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Clever use of natural clay materials in the synthesis
of non-symmetric carbonates by utilizing CO, as a
feedstock: Ag/attapulgite nano-catalyst¥
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Using natural minerals seems to be one of the most novel and environmentally friendly strategies to
design catalysts for CO, conversion. Herein, we report a facile and efficient nano-catalyst for the synthesis
of non-symmetric carbonate by utilizing a magnesium-aluminium silicate nano-mineral—attapulgite
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(ATP). Thanks to the unique structure of ATP and its ability to absorb carbon dioxide, the Ag/attapulgite
nano-catalyst has excellent catalytic activity and stability in the carbon dioxide fixation reaction. The
design of this Ag/attapulgite nano-catalyst provides a novel idea for realizing CO, conversion and clay
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Introduction

It is mainly because of the use in some fine chemicals, drugs,
and natural compounds that organic carbonate is an impor-
tant intermediate in the petrochemical industry." Moreover,
compared with other organic carbonates, non-symmetric
organic carbonates have more complex synthetic routes, more
toxic synthetic processes, but more extensive uses.” Therefore,
many people have studied the synthesis of non-symmetric car-
bonates. Dixneuf et al. first studied the related synthetic
research,® which first synthesized cyclic carbonates under
phosphine catalysis. Cyclocarbonates reacted with alcohols to
form non-symmetric organic carbonates catalyzed by Et;N or
KCN. Costa et al. linked two reactions in series and reported
that guanidine catalyzes the three-component synthesis of
non-symmetric organic carbonates under supercritical CO,
conditions.” In recent years, silver metal salts have been found
to have excellent catalytic effects on the three-component reac-
tion. Many systems have been developed, such as silver carbon-
ate/triphenylphosphine,’ silver chloride/ionic liquid,” silver
sulfadiazine/tetrabutylammonium bromide.® These systems
have high conversion under their own conditions, but they all
have similar problems: low TOF value (turn over frequency)
(Table S3t). To solve the problem, we take full advantage of
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attapulgite to design new catalysts for improving the utilization
efficiency and catalytic efficiency of active substances.
Attapulgite (abbreviated hereafter as ATP) is a hydrous Mg-
and Al-rich silicate clay mineral with a fibrous morphology.®°
Bradley et al. obtained the projection of ATP crystals (Fig. 1).”
It can be seen that ATP forms a sandwich structure unit with
two tetrahedral layers sandwiched with an octahedral
layer.®'%7'® This 2: 1 structure determines that ATP has a large
number of natural channels. The metal sites on the edge of
the pores make the pores show weak alkalinity, which has a
certain adsorption effect on acid gas.’” In addition, recent
studies have confirmed that ATP can effectively stabilize the in-
organic nanoparticles loaded on it and control the size and
particle size distribution."® ! Based on these characteristics of
ATP, we designed a Ag/ATP composite nanocatalyst. Compared
with the previous catalysts, the Ag/ATP catalyst has the advan-
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Fig. 1 Structure of attapulgite crystals.”
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tages of simple preparation, low amount of precious metals,
mild catalytic conditions, and excellent catalytic performance.
It is economical and provides a new way of environmental pro-
tection for CO, conversion and utilization.

