 15.3 times higher than the
most efficient catalyst of Ag27-MOF (achieved a maximum
TON of 1333 with a 34% conversion in acetonitrile solvent).*
Such a high catalytic activity can be attributed to the sponge-
like porous 3D Pyr-GDY component, which can disperse and
stabilize the capping agent free ultrafine Ag NPs through the
strong interactions between alkynyl groups and Ag NPs, as well
as the strong CO, affinity of 3D sponge-like porous Pyr-GDY.

2. Results and discussion
Synthesis and structural characterization

Cu/Pyr-GDY was synthesized via the Glaser-Hay coupling reac-
tion. Cu(u) acetate was selected as the catalyst to catalyze the
terminal alkyne coupling of the 1,3,6,8-tetraethynylphrene
(TEP) monomer to get the Cu/Pyr-GDY product as a dark brown
powder (Fig. 1a), in which single-atom Cu and ultrafine Cu NPs
were formed in situ and anchored in porous Pyr-GDY. The SEM
(Fig. 2a) and high-resolution transmission electron microscopy
(HRTEM) images (Fig. S1a-c, ESIt) show that the morphology
of Cu/Pyr-GDY is a 3D sponge-like porous structure composed
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Fig. 1 Schematic illustrations for the synthesis of Cu/Pyr-GDY (a), and
Ag/Pyr-GDY-x (b).
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Fig. 2 (a and b) SEM images for Cu/Pyr-GDY (a) and Ag/Pyr-GDY-5.3 (b).
(c and d) HAADF-STEM images of Ag/Pyr-GDY-5.3 at different magnifica-
tions; the size distribution of Ag NPs is shown (c, inset), the lattice fringes of
Ag NP are shown in (d). (e—h) HAADF-STEM elemental mapping images of
Ag/Pyr-GDY-5.3.

of tightly cross-connected nanowires. The aberration-corrected
high-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) images of Cu/Pyr-GDY show that
both ultrafine Cu NPs and Cu single atoms coexist on the
surface of Cu/Pyr-GDY, with the size of ultrafine Cu NPs less
than 1.0 nm (Fig. S1d-f, ESIt). The HAADF-STEM elemental
mapping images (Fig. S1g-i, ESIt) of Cu/Pyr-GDY reveal that C
and Cu are evenly distributed over the sample. The Raman
spectrum of Cu/Pyr-GDY (Fig. S1j, ESIt) shows five peaks: the
peak at 1236 cm™ ' corresponds to the C-H in-plane bending
vibration, and the peaks at 1369, 1495 and 1610 cm ' corre-
spond to the C-C stretching vibration of the pyrene ring.
Notably, the characteristic peak at 2178 em ™' confirms the
presence of conjugated diacetylene links in Cu/Pyr-GDY. The
peak around 1973 cm ™' belonging to the terminal uncoupled
alkynyl group® is hardly observed, indicating that most of
terminal alkynyl groups were coordinated to Cu or/and coupled
to form diacetylene links in Cu/Pyr-GDY. X-Ray photo-electron
spectroscopy (XPS) is conducted for Cu/Pyr-GDY, and the C 1s
peak can be deconvoluted into four sub-peaks at 284.6, 285.2,
286.6 and 288.5 eV, respectively (Fig. S1k, ESIt), which corre-
spond to the binding energies of C=C (sp®), C=C (sp), C-O,
and C=—O bonds, respectively. The band area of the
sp>-hybridized carbon is almost twice as much as that of the
sp-hybridized carbon, which is consistent with the ideal struc-
ture of Cu/Pyr-GDY. The XPS pattern of Cu 2p for Cu/Pyr-GDY
shows two peaks at 933.4 and 953.2 eV (Fig. S1l, ESIt), which
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can be assigned to either Cu’ or Cu®.*® The N, adsorption-
desorption experiment was carried out at 77 K for Cu/Pyr-GDY,
the BET (Brunauer-Emmett-Teller) surface area and pore size
were determined to be 592 m® g ! and 2.4 nm, respectively
(Fig. S2a and c, ESIt), indicating the large surface area in 3D
sponge-like porous Pyr-GDY. In addition, CO, adsorption
experiment at 300 K revealed a CO, uptake capacity of
9.6 cm® g~ ! for Cu/Pyr-GDY (Fig. S2a and b, ESIt), indicating
the strong CO, gas affinity of 3D sponge-like porous Pyr-GDY.
The reaction of Cu/Pyr-GDY with an aqueous solution of
AgNO; to get Ag/Pyr-GDY, in which the following metal dis-
placement reaction may occur:

