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Abstract: The selective synthesis of monomethylated amines
with CO2 is particularly challenging because the formation of
tertiary amines is thermodynamically more favorable. Herein,
a new strategy for the controllable synthesis of N-monometh-
ylated amines from primary amines and CO2/H2 is explored.
First-principle calculations reveal that the dissociation of H2

via an heterolytic route reduces the reactivity of methylated
amines and thus inhibit successive methylation. In situ DRIFTS
proves the process of formation and decomposition of

ammonium salt by secondary amine reversible binding with
H+ on the Ag/Al2O3 catalyst, thereby reducing its reactivity.
Meanwhile, the energy barrier for the rate-determining step
of monomethylation was much lower than that of overmeth-
ylation (0.34 eV vs. 0.58 eV) means amines monomethylation
in preference to successive methylation. Under optimal
reaction conditions, a variety of amines were converted to the
corresponding monomethylated amines in good to excellent
yields, and more than 90% yield of product was obtained.

Introduction

The rapid increase in CO2 emission is already leading to severe
environmental issues, such as global warming and ocean

acidification. Many strategies were proposed to control and/or
mitigate CO2 emission, such as direct removal of CO2 from the
air by solvents and solid sorbents,[1] convert CO2 to chemicals[2]

and so on. Among these, catalytic conversion of CO2 has
attracted a lot of attention. The transformation of CO2 into CO,[3]

HCOOH,[4] CH4,
[5] CH3OH

[6] or fuels[7] has been extensively
studied. In addition, using CO2 as C1 source in the synthesis of
many chemicals also constitutes an alternative promising
direction.[8] Among the various organic synthesis that could use
CO2 as reactant, N-methylation of amines is one of the most
important transformations due to their wide range of applica-
tions and large scale industrial production.[9] Traditionally, toxic
reagents are employed in the synthesis of methylated amines,
such as methyl iodide,[10] formaldehyde,[11] dimethyl sulfoxide
(DMSO),[12] among others. These synthesis routes are linked to a
series of post-processing issues with obvious environmental
consequences. Recently, greener methylation reagents includ-
ing CH3OH,

[13] HCOOH,[14] dimethyl carbonate (DMC)[15] and
CO2

[16] have been proposed and tested. From the perspective of
green and economic chemistry, using CO2 as a N-methylation
reagent is undoubtedly a very attractive route, because CO2 is a
cheap, non-toxic and highly abundant gas. The N-monometh-
ylated amines as one particular kind of N-methylamines are
widely used in the synthesis of medicines, pesticides and
dyes.[11] However, there is still a great challenge for selective
monomethylation of amines by using CO2 as C1 source, due to
the higher reactivity of secondary amines compared to primary
amines. As such, N-monomethylamine is prone to over-meth-
ylation, generating tertiary amines, which destroy the selectivity
of the target product.[17]

Beller’s and Cantat’s groups firstly employed CO2 and
amines to synthesize methylated amines using Zn� N-hetero-
cyclic carbines complexes and Ru-phosphine complexes as
catalysts, respectively.[16d,f] Following, a plethora of homoge-
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neous and heterogeneous catalysts have been reported for the
methylation of amines with CO2 by using silane, borane or H2 as
reductants. Compared to homogenous catalysts, heterogeneous
catalytic systems have more industrialization potential due to
easy separation and reusability of the catalysts and are thus
more desirable. Although many heterogeneous catalysts such
as Au/A2O3,

[18] Re/TiO2,
[19] N-doped porous carbons (NPCs)[16b]

and PdZn/TiO2
[20] have been reported as good catalysts for the

synthesis of tertiary amines, they do not perform well for the
synthesis of monomethylated amines, due to the aforemen-
tioned thermodynamic advantage of tertiary amines. Shi and
collaborators first reported that CuAlOx and PdCuZrOx could be
used as catalysts for the synthesis of monomethylated
amines.[21] Tamura’s group reported that the sub-nanoparticles
of Cu supported on CeO2 can catalyze the N-methylation of
aniline with CO2/H2, and a selectivity of N-methylaniline of over
90% was obtained at optimal reaction conditions.[22] Although
the above-mentioned strategies can generate N-monometh-
ylamines with high selectivity by controlling multiple reaction
conditions, they mostly suffer from a relatively low yield of the
target products (i. e. the conversion of aniline in Tamura’s report
does not exceed 70%, while a more detailed comparison is
listed in Supporting Information, Table S1). Therefore, the
development of more concise, direct, and efficient strategies for
the selective synthesis of N-monomethylated amines is highly
appealing. In this study, we try to design a catalyst which can
reduce the reactivity of secondary amines and thus prevent
over methylation in a wide variety of amines.