Experimental section
Reagents and apparatus

Carbon dioxide (CO,, 99%) was purchased from commercial
sources and used without further purification. Attapulgite (ATP)
was purchased from Jiangsu Jiuchuan Nanomaterials Technology
Co. Ltd. The main chemical compositions are Al,O; 6.57%, MgO
27.20%, CaO 0.67%, SiO, 49.64%, K,0 1.47% and Fe,O; 5.64%.
All the epoxides were bought from Sigma-Aldrich, Korea, and
sodium hexametaphosphate (>99%) and zinc nitrate hexahydrate
(>99%) were bought from Energy Chemicals Co. Ltd.
2-Methylimidazole was bought from TCI Chemicals. The infrared
spectra were recorded using a Bruker VERTEX 70 FTIR spectro-
meter using KBr pellets in the 400-4000 cm™" region. Nitrogen
and carbon dioxide adsorption and desorption isotherms were
measured at 293 K using a Micromeritics TriStar 3020 V1.04
system and the samples were degassed at 100 °C for 10 h before
the measurements. The specific surface area was calculated using
the Brunauer-Emmett-Teller (BET) method and the main pore
size were analysed with the Barrett-Joyner-Halenda (BJH)
method. The total pore volume was derived from the amount
adsorbed at p/p® = 0.99. The elemental composition of the ATP
was accurately analysed by an ICP-OES PQ9000 inductively
coupled plasma optical emission spectrometer. The "H NMR data
were collected using a JNM-ECS 400 M NMR spectrometer.
Scanning electronic microscopy (SEM) images were obtained
using an Apreo S electron microscope operating at 30 kV.
Transmission electron microscopy (TEM) was performed using a
Tecnai F30 and Talos F200S electron microscope operated in 300
kV. X-ray powder diffraction data were collected using a
PANalytical X'Pert Pro diffractometer operated in 40 kv and
40 mA with Cu Ka radiation (1 = 1.5406 A). Thermogravimetric
analysis experiments were performed using a TGA/NETZSCH
STA449C instrument heated from 25 to 800 °C (heating rate of
10 °C min™", a nitrogen atmosphere).

Preparation of Ag/ATP catalyst

Ag/ATP nanocomposites were prepared by a liquid phase
method with silver contents of 1.0, 2.0, 3.0, 4.0, 5.0 and 6.0%
(Table 1). The mixture of purified ATP (2.5 g), excessive sodium

Table 1 Preparation of Ag/ATP Catalyst

Sample ATP/g AgNO;/g Na;CsH;0,-2H,0/g
Ag/ATP-1 2.5 0.025 0.40
Ag/ATP-2 2.5 0.050 0.50
Ag/ATP-3 2.5 0.075 0.60
Ag/ATP-4 2.5 0.100 0.70
Ag/ATP-5 2.5 0.125 0.80
Ag/ATP-6 2.5 0.150 0.90
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citrate, and silver nitrate was heated and refluxed in water
(250 ml) for 4 hours. The product was centrifuged and washed
with water (200 ml x 3). After freeze-drying, the black powder
was collected for use.

Verification of catalytic performance

Taking acetylene alcohol as an example, other experiments
were similar. The mixture of acetylene alcohol (84.0 mg
1 mmol), 1,5-diazabicyclo-[4.3.0]-non-5-ene (abbreviated here-
after as DBN) (22.8 mg 0.15 mmol), Ag/ATP catalyst (5.0 mg)
and DMF (1 mL) was added to the high-pressure steel kettle
with PTFE liner. CO, gas (1 MPa) was filled into the kettle and
reacted with a certain temperature for a specific time. After the
reaction, the mixture in the reactor was taken out and the con-
version rate was calculated by NMR (internal standard: TMS,
test with deuterium reagent).

Results and discussion

Characterization of catalysts

It can be seen from Fig. 2 that ATP and Ag/ATP have similar
infrared absorption characteristics, which indicates that there
may be a physical interaction between Ag and ATP. At
3700-3200 cm™" is the infrared absorption band of the stretch-
ing vibration of ~OH, ~3620 cm ™" is the stretching vibration of
Al-OH or structural water, and 3545 cm™ ' is the stretching
vibration of (Al, Fe)O-H or (Fe, Mg)-OH.>* The absorption
band near 3400 cm™' is that of physically adsorbed water
(surface water and zeolite water).>*> The bending vibration of
1660 cm™" is H,0, and the strong spectral band appears at this
position, which is caused by the overlap between the defor-
mation vibration of coordination water and the deformation
vibration of surface water or zeolite water."® There are 5-7
strong absorption bands between 1200-800 cm ™, which are
the symmetric and anti-symmetric stretching vibrations of Si-
O, Si-O-Si and Si-O-AL" The absorption band at
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Fig. 2 IR spectra of ATP and Ag/ATP.
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800-600 cm™" is that of Si-O-Si symmetric stretching vibration
and M-OH vibration. The absorption band at 600-400 cm™" is
mainly the coupling of Si-O distorted vibration, M-O
vibration, and -OH plane vibration.>*® By comparing the
spectra of ATP and Ag/ATP catalysts, the difference that the
intensity of the Ag/ATP catalysts peaks changed in the range of
3200-3700 cm ™" was found. The reason for this phenomenon
may be the loading of Ag nanoparticles, which results in the
change of spectral peaks caused by the interaction of Ag® with
structural water, crystalline water, or oxygen bridge.