Cu/Pyr-GDY + Ag" — Ag/Pyr-GDY + Cu**

The concentrations of AgNO; solution were varied so as to
obtain Ag/Pyr-GDY composites with different amounts of Ag
loading (Table S1, ESIf). Notably, for different samples
obtained, the Ag content increased with the decreasing Cu
content, suggesting a metal displacement process for Ag
deposition (Fig. 1b). The resulting composites are denoted as
Ag/Pyr-GDY-x, where x represents the mass loading of Ag (in
percentage, see Table S1, ESIt). We selected Ag/Pyr-GDY-5.3 as a
representative catalyst for structural characterization studies.
Similar to that of Cu/Pyr-GDY, the SEM image of Ag/Pyr-GDY-
5.3 also shows a 3D sponge-like morphology composed of cross-
connected nanowires (Fig. 2b). The HRTEM images of Ag/Pyr-
GDY-5.3 clearly display the Ag NPs on the surface of Pyr-GDY
(Fig. 2¢, d and Fig. S3a, ESIt). The average size of Ag NPs in
Ag/Pyr-GDY-5.3 is 1.6 nm, which is larger than those of Cu NPs
in Cu/Pyr-GDY (less than 1.0 nm), indicating that the Ag NPs
grow larger during the metal displacement reaction. A shown in
Fig. 2d, a clear lattice fringe of 0.236 nm corresponding to the
(111) crystalline planes of Ag was observed in the HRTEM
image of Ag/Pyr-GDY-5.3. In addition, the HAADF-STEM ele-
mental mapping images revealed that C, Ag and Cu coexist in
Ag/Pyr-GDY-5.3 (Fig. 2e-h). The results of ICP-MS measure-
ments also demonstrate that Cu coexists with Ag NPs in
Ag/Pyr-GDY-5.3 and the other Ag/Pyr-GDY-x samples (see
Table S1, ESIt), and 0.8% Cu still coexists with Ag NPs in
Ag/Pyr-GDY-24.6 even 24.6% Ag being loaded, and no obvious
Cu NPs can be observed in Ag/Pyr-GDY-x (Fig. 2 and Fig. S3,
ESIY), indicating that the metal displacement reaction mainly
occured with Cu NPs in Cu/Pyr-GDY, and the Cu single atoms in
Cu/Pyr-GDY is difficult to replace by Ag. Moreover, the sizes of
Ag NPs become larger (3-4 nm) along with increasing amounts
of Ag loading (Fig. S3, ESIT). To deeply understand the metal
displacement process, Cu was completed removed by the reac-
tion of Cu/Pyr-GDY with FeCl; soultion to get Cu-free Pyr-GDY.
Though the reaction of Pyr-GDY with AgNO; can also gen-
erate Ag/Pyr-GDY-x, the amount of Ag loading is much
smaller than the those of the reaction of Cu/Pyr-GDY under
the same concentration of AgNO; (see Table S1, ESIY),
indicating that the presence of Cu NPs in Cu/Pyr-GDY is
benefits the Ag loading throughout the metal displacement
reaction.
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The XRD pattern of Ag/Pyr-GDY-5.3 (Fig. S4a, ESIT) shows an
intense diffraction peak at 38.17°, corresponding to the (111)
reflection of the Ag crystal surface, and the other three smaller
peaks at 44.36°, 64.46° and 77.46° correspond to (200), (220),
and (311) reflections of Ag crystal surfaces, respectively. The
Raman spectrum of Ag/Pyr-GDY-5.3 shows five peaks at 1249,
1367,1497, 1610 and 2189 cm ™', respectively (Fig. S4b, ESIt), in
which the peak at 2189 cm™ " represents the conjugated diace-
tylene links. Compared with that of Cu/Pyr-GDY (at 2178 cm ™),
the peak of Ag/Pyr-GDY-5.3 shifts to a higher wavenumber by
~10 cm™ ', which might be due to the stronger interactions
between Ag NPs and Pyr-GDY. The C 1s XPS spectrum of Ag/Pyr-
GDY-5.3 (Fig. S4c, ESIf) is similar to that of Cu/Pyr-GDY
(Fig. S1k, ESIY), indicating the anchored sites of Ag NPs in
Ag/Pyr-GDY-5.3 are the same as those of Cu NPs in Cu/Pyr-GDY.
The XPS spectrum of Ag 3d in Ag/Pyr-GDY-5.3 (Fig. S4d, ESIf)
shows two peaks at 368.7 and 374.7 eV, respectively, corres-
ponding to 3ds,, and 3ds, electronic states of Ag(1).”° The N,
adsorption experiment was also carried out at 77 K for Ag/Pyr-
GDY-5.3, and the BET surface area of Ag/Pyr-GDY-5.3 was
determined to be only 134.2 m* g~', much smaller than that
of Cu/Pyr-GDY (592 m” g~ '). In addition, the pore size in Ag/Pyr-
GDY-5.3 (2.0 nm, Fig. S2f, ESI{) is also smaller than that of
Cu/Pyr-GDY (2.4 nm), indicating that the framework of 3D Pyr-
GDY shrinks after the formation of Ag/Pyr-GDY-5.3 to generate
a smaller pores, probably due to the strong crosslinking
between Ag NPs and 1D nanowires in 3D Ag/Pyr-GDY-5.3. The
CO, adsorption experiment at 300 K revealed a CO, uptake
capacity of 6.1 cm® g~ " for Ag/Pyr-GDY (Fig. S2e, ESIt), indicat-
ing the 3D sponge-like porous Pyr-GDY shows strong affinity
towards CO, gas.

