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Broader context

Due to the wide availability of syngas (CO + H₂) from various sources (such as 
coal/biomass gasification, natural gas reforming, and CO₂ hydrogenation), the 
preparation of chemicals using it as a raw material can reduce the reliance on 
petroleum and is in accordance with the energy diversification strategy. Among 
them, the hydrogenation of dimethyl oxalate (DMO) from syngas to ethylene 
glycol (EG) has been industrialized. However, there are still many challenges 
in obtaining the intermediate product, methyl glycolate (MG), from DMO 
hydrogenation to EG, such as low catalyst activity, poor selectivity, and high 
usage of precious metals. Accordingly, we exploited the confinement effect of 
mesoporous silica microspheres (MSNS) with center-radial channels 
mesoporous to fabricate a silver-silicon catalyst, and elaborately discussed the 
impact of the electronic and crystal structures of silver nanoparticles on the 
activation of reactants. The characterization results reveal that amino-
functionalization of support enables the silver-silicon catalyst to possess the 
easily accessible highly dispersed Ag active components, the lattice defects 
which are conducive to the adsorption, activation and diffusion of H2, as well as 
electron-rich Agδ- species beneficial for the adsorption and activation of DMO, 
thereby endowing it with high activity, selectivity, and stability. 
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Amino functionalization of support toward enhanced selective 
hydrogenation of dimethyl oxalate to methyl glycolate on silver-
silicon catalyst
Guilin Dong,a Haiyong Wang,a Qian Jiang,a Yuhe Liao,a Chenguang Wang*a 

The development of highly efficient catalyst for selective hydrogenation of dimethyl oxalate (DMO) to methyl glycolate (MG) 
is an important step in the conversion of syngas into high-value chemicals, which is of great significance for reducing 
dependence on petroleum and facilitating the transformation of energy structure. Herein three Ag nanoparticles with 
different size distributions were supported on mesoporous silica nanospheres (MSNS) with uniform center-radial mesopore 
channels (～7nm). The effects of the electronic and crystal structures of Ag nanoparticles on the adsorption and activation 
of DMO and H2 were studied. The characterization results reveal that amino-functionalization of support enables the silver-
silicon catalyst to possess the easily accessible highly dispersed Ag active components, the lattice defects which are 
conducive to the adsorption, activation and diffusion of H2, as well as electron-rich Agδ- species beneficial for the adsorption 
and activation of DMO, thereby endowing it with high activity, selectivity, and stability. In the reaction of DMO to MG, under 
the conditions of P = 2.0 MPa, T = 220 °C, H2/DMO molar ratio = 80, and LHSV = 1.0 h-1, the best catalytic state achieved a 
DMO conversion of 100%, a MG selectivity of 96.6%, a TOF as high as 207, and the MG yield could still remain above 95% 
after a 250 h lifetime investigation. Our research points out a promising way for the development of high-performance Ag 
catalysts used in the synthesis gas to MG process. 

1. Introduction
Methyl Glycolate (MG) is an important organic chemical raw 
material. Due to the two functional groups of hydroxyl and 
ester, MG has the chemical properties of alcohol and ester, 
good biocompatibility and degradability, and is widely used in 
chemical industry, medicine, fragrance, polymer materials and 
other fields.1-8 The existing MG mainly uses petroleum and its 
derivatives as raw materials, and the preparation methods 
include carbonylation of formaldehyde, coupling of methyl 
formate and esterification of chloroacetate, which generally 
requires strong acid or base as catalyst and reaction conditions 
of high temperature and high pressure, resulting in many side 
reactions and low yield.9, 10 Therefore, considering the depletion 
of global oil resources, the uneven energy reserves of countries 
and the requirements of green chemical industry worldwide, 
the development of a mild route of alternative MG synthesis is 
of great significance to promote its wide application.

Syngas is a kind of raw gas used for chemical synthesis with 
hydrogen and carbon monoxide as the main components. It 
comes from a wide range of sources, including fossil fuels (coal, 
oil, natural gas), renewable biomass, organic waste, and almost 
all hydrocarbon feedstocks. Since the synthesis of dimethyl 
oxalate (DMO) from syngas has been industrialized, selective 
hydrogenation of DMO to MG under mild reaction conditions 
using an efficient and easily processed heterogeneous catalyst 
is a more economical and environmentally friendly non-oil-
based process route.11-13

Scheme 1 The reaction pathway for the hydrogenation of DMO.

The hydrogenation process of DMO is a series reaction. With 
the deepening of the hydrogenation reaction, the products are 
MG, ethylene glycol (EG), and ethanol (EtOH) in sequence 
(Scheme 1).14, 15 At present, Cu-based catalyst has been 
successfully applied in DMO (derived from syngas) catalytic 
hydrogenation to EG, and has achieved the industrial 
production of one million tons of EG per year.16-19 Due to the 
high activity of Cu-based catalyst for hydrogenation of C=O 
bond, it is easy to deeply hydrogenate DMO to EG, so it is 
difficult to obtain large quantities of intermediate MG under the 
existing process conditions, and the yield of MG is generally less 
than 80%.20-22 Therefore, the development of highly selective 
and stable catalysts for DMO selective hydrogenation to MG, 
and then the efficient use of syngas to produce ethylene glycol 
device to achieve product diversification, has become a current 
research hotspot.

In recent years, more and more research have shown that the 
catalyst with Ag as the active component, which has lower 
hydrogenation activity than Cu, shows milder hydrogenation 
performance in DMO hydrogenation process, and can improve 
the selectivity and yield of MG.23, 24 In the existing literature, the 
Ag-based monometallic catalysts used for DMO hydrogenation 
to MG have higher Ag content (> 8 wt%), lower catalytic activity 
(TOF<69), and higher cost.25-28 The research of Ag-based 
catalytic system mainly focuses on two directions: First, the use 
of mesoporous materials instead of traditional silica as the 
support to increase the dispersion of active components; 
Second, an additive is introduced into the Ag-based catalyst to 
adjust the electronic state of Ag. However, mesoporous 

a.Guangzhou Institute of Energy Conversion, Chinese Academy of Sciences, 
Guangzhou 510640, PR China. 