The XRD patterns of ATP and Ag/ATP catalysts are shown in
Fig. 3. Ag/ATP shows different diffraction peaks compared to
ATP. ATP diffraction peaks appeared at 26 = 8.42°, 13.64°,
16.32°, 19.8°, 27.56°, 35.0°. The 20 = 8.31° diffraction peak is a
characteristic peak of ATP, which is different from other min-
erals.”” A diffraction peak at the position of 26 = 38.14° (111),
64.55° (220), and 77.36° (311) (the position indicated by the
diamond in the figure) indicates that silver has been success-
fully loaded onto the surface of the ATP.>® The peak of silver in
the spectrum is not obvious, which may be due to the low
density of silver. Similar results have been reported before.”
Besides, the result can be interpreted that ATP can disperse
the silver better, making it difficult for XRD to detect the corre-
lation peak of silver. Comparing the XRD spectra of the ATP
before and after the Ag° loading, the ATP diffraction peak of
Ag/ATP is consistent with ATP, indicating that the Ag/ATP pre-
pared by this method does not change the original structure of
ATP. At the same time, as the amount of Ag” loaded increases,
the intensity of the characteristic diffraction peak of Ag® gradu-
ally increases.

According to the crystal structure of ATP, there are 4 types
of water in ATP, including: surface adsorption water, pore
adsorption water, crystal water, and structural water and its
stability is gradually increased.’® Similarly, the curves (Fig. 4
and Fig. S2f) show that when the temperature is less than
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Fig. 3 XRD spectra of ATP and Ag/ATP.
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Fig. 4 The thermogravimetric analysis (TGA) curves of ATP and Ag/ATP
catalysts.

120 °C, the change of weight loss curves is due to the removal
of surface adsorption water and pore zeolite water; at 120 °C to
250 °C, the curve change is due to the removal of a part of the
crystal water; the curve changes from 250 °C to 500 °C*° is due
to the removal of residual crystal water; from 500 °C to 700 °C,
the curve change is due to the removal of structural water;
then as the temperature increases, the curve of ATP and Ag/
ATP catalyst tends to be stable, mainly because at high temp-
eratures, the pore structure of ATP completely collapses to
form silicate or sinter. The curve change of the series Ag/ATP
catalyst tends to be stable after 600 °C.>' The reason may be
that due to the loading of the silver particles, the mass change
caused by the removal of the structural water is small, and the
curve change is not obvious. Moreover, with the increase in
the loading of silver particles, the residual mass fraction of the
material gradually increases after the curve is stabilized.

The BET isotherm adsorption analysis curves of ATP and
Ag/ATP catalysts are shown in Fig. 5. It can be seen from the
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Fig. 5 BET isotherm curves of Ag/ATP.
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Table 2 Pore structure parameters of ATP and Ag/ATP

SBET Viotal Vmicro Vext Pz
sample ~ (m*g™) (em’g™") (em’g’) (em’g) (nm)
ATP 223.9798 0.449962 0.042387 0.407575 13.6125
Ag/ATP-1 196.3714 0.442280 0.031595 0.410685 16.1668
Ag/ATP-2 195.4138 0.419625 0.031262 0.388363 15.5967
Ag/ATP-3 196.0432  0.484483 0.030039 0.454444 17.5063
Ag/ATP-4 169.8930  0.415718 0.023517 0.392201 16.3731
Ag/ATP-5 153.1387 0.385845 0.019890 0.365955 16.0530
Ag/ATP-6 150.0846  0.398666 0.018473 0.380193 16.9254