The catalytic performance

After understanding the structures of Ag/Pyr-GDY-x, we
assessed their catalytic performances for the cycloaddition
reactions of benzylprop-2-ynylamine (1a) with CO,. First, we
investigated the reaction of 1a (0.2 mmol) with CO, in the
presence of Ag/Pyr-GDY-24.6 (0.017 mol% based on Ag) and
DBU (10 mol%, as additive) in THF (0.5 mL) for 6 h at room
temperature. The product 5-methylene-3-(phenylmethyl)-2-
oxazolidinone (2a) was successfully obtained with 100% con-
version, as determined by '"H NMR spectroscopy (Table 1,
entry 1). The other Ag/Pyr-GDY-x catalysts with different Ag
loadings were also assessed under the same conditions. We
found that when x > 5.3, the conversion approached 100%
(Table 1, entries 2-4). When x < 4.4, the conversion dropped to
below 70% (Table 1, entries 5-7). When dichloromethane
(DCM), acetonitrile (MeCN) and toluene were used as the
solvents, the yields were lowered to 34%, 52% and 76%,
respectively (Table 1, entries 8-10). It is noteworthy that 1a
could be completely converted into 2a within 2 h even without
any solvents (Table 1, entry 11). When additives other than DBU
were used, no product was detected (Table 1, entries 12-14),
indicating the essential role of DBU. When the amount of DBU
was lowered from 10 mol% to 5 mol%, the yield of 2a decreased
to 69% (Table 1, entry 15). For comparison, the as-prepared
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Table 1 Conditions screening for the reactions of 1a with CO,?
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0.1 MPa,R. T.