Supported Ag-based catalysts are widely used for selective
oxidation of NH3,

[23] alcohols[24] and olefins,[25] formaldehyde
purification,[26] and hydrogenation of CO2.

[27] Despite these
examples, methods for amines reacting with CO2 to form
monomethylated amines via Ag catalysts have not previously
been reported. Intriguingly, supported Ag catalysts have been
used for heterolytic dissociation of hydrogen[28] and selective
synthesis of secondary amines from aniline.[29] Furthermore, H+

reacts with amine to form ammonium salts, which can limit the
binding of the amine nitrogen to metals and hence reducing its
reactivity.[30] As such, we envision that H+ from the heterolytic
dissociation of H2 on Ag catalyst is prompt to combine with the
stronger alkaline N-methyl amine, reducing the reactivity of N-
monomethylamines and thus inhibiting the formation of
tertiary amines (Scheme 1).

Herein, we report a new strategy by employing for the first
time a supported Ag/Al2O3 catalyst for the selective synthesis of
N-monomethylated amines by using CO2/H2 as C1 source. The
catalyst can heterolytically dissociate H2, enabling the synthesis
of monomethylated amines with high selectivity due to
spontaneous inhibition of over-methylation processes. In this
way, various N-monomethylated amines were obtained with
high selectivity and yield from their corresponding primary
amines, using the sustainable route of CO2/H2 as primary
regents. Our findings give a new insight for designing efficient
catalysts towards the sustainable synthesis of N-monometh-
ylated amines.

Results and Discussion

We first carried out density functional theory (DFT) calculations
to understand the effect of Ag catalyst on the selectivity of N-
methylation products. Because of the complexity of the
interfacial structure between the Ag metal and Al2O3, we
simplified the interface model of Ag (111)/Al2O3 like in a
previous report,[31] and evaluated the dissociation energy of H2.
As shown in Figure 1a, the calculated reaction energy for H2

heterolytic dissociation on Al� O� Ag was not more stable but

Scheme 1. a. Strategy for selective N-monomethylation. b. Previously re-
ported ideas on CO2 utilization in the N-methylation of amines. c. Our
proposal in this work for selective N-monomethylation of amines.

Figure 1. a. The dissociation of H2 on the surfaces of Al2O3/Ag (111). b. The
charge distribution of H from homolytic dissociation and heterolytic
dissociation. c. Energy profiles for CO2/H2 with aniline forming N-meth-
ylaniline on Ag (111). d. CO2/H2 with N-methylaniline forming N,N-dimeth-
ylaniline on Ag (111).
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lower than that of the homolytic dissociation on Ag� Ag
(� 1.15 eV vs. 0.26 eV), which means that the H2 dissociation
occurred via the heterolytic route on the interface of Ag and
Al2O3. The charge distribution (Figure 1b) shows that the charge
of the H resulted from the homolytic dissociation was � 0.17e,
while the Ag� Hδ� and Al� O� Hδ+ from the heterolytic dissocia-
tion were � 0.2e and +0.67e, respectively. These results indicate
that the heterolytic dissociation of H2 leads to the generation of
protonated H. Generally, the protonated H will react with the
methylated amines, in situ, to form ammonium salts due to
methylated amines having a stronger alkalinity, thus reducing
the reactivity of N-methylamines.

Next, the reaction pathways of aniline N-methylation
reported previously in the literature were evaluated.[22] The
adsorbed aniline could produce phenylcarbamic acid via N� H
breaking and react with *COOH. The phenylcarbamic acid
sequentially combines with H dissociated from H2 on the
surface of the catalyst to generate the N-methylated product
through double dehydration. Similarly, the N-monometh-
ylaniline follows the same steps to get the N,N-dimethylated
product. We found that the formation of N-COOH is the rate-
determining step for both the aniline to N-monomethylaniline
and from N-monomethylaniline to the N-dimethylaniline (as
shown in Figure 1c and 1d). However, the formation energy of
NH� COOH (0.34 eV) is much lower than that of CH3N� COOH
(0.58 eV), indicating that the methylation of the secondary
amine is more difficult (Figure 1d). These results highlight the
selective monomethylation of amines on Ag (111) based on the
difference in energy barriers of the rate-determining steps for
methylation between primary and secondary amines.