* Corresponding author. E-mail: wangcg@ms.giec.ac.cn

Page 2 of 16EES Catalysis

E
E

S
C

at
al

ys
is

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

0 
M

ay
 2

02
5.

 D
ow

nl
oa

de
d 

on
 6

/4
/2

02
5 

8:
52

:3
7 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D5EY00123D

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ey00123d


ARTICLE Journal Name

2 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins

Please do not adjust margins

materials, such as SBA-15,29-31 MCM-41,27 activated carbon,32 
carbon nanotubes,25 etc., have long porous channel (micron 
level), which is not conducive to mass transfer in the pores.23 
The addition of metal auxiliaries Ni and Co can significantly 
reduce Ag content. However, Ni can decompose DMO to a 
certain extent, and CoAg catalyst is more sensitive to space 
speed, and the conversion rate drops rapidly to below 70% 
when 0.1 h-1 space speed increases.10, 29, 31 The introduction of 
nonmetallic elements N and B can effectively regulate the 
electronic state of Ag, thus generating more active sites. 
However, due to low Ag dispersion (<0.254), the Ag content in 
the catalyst is all higher than 10 wt%.32, 33

Previously, we reported that a catalyst loaded with Ag 
nanoparticles (Ag content < 3 wt%) on mesoporous silica 
nanospheres (MSNS) showed excellent performance in DMO 
hydrogenation to MG.34 Scheme 2 shows the synthesis steps of 
the catalyst. However, the reason for its high activity was not 
elaborated. In this study, the effects of electronic and crystal 
structures of Ag nanoparticles on the adsorption and activation 
of DMO and H2 were discussed in detail by comparing silver-
silicon catalysts prepared by different methods, and the reason 
why amino functionalization of support enhanced the selective 
hydrogenation of dimethyl oxalate to methyl glycolate on silver-
silicon catalysts was explained.

Scheme 2 Main steps in the preparation of our catalysts: Surface amination of MSNS is 
followed by immobilization of Ag nanoparticles onto the aminated MSNS.

2. Experimental
2.1.  Chemicals

Cetyltrimethylammonium chloride (CTAC), triethanolamine 
(TEA), and 3-aminopropyltrimethoxysilane (APTS) were 
purchased from J&K Scientific Ltd. Tetraethyl orthosilicate 
(TEOS), cyclohexane, methylbenzene, ethanol, and silver nitrate 
(AgNO3) were purchased from Sinopharm Chemical Reagent 
Co., Ltd. All the reagents were used as received without further 
purification.
2.2. Preparation of the MSNS support

The MSNS was synthesized via a biphasic stratification approach 
using TEOS as the silica source and CTAC as the template agent, 
according to a method reported in the literature.35 Typically, 0.4 

g of TEA was dropped into a solution of 15 g of CTAC in 120 ml 
of deionized water and stirred at 60 °C for 1 h. Then a solution 
of 7.5 g of TEOS in 25g of cyclohexane was drip added to the 
above solution, and stirred at 60 °C for 12 h. The precipitate 
after centrifugation was washed with ethanol and dried at 
120°C for 12 h, denoted Sur-MSNS. Then Sur-MSNS was placed 
in Muffle furnace and calcined at 550 °C for 4 h in static air to 
remove CTAC, and mesoporous silica nanospheres was 
obtained, denoted MSNS. 1.5g of MSNS was dispersed in 50g of 
toluene, then 0.5g of APTS was added, and refluxed at 110 °C 
for 12 h. The precipitate after centrifugation was washed with 
ethanol and dried at 120°C for 4 h, and the mesoporous silica 
microspheres with amino functionalized surface were obtained, 
denoted NH2-MSNS.
2.3. Preparation of Ag/NH2-MSNS and Ag/MSNS catalysts

Using NH2-MSNS as the support, the catalyst with Ag loading of 
3 wt% was prepared by in-situ reduction method. This method 
uses ethanol as the reducing agent and reduces Ag+ in the 
precursor AgNO3 to Ag at 70 °C under normal pressure. 
Typically, 1.0g of NH2-MSNS was ultrasonically dispersed in 
90ml of ethanol. Then, 0.049g of AgNO3 in 24.5ml of ethanol 
was added to the suspension, stirred at 30 °C for 4 h, then 
heated to 70 °C, and continued to stir for another 4 h until the 
suspension colour turns brown. The precipitate after 
centrifugation was cleaned with ethanol and dried at 60 °C for 
12 h under nitrogen atmosphere. Finally, the NH2-MSNS 
supported Ag catalyst was obtained, denoted Ag/NH2-MSNS. 
For comparison, the Ag catalyst prepared by the same method 
using MSNS as the support was denoted Ag/MSNS.
2.4. Preparation of Ag/MSNS_im catalyst

The impregnation method is the most commonly used method 
for preparing supported metal catalysts and is also the method 
that is widely adopted in the current literature for the 
preparation of silver-silicon catalysts for the hydrogenation of 
dimethyl oxalate.1, 25, 36 This method requires high-temperature 
calcination of metal salts to obtain metal oxides, which are then 
reduced to metals with hydrogen. For comparison, using MSNS 
as support, the catalyst with Ag loading of 3 wt% was prepared 
by equivolumetric solution impregnation method. Typically, the 
volume of water absorbed by 1.0g of MSNS was determined in 
advance, and 0.049g of AgNO3 was dissolved in the measured 
volume of deionized water, and then a drop of 68 wt% nitric acid 
solution was added. Then the AgNO3 solution was added to 1.0 
g of MSNS in drops and aged for 24 h at room temperature, 
sheltered from light. After drying at 110 °C for 12 h, calcining at 
450 °C for 4 h in static air, and reduction at 350 °C for 4 h under 
hydrogen atmosphere, the catalyst with Ag loading of 3 wt% 
was obtained, denoted Ag/MSNS_im.
2.5. Catalyst characterizations