Catalyst P ( )
y o~
Additive, Solvent %/\/N
2a

Catalyst
Entry [mol%] Additive [mol%)] Solvent [mL] Time [h] Yield® [%)]
1 Ag/Pyr-GDY-24.6° DBU (10 mol%) THF (0.5) 6 100
2 Ag/Pyr-GDY-19.5% DBU (10 mol%) THF (0.5) 6 100
3 Ag/Pyr-GDY-12.0° DBU (10 mol%) THF (0.5) 6 100
4 Ag/Pyr-GDY-5.3 DBU (10 mol%) THF (0.5) 6 99
5 Ag/Pyr-GDY-4.4/ DBU (10 mol%) THF (0.5) 6 70
6 Ag/Pyr-GDY-3.1% DBU (10 mol%) THF (0.5) 6 57
7 Ag/Pyr-GDY-2.8" DBU (10 mol%) THF (0.5) 6 49
8 Ag/Pyr-GDY-5.3 DBU (10 mol%) DCM (0.5) 6 34
9 Ag/Pyr-GDY-5.3 DBU (10 mol%) MeCN (0.5) 6 52
10 Ag/Pyr-GDY-5.3 DBU (10 mol%) Toluene (0.5) 6 76
11 Ag/Pyr-GDY-5.3 DBU (10 mol%) Solvent-free 2 100
12 Ag/Pyr-GDY-5.3 KHCO; (10 mol%) Solvent-free 2 0
13 Ag/Pyr-GDY-5.3 Na,SO, (10 mol%) Solvent-free 2 0
14 Ag/Pyr-GDY-5.3 TEA (10 mol%) Solvent-free 2 0
15 Ag/Pyr-GDY-5.3 DBU (5 mol%) Solvent-free 2 69
16 Cu/Pyr-GDY' ) DBU (10 mol%) Solvent-free 2 0
17 Ag/Pyr-GDY-6.0 (Cu-freey DBU (10 mol%) Solvent-free 2 97
18 AgNO* DBU (10 mol%) Solvent-free 2 23
19 AgBF,* DBU (10 mol%) Solvent-free 2 25
20 AgOTf* DBU (10 mol%) Solvent-free 2 13

¢ Reaction conditions: 1a (0.2 mmol), 0.1 MPa CO,, catalyst (1.5 mg, 0.0036 mol% based on Ag for Ag/Pyr-GDY-5.3), additive (10 mol%, 0.02 mmol),
solvent, room temperature. ? Yields were determined by 'H NMR using 1,3,5-trimethoxybenzene as the internal standard. ¢ Catalyst
(1.5 mg, 0.0171 mol% based on Ag). ¢ Catalyst (1.5 mg, 0.0135 mol% based on Ag). ¢ Catalyst (1.5 mg, 0.0084 mol% based on Ag).” Catalyst
(1.5 mg, 0.0030 mol% based on Ag). ¢ Catalyst (1.5 mg, 0.0021 mol% based on Ag). * Catalyst (1.5 mg, 0.0020 mol% based on Ag). ' Catalyst (1.5 mg,

0.0160 mol% based on Cu).” Catalyst (1.5 mg, 0.0042 mol% based on Ag). *

Cu/Pyr-GDY (without Ag) and the aforementioned Ag/Pyr-GDY-6.0
(Cu-free) were also examined. Cu/Pyr-GDY gave no products (Table 1,
entry 16), whereas Ag/Pyr-GDY-6.0 (Cu-free) gave a conversion of
97% (Table 1, entry 17). These results indicate that Ag might be the
solely catalytic active sites. In addition, AgNO;, AgBF,, AgOTf were
found to give rather low yields of 2a (Table 1, entries 18-20). The
above results reveal that the optimum conditions for this reaction
were 1a with 10 mol% DBU in the presence of Ag/Pyr-GDY-5.3 in a
solventfree system for 2 h under ambient temperature and
pressure.

When Ag/Pyr-GDY-5.3 catalyst was filtered out after 1 h
reaction, we found that the conversion showed no further
increase thereafter (Fig. S5, ESIt), indicating that the reaction
was catalyzed in a heterogeneous way over the Ag NPs, and no
Ag leached into the solution. The recyclability of Ag/Pyr-GDY-
5.3 was studied by running the reactions for five cycles, and the
yields were in the range of 93-100% (Fig. S6, ESIT). The recycled
Ag/Pyr-GDY-5.3 catalyst was examined by HRTEM, XPS and
XRD, and no significant change was found (Fig. S7, ESIt),
indicating the robustness of Ag/Pyr-GDY composite catalysts.
Notably, the model reaction (catalyzed by Ag/Pyr-GDY-5.3) was
scaled up, and the record TONs of 10971 (100% conversion,
entry 5, Table S2, ESIT) and 20488 (83% conversion, entry 11,
Table S2, ESIt) were obtained, which are over one order of
magnitude higher than those of the reported state-of-the-art
catalysts (Fig. 3 and Table S3, ESIT), indicating the outstanding
catalytic activity of Ag/Pyr-GDY-5.3. Such a high catalytic activity