To verify our prediction, a series of Ag based catalysts were
prepared by the incipient wetness method and tested for
monomethylation of aniline with CO2/H2. A yield of over 90% of
the monomethylated product was obtained under optimal
reaction conditions. Control experiments demonstrate that N-
methylaniline was unlikely to further methylate over the Ag/
Al2O3 catalyst.

To extract the target N-methylaniline, the influence of
solvent was first investigated (Table 1, entries 1–6). When
tetrahydrofuran (THF) was employed, only 20% selectivity of N-
methylaniline (with 20% conversion of aniline) could be
obtained, while the remaining 80% of the product was N-
phenylpyrrolidine, meaning the THF reacted with aniline. When
the temperature was increased up to 200 °C and cyclohexane
was used as solvent, a 31% conversion of aniline with excellent
selectivity (>99%) of the target product was achieved.
Hexadecane, on the other hand, showed no reaction activity.
Although the conversion of aniline can be increased with other
solvents, including dodecane and hexane, the selectivity of N-
methylaniline decreases sharply. Thus, the cyclohexane solvent
provided the best traded off for this reaction (i. e. in the balance
of reactivity and selectivity).

Following, a Ag catalyst on different supports (SiO2, TiO2)
was tested (Table 1, entries 7, 8). Obviously, Ag/Al2O3 exhibits
the best catalytic performance with 31% conversion and >99%
selectivity. Ag/TiO2 delivered a 20% conversion of aniline with a
99% selectivity of N-methylaniline, while Ag/SiO2 showed no

activity. Indeed, Al2O3 has suitable acidic and basic sites and
interacts strongly with Ag,[29b,32] resulting in a superior perform-
ance of the Ag nanoparticles when employing this support. In
comparison, other metals supported on Al2O3 were also tested.
The results are listed in Table S2. Among them, Fe, Co, Ni, Cu,
Zn had no activity, while the main product of noble metals Ru,
Rh, Pd was diphenylamine, meaning that a deamination
reaction occurred.

To optimize the catalyst loading, different concentrations
were investigated (Table 1 entry 9–14). A detailed distribution
of the products is shown in Table S3. The pristine Al2O3 had no
reaction activity. For Ag/Al2O3, the conversion of aniline
increased from 5.7 to 66% with Ag loadings varying from 2% to
10%, respectively. The selectivity of N-methylaniline was higher
than 95% for all the Ag/Al2O3 samples. Further increase in the
Ag loading up to 20% did not lead to any significant change
compared to 10% Ag/Al2O3, indicating that the suitable loading
is around 10% Ag/Al2O3.

When the reaction temperature increased from 200 °C to
230 °C, the conversion of aniline also increased from 66% to
83% and the selectivity of N-methylaniline was 96%. Although
the complete conversion of aniline could be obtained by further
increasing the temperature to 250 °C, the selectivity of N-
methylaniline dropped to 84%. Thus, a reaction temperature of
230 °C is the optimal one to maintain the highest yield/
selectivity ratio for N-methylaniline.

In order to determine the most suitable reaction time, the
product distribution study for the 10% Ag/Al2O3 catalyst was
performed. As shown in Figure 2, the conversion of aniline
increases with the reaction time. When the reaction time
reached 24 h, 100% conversion of aniline with 90.4% selectivity
of N-methylaniline was achieved. Further extending the reaction
time to 36 h led to a slight decrease in the selectivity of N-
methylaniline to 88.8%, which indicates that best reaction time
was 24 h, meanwhile, extending reaction time only slightly

Table 1. N-monomethylation of aniline with CO2/H2 over various catalyst-
s.[a]

Entry Catalyst Solvent T [°C] Conv. [%] Select. [%]

1 5%Ag/Al2O3 THF 180 20 20
2 5%Ag/Al2O3 Cyclohexane 200 31 >99
3 5%Ag/Al2O3 Octane 200 28 72
4 5%Ag/Al2O3 Dodecane 200 36 74
5 5%Ag/Al2O3 Hexadecane 200 N.R.
6 5%Ag/Al2O3 Hexane 200 41 69
7 5%Ag/SiO2 Cyclohexane 200 N.R.
8 5%Ag/TiO2 Cyclohexane 200 21 99
9 Al2O3 Cyclohexane 200 N.R.
10 2%Ag/Al2O3 Cyclohexane 200 5.7 >99
11 10%Ag/Al2O3 Cyclohexane 200 66 97
12 20%Ag/Al2O3 Cyclohexane 200 67 97
13 10%Ag/Al2O3 Cyclohexane 230 83 96
14 10%Ag/Al2O3 Cyclohexane 250 100 84