The Fourier Transform Infrared Spectroscopy (FTIR) was 
recorded using the Nicolet 6700 spectrometer from Thermo 
Fisher. The sample (～ 1 mg) was fully ground with dry KBr (～ 
200 mg) until the particle size was less than 2 μm and pressed 
into translucent disks at room temperature. The scanning 
wavenumber range was 4000 ～ 400 cm-1, with a resolution of 
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4 cm-1, a signal-to-noise ratio of 5500:1, a wavenumber 
accuracy of 0.01 cm-1, and 32 scans were performed. The N2 
physical adsorption of the samples was measured at -196 °C 
using the ASAP 2020 physical adsorption apparatus of 
Micromeritics. All the samples were degassed in vacuum at 200 
°C for 3 h to remove the impurities physically adsorbed. The 
specific surface area (SBET) was calculated by the 
Brunauer−Emmett−Teller (BET) method, and the mesopore 
diameter and mesopore volume were calculated by the 
Barrett−Joyner−Halenda (BJH) method. The actual Ag loading of 
the samples was determined by using an Agilent 5110 
inductively coupled plasma optical emission spectrometer (ICP-
OES). Approximately 50 mg of the sample was accurately 
weighed into a 50 ml polytetrafluoroethylene beaker, and 6 ml 
of hydrochloric acid, 2 ml of nitric acid, and 4 ml of hydrofluoric 
acid were added. The beaker was covered and heated at 90 °C 
for 1 h. The cover was then removed and the solution was 
evaporated to near dryness. The sample residue was diluted 
with 5% HNO3 solution, and the filtrate was made up to 50 ml 
in a volumetric flask for measurement. 

The morphology and structure of the samples were examined 
by a JEOL JEM-2100F field emission transmission electron 
microscope (TEM), with an acceleration voltage of 200 kV and 
equipped with a Gatan GIF Tridium energy filter. Prior to the 
test, the catalyst samples were ultrasonically homogeneously 
dispersed in ethanol, and then dropped onto a 200-mesh 
carbon-supported copper grid and dried thoroughly. The phase 
characteristics of the samples were characterized by a D8 
Advance X-ray polycrystalline diffractometer (XRD) from Bruker 
AXS. Cu Kα radiation with a wavelength of 0.15418 nm was 
employed, with an operating voltage of 40 kV and a current of 
200 mA. The scanning step size was 0.02°, and the scanning 2θ 
range was 10° to 80°. The ultraviolet-visible diffuse reflectance 
spectra (UV-vis DRS) of the samples were acquired by means of 
the Agilent Cary 5000 ultraviolet-visible-near-infrared 
spectrophotometer. Barium sulfate (BaSO4), a white standard 
substance, was adopted as the reference, and the scanning 
wavelength range was 200 to 800 nm. The surface elemental 
electronic structure of the samples was analyzed employing the 
K-Alpha X-ray photoelectron spectrometer (XPS) from Thermo 
Fisher. The Al Kα ray (hν = 1486.6 eV) was utilized as the 
excitation source, and the binding energy of the contaminated 
carbon C1s (284.6 eV) was adopted as the external standard for 
correcting the charging effect of the samples.

The N2O chemisorption, H2 temperature-programmed 
reduction (H2-TPR), and H2, DMO, temperature-programmed 
desorption (H2-TPD, DMO-TPD respectively) experiments were 
carried out in a Micrometrics Autochem II 2920 apparatus with 
a thermal conductivity detector (TCD). For N2O chemisorption, 
100 mg of the solid sample was first reduced at 350 °C under a 
flow of 50 ml·min-1 of 10% H2/Ar for 3 h and then cooled down 
to 90 °C. Subsequently, the sample was exposed to the pure N2O 
(30 ml·min-1) for 1 h to ensure that the surface metallic silver 
atoms were completely oxidized to Ag2O. The sample was 

purged with a flow of Ar (30 ml·min-1) for 30 min and then 
cooled down to room temperature under Ar atmosphere. Next, 
10% H2/Ar (50 ml·min-1) was introduced, and the sample was 
heated up to 800 °C at rate of 10 °C·min-1, during which the 
hydrogen consumption was monitored using the TCD.37 In a 
typical procedure for the TPD tests, 100 mg of sample was 
reduced at 350 °C for 3 h in a 10% H2/Ar atmosphere, followed 
by purging with He for 2 h at 300 °C to remove physically 
adsorbed impurities. After cooling the sample down to 50 °C, a 
flow of the probe molecule (H2 for H2-TPD, DMO for DMO-TPD; 
for the DMO-TPD experiments the vapor of DMO was carried by 
Ar) was started until saturated adsorption was reached. The 
probe molecule was then removed by purging with Ar until the 
baseline of the MS signal was stabilized. After cooling to room 
temperature, the TPD profile was collected in Ar from room 
temperature to 800 °C at a ramping rate of 5 °C·min-1. The 
desorbed probe molecule was monitored by using an online 
mass spectrometer (MS).

In situ FTIR spectra of DMO adsorbed on the catalysts were 
recorded using a Perkin-Elmer Frontier spectrometer and a 
transmission FTIR cell. Briefly, 30 mg of dried catalyst was 
compressed into a self-supporting wafer and carefully loaded 
into the transmission cell. The catalyst was reduced at 350 °C 
under 5% H2/N2 for 3 h and then evacuated by N2 for 30 min to 
remove the chemisorbed hydrogen. After cooling down to 80 °C, 
DMO was evaporated and flowed through the cell with the aid 
of a vacuum pump for 1 h. That was followed by evacuation to 
remove any weakly adsorbed DMO. The FTIR spectra were then 
recorded at the reaction temperature (i.e., 220 °C) with a 
spectral resolution of 4 cm-1 and via the accumulation of 64 
scans.
2.6. Catalytic evaluation

The catalytic hydrogenation activity assessment of dimethyl 
oxalate (DMO) was conducted in a stainless steel fixed-bed 
reactor with an inner diameter of 8 mm.  0.4 g of the catalyst 
(40 ～ 60 mesh) was loaded into the isothermal section of the 
fixed-bed reactor, and then reduced for 4 hours at 350 °C in a 
100 ml/min H2 atmosphere to activate the Ag that had been 
oxidized during storage. At 220 °C and 2 MPa, the DMO in 
methanol solution (15 wt%) and H2 with a H2/DMO molar ratio 
of 80 was respectively introduced into the evaporator via a high-
performance liquid chromatography constant-flow pump and a 
mass flow meter. After being fully mixed in a gas mixer, the 
mixture was fed into the reactor for reaction, with a liquid 
hourly space velocity (LHSV) ranging from 0.2 to 3.0. The outlet 
gas flow was sampled at intervals of 30 min employing an 
automatic six-way valve system and subsequently 
quantitatively analyzed using an online gas chromatograph 
(Agilent 7890A), featuring a hydrogen flame ionization detector 
(FID) and a KB-Wax capillary column (30 m × 0.32 mm × 0.25 
μm). 