figure that when the relative pressure is low, the adsorption
curve coincides with the desorption curve, indicating that a
small amount of micropores existed; as the relative pressure
increases, N, undergoes capillary condensation, and the iso-
therm rises rapidly due to capillary condensation. Hysteresis
can be observed in this area, which is characterized by the
presence of mesopores and micropores in the sample. The
pore structure parameters of ATP and Ag/ATP catalysts are
shown in Table 2. ATP has a large surface area (Sggr), which
can provide adsorption centers and reactive centers for the
catalytic reaction.>” With the increase of silver loading, the
Sper and Vioa of Ag/ATP tended to decrease, which may be
caused by the formation of some pores blocked by silver nano-
particles.?® It can be seen that after the loading of silver, the
average pore diameter of the material increases slightly; the
average pore diameter is between 15 and 18 nm, which is
mesoporous. The reason may be that the surface structure of
ATP is affected by the silver load." The CO, isotherm adsorp-
tion of ATP and Ag/ATP catalyst was also measured (Fig. S17).
According to the IUPAC classification, the curve is a type 1
adsorption isotherm curve. For this adsorption model, the
adsorption of CO, is closely related to pressure. With the
increase of pressure, the adsorption capacity of CO, increases
gradually. Combined with the results of the controlled experi-
ment (Table 3, entries 4 and 5), it can be concluded that the
CO, adsorption property of ATP plays an important role in the
catalytic efficiency of the reaction.

The SEM photos in Fig. 6 clearly show the morphology of
each material. We have observed that ATPs are mostly rod-
shaped structures arranged irregularly, with a diameter of
about 20-30 nm and a length of 0.1-1 pm (Fig. 6a-c). After
silver was loaded on the ATP, no obvious silver nanoparticles
were observed, and the overall structure of the ATP did not
change significantly. Besides, with the increase in silver
content, no large-scale agglomeration was observed in Ag/
ATP-1, 2, 3, 4, and 5 (Fig. 6d-h). From the TEM photos, we can
clearly see the pore structure of the ATP, whose diameter is
less than 1 nm (Fig. 7a). This is consistent with the reported
pore structure of ATP.® In another TEM image, we can clearly
see that the silver nanoparticles are uniformly loaded on the
ATP. The silver nanoparticles have a uniform size distribution
and a diameter of about 2-3 nm. The surface structure of ATP
was not changed after loading, and the pore structure of ATP
was still observed (Fig. 7b). Many groups on the surface of the
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ATP are negatively charged, such as Si-OH, Al-OH, Si-O~ and
Al-O". These groups can form stable nuclei during the for-
mation of silver nanoparticles and protect the growth of silver
nanoparticles.”>***> Therefore, the ATP can effectively dis-
perse and stabilize the silver nanoparticles.

Catalytic evaluation

We studied the catalytic ability of the Ag/ATP catalysts for non-
symmetric organic carbonates and optimized the reaction con-
ditions (Fig. S4-S10, Tables S1 and S27). According to the good
experimental results, the Ag/ATP-5 catalyst was used for the fol-
lowing experiments.

Control experiments show that Ag/ATP-5 requires DBN as a
co-catalyst to perform asymmetric synthesis. Specifically, the
reaction cannot be catalysed by Ag/ATP-5 and DBN alone
(Table 3, entries 1-3). Moreover, the silver element without the
load cannot be effectively catalyzed (Table 3, entries 4 and 5).
We used Ag/ATP-5 as the catalyst (10 mg), DBN (0.3 mmol) as a
cocatalyst, and catalyzed substrate 1 (2.8 mmol) with 2
(2 mmol) and CO, (1 MPa) to give a non-symmetric carbonate
at 50 °C. After 6 hours of reaction, the yield reached 99%
(Table 3, entries 5). After the ICP test (Fig. S37), 2.68 wt% of
the silver content was obtained, and the TOF value was 132
(h™). The catalytic efficiency of Ag/ATP is much higher than
that of some metal salt catalytic systems (Table S37). As a
result, this shows that Ag/ATP-5 has good catalytic activity and
meets the requirements of our design.