Reaction conditions: aniline 0.18 g (2 mmol), CO2 3 MPa, H2 3 MPa, catalyst
50 mg, solvent 5 ml, 10 h. [a] Detected by GC-MS.
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decreases the selectivity of target product indicate the catalyst
can efficiently inhibit the methylation of N-methylaniline to
tertiary amines. These results are in agreement with the DFT
calculations shown in Figure 1. Although the selectivity of N-
methylaniline remained above 90%, the catalyst was obviously
deactivated during reuse. Therefore, we raised the reaction
temperature to 230 °C and extended the reaction time, which
significantly improved the conversion of aniline while maintain-
ing a high selectivity of N-methylaniline. (Figure S2-1 and S2-2).

To verify the catalytic behaviour of the Ag/Al2O3 catalyst, N-
methylaniline was employed as reactant to replace aniline
(Scheme S1). Under the same condition, only a 27% conversion
of N-methylaniline, with a 67% selectivity for N, N-dimeth-
ylaniline was obtained after 24 h. Compared with the 100%
conversion yield of aniline and 90.4% selectivity for the
monomethylated product, both the conversion yield of N-
methylaniline and selectivity of target product decreased
significantly, even the reactivity of N-methylaniline is much
higher than that of aniline. These results demonstrated that the
synthesis of N-methylaniline can be achieved by suppressing
the successive methylation on Ag/Al2O3.

To understand the structure-activity relationship of the
catalysts, comprehensive characterization experiments were
conducted. Inductively coupled plasma optical emission spec-
trometer (ICP-OES) showed that the Ag loading in the different
samples were very close to their theoretical values (Table S4).
The Ag on the catalyst is gradually leached with recycling test,
which should be the reason for the deactivation of catalyst
during recycling, but the decrease of Ag content in the solvent
means that the loss of Ag is slowed down in the subsequent
test. Based on the Brunauer–Emmett–Teller (BET) isotherm
results (Table S5), with the increase of Ag loading from 0% to
20%, the specific surface areas and the pore volumes decrease
from 118 m2/g to 95 m2/g and 0.755 cm3/g to 0.578 cm3/g,
respectively. The diameter does not change significantly (from
2.56 nm to 2.38 nm), indicating that the Ag species were mainly
dispersed on the surface of Al2O3.

X-ray photoelectron spectroscopy (XPS) spectra of the 10%
Ag/Al2O3 (Figure 3a) results show that Ag 3d5/2 and 3d3/2
signal appeared at 368.1 eV and 374.1 eV respectively, which
suggested that metallic Ag was mainly formed on the surface of
catalyst.[33] From the X-ray diffraction (XRD) patterns (Figure 3b),
the crystalline phase of Ag becomes apparent with the
increasing Ag loadings. The 10% Ag/Al2O3 sample shows the Ag
(111) and Ag (100) facets, which is in agreement with the XPS
results. Ag K-edge X-Ray absorption fine structure (EXAFS) was
applied for revealing the coordination environment of Ag in the
Ag/Al2O3 (Figure S4). The fitting results are summarized in the
Table S6. From the results, we can determine that the
coordination number of Ag� Ag were mainly from 3.9 to 4.7,
which is larger than that of Ag� O (~1). This results also
indicates that metallic Ag is dominant in samples.

Transmission Electron Microscope (TEM) was employed to
further characterize the morphology and crystal facet of the
10% Ag/Al2O3 catalyst. As shown in Figure 4, lattice fringes can
be clearly discerned with d-spacing of 0.24 and 0.21 nm, which
could be assigned to the Ag (111) and Ag (100) planes. High-
angle annular dark field scanning TEM further demonstrate this
results. Both the obtained results and the XRD results means

Figure 2. Products distribution under optimized conditions with different
reaction times. Reaction conditions: amines 2 mmol, CO2 3 MPa, H2 3 MPa,
catalyst 50 mg, cyclohexane 5 mL, 230 °C.

Figure 3. a. XPS image for Ag 3d of the 10%Ag/Al2O3. b. XRD patterns of the
Ag/Al2O3 catalyst with 0%, 2%, 5%, 10% and 20%Ag loadings.