The conversion of DMO and the selectivity toward each 
product were calculated based on the following equations:
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𝐂𝐨𝐧𝐯𝐞𝐫𝐬𝐢𝐨𝐧 (%) =
𝒎𝒐𝒍 𝒐𝒇 𝑫𝑴𝑶 (𝒊𝒏) ― 𝒎𝒐𝒍 𝒐𝒇 𝑫𝑴𝑶 (𝒐𝒖𝒕)

𝒎𝒐𝒍 𝒐𝒇 𝑫𝑴𝑶 (𝒊𝒏)
× 𝟏𝟎𝟎%

𝐒𝐞𝐥𝐞𝐜𝐭𝐢𝐯𝐢𝐭𝐲 (%) =
𝒎𝒐𝒍 𝒐𝒇 𝑴𝑮 𝒐𝒓 𝑬𝑮 (𝒐𝒖𝒕)

𝒎𝒐𝒍 𝒐𝒇 𝑫𝑴𝑶 (𝒊𝒏) ― 𝒎𝒐𝒍 𝒐𝒇 𝑫𝑴𝑶 (𝒐𝒖𝒕)
× 𝟏𝟎𝟎%

Turnover frequencies (TOF) were calculated according to the 
following equation:38

𝐓𝐎𝐅 =
𝑾 × 𝑽 × 𝑪𝑫𝑴𝑶

𝑫 × 𝑵𝑨𝒈

where W is the DMO concentration in the DMO/methanol 
solution (mol/L), V is the flow rate of the DMO/methanol 
solution (L/h), CDMO is the DMO conversion, NAg is the total 

amount of Ag (mol) in the used catalyst and D is the Ag 
dispersion obtained from N2O chemisorption and H2-TPR 
measurements. To obtain the TOF values, the reaction was 
performed at 2.4, 4.5 and 12.0 h-1 of LHSV for Ag/MSNS_im, 
Ag/MSNS and Ag/NH2-MSNS, respectively, while the other 
reaction conditions were kept at the same levels (T = 220 ℃, P 
= 2.0 MPa and H2/DMO = 80) to ensure that the conversion of 
DMO is below 20%.

3. Results and discussion
3.1. Structure and physical properties of supports

The Fourier transform infrared spectroscopy (FTIR) of Sur-MSNS 
containing template agent, MSNS removing template agent, 
and NH2-MSNS with surface amination are shown in Fig. 1a. 

Fig. 1  (a) FTIR spectra of Sur-MSNS、MSNS、NH2-MSNS. (b) Full range XPS spectra of MSNS、NH2-MSNS. TEM and inset HR-TEM images of (c) MSNS and (d) NH2-MSNS.

The absorption peaks of the three curves at 3424 cm-1, 1626 cm-

1, 1090 cm-1, 800 cm-1 and 468 cm-1 are respectively attributed 
to the antisymmetric stretching vibration peak of OH in Si-OH, 
the H-O-H bending vibration peak of water, the antisymmetric 
stretching vibration peak of Si-O-Si, the symmetric stretching 
vibration peak and bending vibration peak of Si-O bond. In 
addition, at 800 cm-1 and 690 cm-1, there are no double peaks 
and sharp peaks of Si-O bond symmetric stretching vibration in 
crystalline SiO2. The results show that the catalyst supports are 

mainly composed of amorphous SiO2 covered by Si-OH group. 
The absorption peaks of Sur-MSNS at 2924 cm-1 and 2850 cm-1 
are attributed to the antisymmetric and symmetric stretching 
vibration of CH2, respectively, and the absorption peak at 1460 
cm-1 is attributed to the symmetric variable angle vibration of 
CH2. The weak absorption peak at 1408 cm-1 is attributed to the 
symmetric variable angle vibration of CH2 in -CH2-N+. It can be 
seen that Sur-MSNS without roasting contain template agent 
CTAC. The absorption peaks of roasted MSNS almost 
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disappeared at 2924 cm-1, 2850 cm-1, 1460 cm-1 and 1408 cm-1, 
indicating that the template agent CTAC could be effectively 
removed by roasting at 550 °C for 4 hours. After surface 
amination modification, NH2-MSNS re-generated absorption 
peaks at 2924 cm-1, 2850 cm-1 and 1460 cm-1, indicating that the 
surface of MSNS contained CH2 groups, which came from the 
organic carbon chain of APTS. At the same time, the weak 
absorption peaks of NH2-MSNS at 1562 cm-1 and 700 cm-1 are 
attributed to the plane shear vibration and the out-of-plane 
rocking vibration of NH, respectively, indicating that the surface 
of NH2-MSNS contains -NH2 groups. In addition, the full range 
XPS spectra of NH2-MSNS shows that its surfaces contain N 
element (Fig. 1b). The above results show that the acetal 
reaction takes place between the hydroxyl group on the surface 

of MSNS and the ethoxy group of APTS, and the surface of MSNS 
is covered by aminopropyl group, and the surface amination 
modification of NH2-MSNS is obtained.

Transmission electron microscopy (TEM) images of MSNS 
without template agent and NH2-MSNS with surface amination 
are shown in Fig. 1c and Fig. 1d, respectively. It can be seen that 
both the MSNS and NH2-MSNS have good dispersion, the 
particle size is uniform, the diameter is about 370nm, the pore 
channel is a center divergent slit, and the pore size is about 
7nm. Compared with MSNS, NH2-MSNS has no obvious 
difference in microstructure. It can be seen that the surface 
amination of MSNS does not destroy the original 
microstructure. 