Catalyst (0.0036 mol% based on Ag).
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Fig. 3 A comparison of TONs and conversions for Ag—Pyr-GDY-5.3 with
those of the Ag-based state-of-the-art catalysts.

can be attributed to following aspects: (1) the porous sponge-
like 3D Pyr-GDY component can anchor and stabilize the
capping agent free ultrafine Ag NPs through the strong inter-
actions between alkynyl groups and Ag, and the capping agent
free ultrafine Ag NPs can efficiently bind and activate the
acetylene bond of propargylamines, which greatly promote
the CO, cycloaddition reactions. (2) The nature of porous
sponge-like 3D Pyr-GDY benefits the mass transfer and
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Scheme 1 Investigations on the scope of 1. (Reaction conditions: 1
(0.2 mmol), 0.1 MPa CO,, catalyst (1.5 mg, 0.0036 mol% based on Ag), DBU

(10 mol%, 0.02 mmol, room temperature, 2 h; the yields listed in this
scheme are isolated yields.)

21, R%=Me, 96%;

enriches both CO, and propargylamines within the pores of Ag/
Pyr-GDY-5.3, which can also promote its catalytic efficiency.
Our results demonstrate that porous sponge-like 3D Pyr-GDY is
an ideal support for anchoring and stabilizing the capping
agent free ultrafine metal NPs for the construction of high
performance heterogeneous catalysts.

After optimizing the reaction conditions, we explored the
scope of the reactions by using a series of substituted 1
(Scheme 1). When electron-withdrawing groups such as F, Cl,
and Br were introduced as R at the para-position, the corres-
ponding products 2b-2d were isolated in 89-95% yields. There-
fore, halide substituents proved compatible with the reaction,
which offers opportunities for further functionalization. When
electron-donating groups were introduced instead, the pro-
ducts 2e-2g were obtained in 96%-98% yields. When R' = Me
at the meta-position, the corresponding product 2h was isolated
in 95% yield. When R' = Cl or Me at the ortho-position, the
products 2i and 2j were obtained in 96% and 98% yields,

O .
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56=444 | 5=3.99 1a + DBU + CO,

| A

1a + DBU + Ag/Pyr-GDY-5.3 +CO,

M Alﬁl Jx A A A A AN

4.5 4.0 3.5 3.0 25 2.0 1.5
f1/ ppm

Fig. 4 1H NMR spectra of 1a, 1a + DBU + CO,, and 1a + DBU + CO, +
Ag/Pyr-GDY-5.3 in CDCls.
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Fig. 5 The proposed reaction mechanism.

respectively. The above results indicate that substrates with
electron-donating R' groups would give relatively high yields
compared to those with electron-withdrawing groups. We also
used a substrate with R* = Me, and this internal alkyne could be
converted into the corresponding product 2k with an isolated
yield of 96%. When R® = Me, the yield for 21 was found to be
96% as well. The above results demonstrate that our catalyst of
Ag/Pyr-GDY-5.3 has an excellent substrate-compatibility.