Figure 4. TEM (a, b), HRTEM (c), and HAADF (d) images of 10%Ag/Al2O3.
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that the Ag (111) and Ag (100) were the main crystal planes.
Energy dispersive X-ray spectroscopy (EDX) maps (Figure S3)
show that the Ag nanoparticles are well dispersed on Al2O3

support (not large than 25 nm). The catalyst was also tested
after being used for 5 rounds (Figure S5). The nanoparticles
were aggregation (even larger than 50 nm) in the catalyst after
five times used compared to the fresh catalyst, which should be
one of the reason for activity decreased of catalyst.

In order to examine the reaction process of aniline with
CO2/H2 to synthesize N-methylaniline, in situ diffuse reflectance
Fourier transform infrared spectroscopy (in situ DRIFTS) spectra
were acquired (Figure 5). At the beginning of the reaction, no
absorption bands could be observed on the catalyst. After
5 min from the start of the reaction, an absorption band
appeared at 1590 cm� 1, which can be assigned to *COOH
species.[34] The signal intensity increased over time. However,
there were no obvious changes from min 10 to min 30 of the
reaction, suggesting that the *COOH was the main product
formed on the catalyst. Moreover, a second absorption band at
2905 cm� 1 can be assigned to C� H vibrations, indicating the
dissociated H combine with *COOH. This proves that *COOH
was the key intermediate formed from CO2 and H2 over the
catalyst.

To further prove the heterolytic dissociation of H2 can
reduce the reactivity of secondary amines, the in situ DRIFTS of
N-methylaniline was carried out under reaction conditions. As
the Figure S6 shows, the spectral lines are typical for N-
methylaniline. A broad band occur at 3412 cm� 1 means that N-
methylaniline bind with H+ and formed Ammonium salt. Other
two peaks at 1315 cm� 1 and 1504 cm� 1 can be attributed C� N
and C� H stretching respectively.[35] In addition, the signal
intensity first rise then falls indicating that the reaction process
is reversible. This result demonstrated that the H+ from
heterolytic can indeed reduce the reactivity of N-methylaniline,
which is consistent with our prediction and DFT results.

According to the in situ DRIFTS results and our calculations,
a possible reaction mechanism is proposed (Scheme 2). Firstly,
*COOH species are generated from CO2 and H2. Then, phenyl-
carbamic acid is obtained from aniline that reacts with the
*COOH and subsequently dehydrate to formanilide, which is
further dehydration to get the target N-methylaniline. N-meth-
ylation of aniline with CO2/H2 under 180 °C with different times
demonstrate that the formanilide is an intermediate in the
reaction, as its content decreased with the extension of reaction

time. This reaction mechanism agrees well with our DFT
calculations. According previous reports, the heterolysis of H2

on Ag and Al2O3 interface to generate H+ can combine/
decompose with monomethylated amines and reduce its
reactivity, making it difficult to further methylate and form
tertiary amines.

Finally, under the optimal reaction conditions, the general
applicability of the N-monomethylation protocol was inves-
tigated. As shown in Table 2, when aniline contains alkyl
electron-donating groups such as � CH3, ethyl (Et), isopropyl (i-
Pr), n-butyl (n-Bu), t-butyl (t-Bu) (Table 2, 3b–3r), good to
excellent yields (60%–98%) can be obtained for the corre-
sponding monomethylated products. Among them, the 4-N-
butyl-aniline led to the highest yield of monomethylated
product (98%). The ortho-substitution shows a lower reaction
efficiency than their para or meta substituted analogues
(Table 2, 3b, 3 f, 3 h, 3j, 3 m), which is assigned to a steric
hindrance effects. When the 2-chloro-4-methylaniline (Table 2,
3 s) and 4-fluoroaniline (Table 2, 3 t) are used as substrates, the
yield of monomethylated products decreased significantly (51%
and 49%, respectively), indicating that the N-monomethylation
of amines is a typical nucleophilic feature. In addition, we have
detected that hydrodehalogenation has occurred, which should
also be the reason for the low yield. Naphthylamine forms its
monomethylated product with a yield of 57% (Table 2, 3u).
These results demonstrate that the Ag/Al2O3 catalyst has a good
tolerance to different substrates. Although relative high yields
were obtained when alkyl substituted aromatic amines were
used as substrates, the catalytic system does not adopt to a
wide range of substrates due to harsh reaction conditions.
When we test other anilines substituted by different functional
groups, violent hydrogenolysis reaction will result in very low
yield of the target product.Figure 5. In-situ DRIFTS spectra of 10%Ag/Al2O3 exposure to CO2 (0.3 MPa)

and H2 (0.3 MPa) at 230 °C with different reaction times. a. low wavenumber.
b. High wavenumber.