Fig. 2 (a) N2 adsorption–desorption isotherms, (b) BJH pore size distribution of catalysts and supports.

Table 1 The physicochemical properties of different supports and catalysts

Sample Ag contenta

(wt%)
SBET

b

(m2g-1)
Vpore

c

(m3g-1)
Dpore

d

(nm)
Ag particle sizee

(nm)
DAg

f

(%)
SAg

f

(m2g-1)
TOF
(h-1)

MSNS — 665 0.80 6.61 — — — —
NH2-MSNS — 323 0.41 6.17 — — — —

Ag/MSNS_im 3.0 425 0.60 6.53 8.5 14.3 2.08 78g

Ag/MSNS 2.5 390 0.54 6.39 6.6 20.8 2.52 135h

Ag/NH2-MSNS 2.9 242 0.33 6.12 5.5 31.7 4.46 207i

a Metal loading was determined by ICP-OES. b Specific surface area, calculated by the BET method. c BJH Adsorption cumulative volume of pores. d BJH Adsorption average 
pore diameter. e Silver particle size was calculated by TEM. f Dispersion (DAg) and surface area of Ag (SAg) obtained from N2O chemisorption and H2-TPR measurements, 
please refer to Supplementary Information for specific calculation details. g Based on a 15.3% DMO conversion under the following reaction condition: T = 220 ℃, P = 2.0 
MPa, H2/DMO = 80 and LHSV = 2.4 h-1. h Based on a 17.1% DMO conversion under the following reaction condition: T = 220 ℃, P = 2.0 MPa, H2/DMO = 80 and LHSV = 
4.5 h-1. i Based on a 17.4% DMO conversion under the following reaction condition: T = 220 ℃, P = 2.0 MPa, H2/DMO = 80 and LHSV = 12.0 h-1.

The N2 adsorption-desorption isotherms of the supports and 
catalysts and their BJH pore size distribution curves are shown 
in Fig. 2. N2 adsorption isotherms of NH2-MSNS and MSNS are a 
combination of type II and type IV isotherms, and hysteresis 
rings belong to type H3 (Fig. 2a). The pore structure of the 
sample is a wedge slit hole formed by agglomeration of sheet 
particles, which is consistent with TEM observation results. The 
shape of isotherms and hysteresis rings is basically the same, 
which further indicates that the surface amination modification 
does not damage the particle structure. Among them, the BJH 
pore size distribution of MSNS is slightly wider (4-10nm), which 

may be caused by the narrow inside and wide outside channel 
structure of the wedge-shaped slit holes (Fig. 2b). Compared 
with MSNS, the position, area and pore size distribution of NH2-
MSNS hysteresis ring are all shifted in the negative direction, 
indicating that the pore volume and pore size of NH2-MSNS are 
reduced to some extent by the introduction of aminopropyl. As 
shown in Table 1, the specific surface area, pore volume and 
pore size of MSNS are 665 m2·g-1、0.80 m3·g-1 and 6.61 nm, 
respectively, while for NH2-MSNS, they are reduced to 323 m2·g-

1、0.41 m3·g-1 and 6.17 nm respectively. It is worth noting that 
the pore size distribution of NH2-MSNS is narrower (5-7nm), and 

Page 6 of 16EES Catalysis

E
E

S
C

at
al

ys
is

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

0 
M

ay
 2

02
5.

 D
ow

nl
oa

de
d 

on
 6

/4
/2

02
5 

8:
52

:3
7 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D5EY00123D

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ey00123d


ARTICLE Journal Name

6 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins

Please do not adjust margins

the possible reason is that the surface modification makes the 
wide-outside and narrow-inside wedge-shaped slit channels in 
MSNS tend to be uniform (cylindrical holes) (Fig. 2b).

The above results showed that the surface of MSNS was 
successfully modified with silane coupling agent APTS, and 
aminopropyl group was introduced into the surface, and NH2-
MSNS with amination was obtained. At the same time, MSNS is 
a good support for catalyst preparation due to its high specific 
surface area, short pore size and uniform nano pore size.
3.2. Structure and physical properties of catalysts

The Ag content of catalyst after ICP-OES test is shown in Table 
1. The actual Ag content of Ag/MSNS_im is essentially 
consistent with the feeding amount, suggesting that the active 
component of the catalyst fabricated by the incipient wetness 
impregnation method suffers almost no loss. Using MSNS as the 
support, the actual Ag content in the Ag/MSNS prepared by the 
reduction method is smaller than the feeding amount. This is 
attributed to the weak adsorption of Ag+ by the -OH on the 
surface of MSNS, causing some Ag+ not to be adsorbed onto the 
support and thereby resulting in losses. Using NH2-MSNS as the 
support, the actual Ag content of Ag/NH2-MSNS obtained by 
reduction method is basically consistent with the theoretical 
content. This is because the introduction of -NH2 on the surface 
of modified MSNS enhances the adsorption of Ag+, so that Ag+ 
is adsorbed on the carrier and reduced, and there is no loss in 
the liquid phase. The N2 physical adsorption isotherm and BJH 

pore size distribution curves of the catalyst loaded with Ag are 
shown in Fig. 2. The types of N2 adsorption isotherms and 
hysteresis loops of the three catalysts were consistent with 
those of the support, indicating that the loading and 
preparation method of Ag particles did not damage the 
structure of the support. However, the position and area of the 
hysteresis ring and the pore size distribution are all shifted in 
the negative direction, which indicates that the introduction of 
Ag particles has an effect on the physical properties of the 
support and reduces the pore volume and pore size. As shown 
in Table 1, the incorporation of Ag leads to a significant 
reduction in the SBET, Vpore, and Dpore of the catalyst, suggesting 
that Ag particles have been successfully loaded onto the 
support. Compared with the MSNS, the pore size distributions 
of Ag/MSNS and Ag/MSNS_im narrow down, suggesting that 
the particle sizes of the Ag particles entering the pore channels 
of the support are relatively uniform, causing the wedge-
shaped slit channels of MSNS, which are narrow on the inside 
and wide on the outside, to tend to be consistent. Nevertheless, 
it cannot be excluded that large Ag particles are attached to the 
surface of the support. It is notable that the Dpore of the Ag/NH2-
MSNS catalyst fabricated by the reduction method is essentially 
consistent with NH2-MSNS, and its surface Ag dispersion is the 
highest (31.7), suggesting that the Ag particle size is relatively 
uniform and well positioned within the mesopores of the 
support. The phenomenon that larger particles are located 
outside the pores is significantly reduced.