The catalytic mechanism

To monitor the reaction process, the 'H NMR spectra of 1a with
various reactants were obtained (Fig. 4 and Fig. S8, ESIt). As
shown in Fig. S8a (ESIY), the proton signal of the amino group
in 1a displays a sharp peak at 6 = 1.48 ppm, which is almost
unchanged after bubbling with CO, (Fig. S8b, ESIt), indicating
that 1a cannot react with CO, in the absence of DBU and the
catalyst. However, this peak completely disappeared after the
addition of DBU + CO, (Fig. S8f, ESIt), and two new peaks at
0 = 4.66 and 4.08 ppm were observed (Fig. 4). However, the
proton signal of terminal alkyne in 1a, with a sharp peak at
0 = 2.24 ppm, was almost unchanged after the addition of
DBU + CO, (Fig. 4 and Fig. S8f, ESI{), indicating that a new
species of intermediate A (see Fig. 5) was formed. When Ag/Pyr-
GDY-5.3 was added to the reaction system of 1a + DBU + CO,,
the intensity of the peak belonging to the proton of terminal
alkyne dramatically decreased (Fig. 4 and Fig. S8g, ESIt), and
four additional new peaks at ¢ = 4.71, 4.44, 4.21, and 3.99 ppm
belonging to the product 2a appeared (Fig. 4), demonstrating 2a
can only be formed in the presence of the Ag/Pyr-GDY-5.3
catalyst. Based on the above results, a proposed catalytic
mechanism is given in Fig. 5, in which the amino group in 1a
is firstly activated with the assistance of DBU, and an inter-
mediate A is generated from the reaction of 1a with CO,.
Subsequently, the alkynyl group in A is activated by the coordi-
nation interaction between the alkynyl group and Ag NPs in
Ag/Pyr-GDY-5.3 to generate the intermediate C, and then C
undergoes an intramolecular nucleophilic attack of CO,~ group
to the activated carbon of alkynyl group to generate D, and D
obtains a proton from the protonated DBU to generate the
product of 2a.
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3. Conclusions

In summary, we have synthesized a series of Ag/Pyr-GDY
composite catalysts by a simple metal displacement reaction,
in which the surface capping agent free ultrafine Ag NPs can be
anchored and stabilized by a unique 3D sponge-like porous
Pyr-GDY carbon support, through the strong affinity of Ag NPs
towards the alkynyl groups in Pyr-GDY. With an optimized Ag
loading, the composite catalyst displays a record-high catalytic
performance for the cycloaddition reaction of alkynyl amines
with CO, even without any solvents. The TONs reach as high as
10971 (TOF = 183 h™ ", yield = 100%) and 20 488 (TOF =93 h™*,
yield = 83%), both significantly higher than that for Ag27-MOF,
the most efficient heterogeneous catalyst reported thus far. The
outstanding catalytic performance of Ag/Pyr-GDY can be attrib-
uted to the unique structure of 3D sponge-like porous Pyr-GDY
containing plenty of alkynyl groups, which provides an ideal
anchored site for the dispersion and stabilization of capping
agents free ultrafine Ag NPs, and offers highly efficient catalytic
sites for the activation of the alkynyl group in propargylamines.
In addition, the porous sponge-like 3D Pyr-GDY also benefits
mass transfer and enriches the reactants within the pores of
Ag/Pyr-GDY, which further enhances its catalytic activity. Our
work is a big step forward in the practical application of CCUS
through an economic and green pathway. Further investiga-
tions on the catalytic performances of Pyr-GDY-based catalysts
for ambient chemical fixation of CO, are currently underway in
our laboratory.

4. Experimental section
Materials

All solvents were obtained from commercial sources and were
purified according to standard procedures. Propargylic amines
1a, 1c, 1d, 1e, 1f, 1g, 1h, 1j, 1k*® and 1b, 1i, 11, 1m*° were
synthesized according to the literature procedures. SI-1 and SI-2
were commercially available.