Table 3 Reaction of CO,, 2-methyl-3-butyn-2-ol (1a) and benzyl
alcohol (2a) in various catalyst systems by Ag/ATP-5°

N
\N
co. 9
e e D ke
* [N
/
= Catalyst @/\

1a 2a 3a

Entry Catalyst Co-catalyst Solvent T (°C) Yield? (%)

1 Ag/ATP-5  — DMF 60 —
2 — DBN DMF 60 2

3 Ag/ATP-5  DBN DMF 60 99
4P Ag DBN DMF 50 11
5 Ag/ATP-5  DBN DMF 50 99

“Reaction conditions: 3 mmol 1la, 2 mmol 2a, 10 mg catalyst,
0.3 mmol cocatalyst, 1 mL solvent, 6 h, 1 MPa CO,. b9.8 mmol 1a.
°1 mg catalyst. ¥ Conversions were determined with "H NMR analysis.

The reactions of CO, with a range of different substituted
substrates were then conducted in the Ag/ATP&DBN catalyst
system. At the outset, the effect of different propargylic alco-
hols on the reaction was studied. And the reaction had good
adaptability to some primary alcohols and could achieve high
yields (Table 4, entries 1-4). Further experiments showed that
the reaction was sensitive to the steric hindrance effect of
replacing R' and R®>. When R' and R? are large sterically hin-
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Fig. 6 SEM pictures of (a—c) ATP; (d) Ag/ATP-1; (e) Ag/ATP-2; (f) Ag/ATP-3; (g) Ag/ATP-4; (h) Ag/ATP-5; and (i) Ag/ATP-6.

Fig. 7 TEM pictures of (a) ATP; (b) Ag/ATP-5.

dering groups, the yield of the reaction under the same con-
ditions is greatly reduced (Table 4, entries 5). In addition, a
substrate expansion study was conducted on primary alcohols.
Next, the effect of primary alcohols was examined on the reac-
tion. Evidently, the conversion rate of the reaction of the
system depends on the electron donating ability of R®. With
the alkyl chain growth, its electron donating ability is
enhanced, which causes the yield increase (Table 4, entries
6-8). The reason may be related to the stability of the alkoxy

This journal is © The Royal Society of Chemistry 2020

group formed after the DBN captures the hydrogen of the alco-
holic hydroxyl group. As a result, we speculate that DBN, after
capturing the hydrogen of the alcoholic hydroxyl group, acti-
vates the hydroxyl group as an important step in the reaction.
In order to verify the activation of hydroxyl groups by DBN,
we used "H NMR (Fig. S117). After the activation of DBN, the
peaks of the alcoholic hydroxyl groups of 1a and 2a all move
toward the high field, the peak shape changes, and the peak
width increases. This is because the nitrogen heteroatom on
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Table 4 Scope of the propargylic alcohols and primary alcohols sub-
strates for the reaction®

R! R2 O R'R?
. Cco, .
/( + R%OH 0" o
-~ OH DBN Ag/ATP-5 5
Propargylic Primary Yield”
Entry alcohols alcohols Product (%)
1

OH

)
o
T

o
o i
©/\OH ©/\0 )Ol\ Q{ 70
S
e

o
oH OH 3
~oHoA

50

OH 1?H /h\o )OLO><( 76

“Reaction conditions: 2.8 mmol propargylic alcohols, 2 mmol primary
alcohols, 10 mg Ag/ATP-5, 0.3 mmol DBN, 1 mL DMF, 6 h,50 °C, 1 MPa
CO,. ? Conversions were determined with 'H NMR analysis.  All ingre-
dients are racemic mixtures.

4 g

L4
e

DBN reacts with the hydroxyl hydrogen to increase the de-
shielding effect of the hydrogen atom, and the electron cloud
density decreases and moves to the lower field.’*?” At the
same time, due to the influence of the nitrogen heteroatoms,
the exchange rate of hydroxyl hydrogen slows down, and the
peak is broadened.

As shown in the Fig. 8, the recyclability of Ag/ATP was evalu-
ated. The recoverability of Ag/ATP-5 was tested with 1a and 2a
at 50 °C (Fig. 8A). After each reaction, Ag/ATP-5 was separated
from the product by a simple centrifuge and reused in sub-
sequent reactions without any purification or cleaning. The
results showed that Ag/ATP-5 could not maintain the original
activity during the first cycle, and the conversion rate dropped
sharply, only 7%. After the second catalytic cycle, the conver-
sion rate was further reduced to the level in the control group
(Table 3, entries 2). This indicated that the activity of Ag/ATP-5
decreased significantly in the first catalytic cycle. After the
second cycle, the activity of Ag/ATP-5 almost completely
disappeared.