Fig. 3 TEM images of (a) Ag/MSNS_im, (b) Ag/MSNS, (c) Ag/NH2-MSNS catalysts, where the corresponding histograms of the Ag particle size distributions are shown in the insets. 
Typical high-resolution TEM images of (d) Ag/MSNS_im , (e) Ag/MSNS, (f) Ag/NH2-MSNS catalysts. 
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In order to investigate the morphology characteristics and 
dispersion of Ag species in catalysts, TEM images and particle 
size distributions of Ag particles in different catalysts are shown 
in Fig. 3a～3c. In the Ag/MSNS_im, Ag species not only occupy 
the nanochannels of MSNS in the form of small particles but also 
attach to the outer surface in the form of aggregated large 
particles. This implies that the catalyst fabricated by the 
impregnation method is liable to induce the migration and 
agglomeration of surface Ag nanoparticles during the 
calcination and reduction processes (Fig. 3a). Among them, the 
average diameter of Ag nanoparticles is 8.5 nm, featuring a 
relatively broad distribution. Furthermore, the particle size 
distribution is distinct divided into two intervals: a small particle 
range of 3 to 8 nm and a large particle range of 7 to 17 nm. This 
indicates that the MSNS nanopores have a limiting effect on the 
migration of Ag nanoparticles, that is, in the process of 
calcination and reduction, the Ag species filled in the pores 
avoid the migration of particles at high temperature due to the 
limiting effect, while the Ag species attached to the outer 
surface migrate and agglomerate at high temperature, resulting 
in the interval distribution of particle size. The pore size of MSNS 
is 6.61nm (Table 1), and its limiting effect is consistent with the 
particle size interval distribution of Ag nanoparticles. 

In the Ag/MSNS catalyst, except for the small and medium-
sized particles filled in the nanochannels of MSNS, the size of 
the surface aggregated particles is significantly reduced, 
indicating that the catalyst prepared by reduction method 
largely avoided the migration and agglomeration of Ag 
nanoparticles (Fig. 3b). The average diameter of Ag 
nanoparticles decreased to 6.6nm, the particle size was 
concentrated between 3 and 10nm, and the interval 
distribution was not obvious, which further indicated that the 
agglomeration phenomenon of Ag nanoparticles larger than the 
MSNS aperture (6.61nm) located on the outer surface was 
significantly reduced. In order to confirm whether it is the high-
temperature calcination process that causes the larger Ag 
nanoparticles in Ag/MSNS_im, the Ag/MSNS prepared by the 
reduction method was calcined at 450 ° C for 4 hours, and its 
TEM image is shown in Figure S1b.  Compared with Ag/MSNS, 
the particle size of Ag nanoparticles in calcined Ag/MSNS is 
significantly increased. This indicates that the high-temperature 
calcination process can indeed increase the particle size of Ag 
nanoparticles, and the reason for this might stem from the 
Ostwald ripening process.39, 40 In the Ag/NH2-MSNS, Ag 
nanoparticles are uniformly loaded in the nanoporous channels 
of MSNS, and no large agglomerations of Ag particles are found 
on the outer surface, indicating that the introduction of -NH2 in 
MSNS plays a good control role in the growth of Ag 
nanoparticles during the reduction process, which is due to the 
complex effect of -NH2 on Ag species. See the XPS and UV-vis 
DRS analysis below for more details. In addition, the MSNS 
nanoporous channels play a good limiting role for Ag 
nanoparticles, preventing the formation of large particles of Ag 
during reduction. The average diameter of Ag nanoparticles in 
Ag/NH2-MSNS was 5.4nm, and the distribution was narrow, 
indicating that the obtained Ag nanoparticles had a relatively 

uniform particle size (Fig. 3c). Compared with NH2-MSNS, the 
SBET and Vpore of Ag/NH2-MSNS were significantly reduced, but 
the pore size almost did not change (Table 1), indicating that the 
in-situ reduction method using NH2-MSNS as the support 
obtained Ag particles in the pore rather than on the surface of 
the support, and further confirmed the spatial limiting effect of 
MSNS nanopores on Ag particles. 

HRTEM was used to observe the lattice structures of Ag 
nanoparticles in different catalysts, as shown in Fig. 3d～3f. Ag 
nanoparticles in Ag/MSNS_im catalysts prepared by immersion 
method showed the characteristic of long-range ordered and 
periodically rearranged spatial lattice structure. The same 
domain region covered almost the entire surface of the 
particles, and there were few grain boundary and lattice 
defects. The fringe spacing of 0.236nm and 0.204nm are 
attributed to the lattice spacing of the (111) and (200) faces of 
the face-centered cubic (fcc) Ag crystal, respectively (Fig. 3d). 
This indicates that the surface lattice of Ag nanoparticles 
prepared by impregnation method is relatively complete, which 
is due to the migration of Ag atoms on the surface caused by 
the reduction of internal energy in the system during high-
temperature calcination and reduction. However, the Ag 
nanoparticles in the Ag/MSNS and Ag/NH2-MSNS catalysts 
prepared by reduction method have a greatly reduced degree 
of ordered particle arrangement, and more crystal domains are 
distributed on the surface, with a large number of grain 
boundaries, lattice defects and non-uniform surfaces (Fig. 3e 
and 3f). The study of Balluffi and Seigle showed that due to the 
tension across the boundary, a large number of vacancies can 
be generated at the transverse grain boundaries.41 The Ag-
based catalyst prepared by liquid phase reduction method using 
NH2-MSNS as the carrier, due to the complex effect of -NH2 on 
Ag species and solvent effect of ethanol, the Ag nanoparticles 
were stretched by electrostatic force caused by charge 
separation during the growth process, resulting in atomic 
dislocation and the resulting grain boundaries and vacancy. The 
atoms near the dislocation and vacancy have higher energy, 
increase the valence bond unsaturated, and easily interact with 
the reactant molecules, showing higher activity.
3.3. Phase composition and electronic structure of catalyst

In order to study the phase composition and crystal structure of 
Ag species in the catalyst, the XRD patterns of Ag/NH2-MSNS, 
Ag/MSNS, and Ag/MSNS_im catalysts are shown in Figure 4. 
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Fig. 4 XRD patterns of Ag/NH2-MSNS、Ag/MSNS、Ag/MSNS_im.