Instrumentation

The high-resolution transmission electron microscopy (HRTEM)
images and the corresponding energy-dispersive X-ray spectro-
scopy (EDS) elemental mapping results were obtained on a high-
resolution transmission electron microscope (Talos F200X, FEI,
USA), and Mo grid rather than Cu grid was used to avoid the
interference of Cu holder. The HAADF-STEM images were
obtained on a transmission electron microscope with a probe
corrector (Titan Themis Cubed G2 60-300, FEI). The powder X-ray
diffraction (XRD) of all powders were obtained by using a Smart
X-ray diffractometer (Smart Lab 9 kW, Rigaku, Japan) with Cu Ka
radiation (A = 1.54178 A). The CO, sorption isotherm test was
conducted on a multi-station specific surface micropore and
vapor adsorption analyzer (BELSORP-Mas, Microtrac BEL, Japan).
X-Ray photoelectron spectroscopy (XPS) was used to obtain spec-
tra on a photoelectron spectrometer (ESCALAB250Xi, THERMO
SCIENTIFIC, United Kingdom), and the XPS spectra were cali-
brated versus C 1s (284.8 eV) binding energy. The amounts of Ag
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and Cu on catalysts were determined via inductively coupled
plasma-atomic emission spectroscopy (ICP-MS, SPECTRO-
BLUE). Raman spectra were recorded on a high-resolution laser
confocal fiber Raman spectrometer (HORIBA EVOLVTION, HOR-
IBA Jobinyvon, France). The '"H NMR, ">C NMR and '°F NMR
spectra were recorded on Bruker 400 MHz spectrometer instru-
ments in CDCl;. The chemical shifts (§) of "H NMR, *C NMR and
9F NMR were measured in ppm, referenced to residual *H and
'3C signals of non-deuterated CDCl; (6 = 7.26 and 77.00), as internal
standards. The products of catalytic reactions were purified via
column chromatography using silica gel (200-300 mesh). Thin
layer chromatography (TLC) was performed on Merck silica gel
GF254 plates and visualized using UV light (254 nm).

Preparation of Cu/Pyr-GDY

Cu/Pyr-GDY was synthesized from 1,3,6,8-tetra[(trimethylsilyl)
ethynyl]phrene (TEP-TMS). First, TEP-TMS (100 mg) in tetrahy-
drofuran (THF, 20 mL) was desilicated by tetrabutyl ammo-
nium fluoride (TBAF, 1 M in THF, 1 mL) under a N, atmosphere
for 15 min. The resulting mixture was washed 3 times with
saturated sodium chloride solution (20 mL) and then extracted
with ethyl acetate (10 mL x 3). The organic phase was dried
with anhydrous Na,SO,, then filtered, and the solvent was
removed under reduced pressure. The obtained TEP monomer
was dissolved in 25 mL pyridine. Copper(u) acetate (30 mg) was
dissolved in pyridine (5-10 mL) in a three-necked flask. The
TEP solution was added dropwise into the flask at 110 °C, and
the mixture was kept at 110 °C for 3 days. Pyridine was removed
under reduced pressure. The obtained Cu/Pyr-GDY powder was
washed sequentially with N,N-dimethyl formamide (DMF) and
acetone to remove unreacted TEP monomers and oligomers,
and then the dark brown powder was dried at 50 °C under a
vacuum overnight.

Preparation of Ag/Pyr-GDY

Cu/Pyr-GDY powder (5 mg) was dispersed in AgNO; aqueous
solution (1 mL) with various concentrations (see Table S1,
ESIt), and sonicated for 15 s. Then the mixture was washed
three times with acetone (10 mL), the powder was separated by
centrifugation, and then dried at 50 °C under a vacuum
overnight.

Preparation of Pyr-GDY

Cu/Pyr-GDY powder (5 mg), FeCl; solution (1 M, 10 mL), and
HClI solution (0.001 M, 30 mL) were mixed in a centrifuge tube,
and the mixture was stirred at room temperature for 12 h. The
powder was separated via centrifugation, washed three times
alternately by HCI (1 M, 10 mL) and acetone (10 mL), and then
dried at 50 °C under a vacuum overnight. The results of ICP-MS
measurements confirmed that there is no detectable copper in
the as-prepared Pyr-GDY.

Preparation of Ag/Pyr-GDY (Cu-free)

Pyr-GDY powder (5 mg) was dispersed in AgNO; aqueous
solution (1 mL) with various concentrations (see Table S1,
ESIt), and sonicated for 15 s. The mixture was washed three
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times by acetone (10 mL), and the powder was separated by
centrifugation, and then dried at 50 °C under a vacuum
overnight.

The catalytic reactions

In a sealed reaction tube containing Ag/Pyr-GDY-x, 1,8-diaza-
bicyclo[5.4.0Jundec-7-ene (DBU, 0.1 equiv.) and 1a (1.0 equiv.) was
evacuated and purged with CO, gas three times. The tube was then
connected to a balloon filled with CO,, and the mixture therein was
stirred at room temperature for a given time (see Table 1).
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