Under specific conditions, the DBN-alcohol system
absorbs CO, and forms ionic compounds with a carbonate
structure.**™*® We speculate that Ag/ATP-5 deactivation is due
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Fig. 8 Catalytic performance of Ag/ATP in subsequent reaction cycles;
(A) 50 °C; and (B) 90 °C. Other reaction conditions: (A) 2.8 mmol 1a,
2 mmol 2a, 10 mg catalyst, 0.3 mmol cocatalyst, 1 mL solvent, 6 h, 1
MPa CO,; (B) 8.0 mmol 1a, 2 mmol 2a, 10 mg catalyst, 0.3 mmol cocata-
lyst, 1 mL solvent, 6 h, 1 MPa CO,.

to the coating of such substances. At the same time, we also
found that such compounds can decompose at higher
temperatures.>*™° So, the reaction temperature was rose to
90 °C. The purpose of this is to combine the regeneration
process of the catalyst with the catalytic process and abandon
the regeneration method of cleaning, which has high energy
consumption and large loss of catalyst in industrial
production.

The results were exactly as we expected, and Ag/ATP-5
remained active in the first catalytic cycle at 90 °C (Fig. 8B).
What is more noteworthy is that in the ten consecutive cata-
Iytic reactions, the activity of Ag/ATP-5 stayed at a high level
without attenuation. In addition, IR and XRD studies proved
that the structure of Ag/ATP-5 was not damaged after ten con-
secutive catalytic reactions (Fig. S13 and S14%). This series of
studies has proved that ATP, a nanometer mineral, is an excel-
lent carrier that can stably load metal nanoparticles. This also
proves the excellent reusability of Ag/ATP catalysts. By combin-
ing the regeneration process with the catalytic process, Ag/
ATP-5 has great industrial potential.

According to the experimental results in this paper and
related knowledge in the literature, a possible catalytic reaction
mechanism (Fig. 9) is proposed.>® In the previous paper, it
has been proved using 'H NMR that the proton hydrogen of
the alcoholic hydroxyl group is taken up by DBN to form

This journal is © The Royal Society of Chemistry 2020
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DBN

Fig. 9 The reaction mechanism.

[DBNH]". Then, the CO, adsorbed onto the ATP electrophili-
cally attacks the O atom of the alkoxy group to form an ionic
compound having a carbonate structure.*’ At the same time,
the silver nanoparticles on the ATP activated the alkynyl group
nearby, and the oxygen anion can attack the alkynyl group.*?
[HDBN]' transfers electrons to the alkynyl group, and thus the
cyclic carbonate is formed. DBN continues to activate benzyl
alcohol to form an oxygen anion to nucleophilically attack the
carbonyl group of the intermediate, and the target product is
formed by ring opening and tautomerism.

Conclusions

We take ATP as a carrier, and introduce it into the carbon
dioxide fixation reaction; by taking full advantages of its size
and structure, the Ag/ATP nanocomposite catalyst was
designed and prepared. The catalytic activity of the catalyst in
the synthesis of non-symmetric carbonate was verified by cata-
Iytic experiments, and the TOF value could reach 132 h™". The
remarkable stability of the Ag/ATP nanocomposite catalyst was
verified by catalytic cycle experiments that showed that it can
maintain the activity for ten consecutive reactions; thus, it has
a certain potential in industrial applications. Therefore, we
boldly infer that, due to the excellent ability of ATP to absorb
carbon dioxide gas and stabilize the surface supported sub-
stances, Ag/ATP has better stability and catalytic activity in this

This journal is © The Royal Society of Chemistry 2020
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catalytic process compared to previous heterogeneous cata-
lysts. In conclusion, this study not only provides an efficient
and stable catalyst for CO, fixation but also shows that ATP is
an excellent carrier and provides a new idea for the develop-
ment of related heterogeneous catalysts.
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