The wide peaks of the three catalysts at 2θ=23° are attributed 
to amorphous SiO2 (PDF 82-0512). The XRD patterns of 
Ag/MSNS_im show the existence of cubic phase Ag crystals with 
lattice parameters a=b=c=4.0862 A, and the diffraction peaks at 
2θ=38.2°, 44.3°, 64.5° and 77.6° are attributed to the Ag 3C 
lattice plane (111), (200), (220) and (311), respectively (PDF 87-
0597). The diffraction peak at 2θ=33.8° is attributed to 
Ag6(Si2O7) (PDF 85-0281). Due to the large bond energy 
between Ag and Si atoms, Ag+ is difficult to be reduced, so the 
catalyst prepared by impregnation method contains an oxidized 
state of Ag+. Compared with impregnation method, the 
diffraction peaks of Ag/NH2-MSNS and Ag/MSNS prepared by 
reduction method decreased significantly at 2θ=38.2°, 44.3°, 
64.5° and 77.6°. Combined with transmission electron 
microscopy, Ag nanoparticles are about 6nm (Fig. 3b and 3c), 
which is much larger than the crystal face distance ((111) 2.3592 
A) at 38.2° of the strongest diffraction peak of Ag 3C. The above 
results show that Ag nanoparticles in Ag/NH2-MSNS and 
Ag/MSNS catalysts are highly dispersed and amorphous, 
containing a large number of lattice defects and heterogeneous 
surfaces, which weakens the scattered X-ray interference 
intensity. In particular, the diffraction peak of Ag 3C lattice 
surface in Ag/NH2-MSNS almost disappeared, indicating that 
the introduction of -NH2 in the MSNS further reduces the 

particle size of Ag nanoparticles and produces more lattice 
defects and heterogeneous surfaces, which is consistent with 
HRTEM analysis. In addition, in the catalysts Ag/NH2-MSNS and 
Ag/MSNS, the diffraction peaks at 2θ=33.8° disappear, and no 
diffraction peaks of other Ag species compounds exist, 
indicating that the reduction method can reduce all Ag 
precursors during the preparation of the catalyst, and no 
oxidation state of Ag+ exists.

In order to further study the electronic structure and surface 
valence states of Ag nanoparticles in different catalysts, the X-
ray photoelectron spectroscopy (XPS) of Ag3d is shown in Fig. 
5a. The spectral peaks of Ag/MSNS catalysts at the binding 
energies of 374.2eV and 368.2eV belong to the characteristic 
peaks of Ag3d3/2 and Ag3d5/2 of the elemental state Ag0, 
respectively, and no chemical shift occurs, indicating that the 
precursor Ag species in the catalyst prepared by the reduction 
method using MSNS is completely reduced to the elemental 
state Ag0 and no other valence species of Ag exist. Ag/MSNS_im 
catalyst showed two spectral peaks at the binding energies of 
374eV and 368eV, which were negatively shifted by 0.2eV 
compared to Ag3d3/2 and Ag3d5/2 of Ag/MSNS. Further 
deconvolution of the Ag/MSNS_im spectrum shows that it is 
composed of the Ag3d split energy characteristic peaks of the 
elemental state Ag0 and the oxidation state Ag+, in which the 
double peaks at 373.7eV and 367.7eV correspond to the 
characteristic peaks of Ag3d3/2 and Ag3d5/2 of Ag+ in Ag2O 
respectively.42 Therefore, the precursor Ag species in the 
catalyst prepared by the impregnation method with MSNS as 
the support was not completely reduced, and there was an 
oxidized state of Ag+, indicating that there was a strong 
interaction between the silica support and Ag species. 
Combined with the XRD pattern, it was found that Ag+ came 
from the Ag6(Si2O7) phase produced during the roasting 
process. Ag/NH2-MSNS catalyst has two spectral peaks at the 
binding energies of 374.5eV and 368.5eV, which are positively 
offset by 0.2eV compared with Ag3d3/2 and Ag3d5/2 of Ag/MSNS. 
The spectra of Ag/NH2-MSNS were deconvolved, and the 
double peaks at 374.2eV and 368.2eV were the Ag3d 
characteristic peaks of Ag0. The double peaks at 374.9eV and 
368.9eV indicate that there are some Ag species in the catalyst, 
and the interaction between electron and nuclear charge of the 
Ag3d orbital is enhanced, thus increasing the binding energy.
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Fig. 5 (a) XPS spectra of Ag3d in Ag/NH2-MSNS、Ag/MSNS、Ag/MSNS_im. (b) XPS spectra of N1S in NH2-MSNS、Ag/NH2-MSNS.

The X-ray photoelectron spectroscopy (XPS) of N1s in the 
surface amination support NH2-MSNS and the catalyst Ag/NH2-
MSNS are shown in Fig. 5b. The peak of NH2-MSNS at 398.9eV 
is attributed to the characteristic peak of N1S in -NH2 ,43, 44 and 
the peak at 401eV is attributed to the characteristic peak of N1S 
in protonated –NH3