Scheme 2. The reaction process for the N-methylation of aniline with CO2

and H2.
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Conclusion

We show for the first example that a Ag/Al2O3 catalyst can
selective synthesis of N-monomethylated amines by using CO2/
H2 as C1 source. The protonated hydrogen produced by the
heterolytic dissociation of hydrogen over the Ag catalyst could
bind reversibly to N-monomethylated amines, strongly reducing
their reactivity. DFT calculations show that the rate determining
energy barrier of primary amines methylation over the Ag (111)
catalyst’s surface is 0.34 eV, which is much lower than that of
secondary amines over the same catalyst (0.58 eV). This
prevents multiple methylation cycles, turning the catalyst into a
highly selective route for N-monomethylated amines. The
experimental results presented in this study further support our
theoretical predictions. BET, EXAFS, XRD, XPS, HADDF-STEM
results show that the Ag species consist mainly in nanoparticles
on Al2O3, and that Ag (111) is the main exposed facet. In-situ
DRIFTS revealed that *COOH are intermediates of the reaction
on this catalyst, and prove the heterolytic dissociation of H2 can
reduce the reactivity of secondary amines. A probable reaction
mechanism has been proposed based on these results. In

summary, we present a novel, efficient and straightforward
method for the synthesis of N-monomethylated amines follow-
ing a sustainable route.

Experimental Section
The Ag/Al2O3 catalyst were prepared by the incipient wetness
method using Ag(NO3)3 (Sinopharm Chemical Reagent Co., Ltd,
China) as precursor. The Al2O3 support (20 nm), supplied by the
Shanghai Aladdin Biochemical Technology Co. Ltd., was dried at
110 °C for 12 h prior to use. After impregnation of the aqueous
solutions of the precursors with a certain concentration, the sample
was dried at 80 °C for 12 h, then calcined at 400 °C for 3 h, and
reduced under a hydrogen flow at 300 °C for 5 h. The catalysts with
different weight loadings of Ag were denoted x%Ag/Al2O3. Other
catalysts were prepared via the same method. The detail character-
ization methods were listed in Supporting Information.

Catalytic reactions were carried out in a 25 ml stainless steel
autoclave with a magnetic stirrer. In a typical process, aniline
(2 mmol), catalyst (50 mg) and 5 ml solvent were charged in the
autoclave. The autoclave was sealed and purged three times with
CO2 gas, then pressurized to 3 MPa with CO2, and finally charged

Table 2. N-monomethylation of amines with CO2/H2 catalysis by 10%Ag/Al2O3.
[a]

Reaction conditions: amines 2 mmol, CO2 3 MPa, H2 3 MPa, catalyst 50 mg (0.046 mmol Ag), cyclohexane 5 mL, 230 °C, 24 h. [a] The yields were determined
by GC using biphenyl as internal standard. [b] Isolated yield.
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with 3 MPa of H2 gas. The total pressure of the autoclave was found
to be around 6 MPa. The reactor was heated to 230 °C and
magnetically stirred constantly during the reaction. After reaction,
the qualitative and quantitative analyses of the resulting liquid
mixture were analyzed by the Shimadzu GCMS–QP 2020 NX
equipped with a 30 m Rtx-5 MS fused silica column (i.d.0.25 mm;
0.25 μm film thickness).and Shimadzu GC (Shimadzu 2010)
equipped with a SE-54 capillary column and a FID detector. The
products were isolated by silica column separation.

The used catalyst was separated from the reaction mixture by
centrifuging, followed by washing the catalyst three times with
cyclohexane. After being dried in air at 110 °C for 4 h, it was
recovered and directly recharged into the reaction autoclave for
the next run.

Density functional theory (DFT) calculations were performed with
the PBE exchange-correlation functional and the projector aug-
mented wave (PAW) method with the Vienna ab initio simulation
package (VASP). The energy cutoff of plane wave was set to 400 eV.
The convergence criteria for the iteration process were set to less
than 0.02 eV ·Å� 1 for the maximal residual force and to less than
10–5 eV for the energy change. A Monkhorst–Pack mesh with 2×
2×1 K-points was used for the Brillouin zone integration. To
understand the reaction mechanism on Ag surface, we build a (4×
4×3) Ag supercell slab containing 48 Ag atoms. Vacuum layer is set
to 15 Å. The Gibbs free energy of each elementary step was
calculated as

DG ¼ DEþ DZPE� T � DS

where ΔE is the reaction energy calculated by the DFT method.
ΔZPE and ΔS are the changes in the zero-point energies and
entropy during the reaction, respectively.
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