+.45, 46 According to the basic principle of X-
ray photoelectron spectroscopy, when the density of the outer 
electron cloud decreases, the shielding effect of the outer 
electron is weakened, and the coulomb effect between the 
inner electron and the nucleus is enhanced, resulting in an 
increase in the binding energy of the inner electron. Therefore, 
the binding energy of N1S in Ag/NH2-MSNS catalyst has a 
positive chemical shift of 0.5eV compared with NH2-MSNS, 
indicating that the outer electron shielding effect of N element 
in NH2-MSNS support loaded with Ag nanoparticles is weakened 
and it is in a state of electron loss. -NH2 bonds with Ag via the 
lone pair of electrons of N, resulting in N→Ag electron transfer, 
and the 399.4eV peak in Ag/NH2-MSNS is attributed to the 
characteristic peak of N1S in the -NH2/Ag ligand.47 At the same 
time, the peak at 401.5eV was weakened, indicating that the 
interaction between Ag species and -NH2 reduced the degree of 
protonation of -NH2. Literature studies have shown that the 
charge transfer of electron-deprived elements to Ag changes 
the electron configuration of Ag 4d and 5s,p orbitals (the 
rehybridization of 4d→5s,p), resulting in a decrease in the 
electron cloud density of valence level Ag4d orbitals, a 
weakening of shielding effect, and an increase in the Ag3d 
electron binding energy of core level.48 Therefore, the double 
peaks at 374.9eV and 368.9eV obtained by deconvolution in the 
Ag/NH2-MSNS catalyst are attributed to the Ag3d2/3 and Ag3d5/2 
characteristic peaks of the electron-rich state Agδ-, which is 
caused by the electron transfer of N→Ag. In summary, the 
contact between Ag nanoparticles and -NH2 in the Ag/NH2-
MSNS catalyst generates a -NH2/Ag ligand structure through the 
lone pair electron bonding of N. Electron transfer from N to Ag 
occurs in this structure, making N in an electron-deprived state 
and Ag in an electron-rich state (Agδ-).

Fig. 6 UV-vis DRS spectra of Ag/NH2-MSNS、Ag/MSNS and Ag/MSNS_im.

Ultraviolet-visible diffuse reflectance spectroscopy (UV-vis 
DRS) is applicable for determining the charge transfer and d-
orbital electron transition of transition metal ions and their 
complexes on the catalyst surface, thereby facilitating the study 
of its structure, oxidation state, and coordination state.49 For 
most D-region metal nanoparticles, their diffuse reflection 
absorption spectra bands are continuous within the ultraviolet-
visible light wavelength range.50 The UV-vis DRS spectra of 
Ag/NH2-MSNS, Ag/MSNS and Ag/MSNS_im are shown in Fig. 6.

Because the mean free path of the electrons of Ag is relatively 
long, the three silver catalysts have an obvious wide absorption 
band in the visible region (350～700 nm). They are attributed 
to the surface plasmon resonance (SPR) generated by photon 
excitation of Ag nanoparticles, whose maximum absorption 
peak is in the range of 400-500nm, which is also consistent with 
literature reports.51-54 According to the size quantum effect 
theory, when the particle size of nanomaterials is smaller, the 
band gap is wider, the band density is smaller, and the 
frequency of electron resonance is larger, which is manifested 
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as the blue shift of SPR spectrum. The maximum SPR absorption 
bands of Ag nanoparticles in Ag/NH2-MSNS, Ag/MSNS and 
Ag/MSNS_im were 411nm, 469nm and 494nm, respectively, 
and showed a redshift in sequence, indicating that Ag 
nanoparticles gradually increased, which was consistent with 
TEM test results. The strong terminal absorption peak of the 
three catalysts at 209nm in the near ultraviolet region is 
attributed to the electron transfer between Si4+ and O2- in the 
support SiO2,27 and the absorption peak at 306nm is attributed 
to the SPR of the elemental Agn cluster.55, 56 The absorption 
spectra of Ag/MSNS_im in the UV region were generated at 
229nm and 280nm. According to the literature,56, 57 the 
absorption peak at 229nm is attributed to the electron transfer 
between isolated Ag+ and O2-, and the absorption peak at 
280nm is attributed to the SPR of the oxidation state Agn

δ+ 
cluster. The results show that the catalyst prepared by 
impregnation method contains Ag+, an unreduced oxidation 
state, which comes from Ag6(Si2O7) phase produced during 
roasting. The Ag/NH2-MSNS and Ag/MSNS catalysts did not 
have absorption peaks at 229nm and 280nm, indicating that 
there was no oxidation state of Ag+, and the Ag precursor was 
completely reduced during the preparation process. It is worth 
noting that Ag/NH2-MSNS has an absorption spectrum at 
258nm in the ultraviolet region. Combined with XPS analysis of 
Ag electron valence states of Ag/NH2-MSNS, the absorption 
peak at 258nm is attributed to the electron transfer between Ag 
and N. Since the electronegativity of N is smaller than that of O, 
the force between Ag and O is stronger. Therefore, compared 
with the electron transfer absorption peak between Ag+ and O2- 
at 229nm, the electron transfer between N and Ag requires 
lower energy, resulting in redshift phenomenon.
3.4. Adsorption and activation of reactants on catalysts

FTIR spectra of the gas-phase DMO molecule and adsorbed 
ones on the differently catalysts at 220 °C are shown in Fig. 7a. 
For pure DMO, the absorption peaks at 1805 cm-1 and 1775 cm-

1 are attributed to νas(C=O) and νs(C=O), respectively, and the 

absorption peaks at 1472 cm-1 are attributed to δas(CH3). The 
absorption peaks at 1234 cm-1 and 1184 cm-1 are attributed to 
νas(C-O-C) and νs(C-O-C), respectively. For DMO adsorbed on 
different catalysts, the stretching vibration characteristic peaks 
of C=O and C-O-C showed a redshift, while the variable angle 
vibration characteristic peaks of CH3 were all around 1472 cm-1 
without displacement, indicating that the chemical adsorption 
of C=O and C-O-C of DMO occurred on the catalyst. The redshift 
of the characteristic peak of the functional group indicates that 
the vibration energy of the bond decreases, the bond length 
becomes longer, and the bond is more likely to break and occur 
chemical reaction. The order of adsorption and activation of 
DMO by different catalysts is as follows: Ag/NH2-MSNS > 
Ag/MSNS > Ag/MSNS_im. The redshift phenomenon of DMO 
functional group absorption bands can be explained by 
molecular orbital theory: the outer electrons of the active 
component Ag of the catalyst enter the antibonding molecular 
orbital (2π*) of C=O, thus weakening the bond energy of C=O, 
reducing the bond vibration energy, reducing the stability of 
DMO molecules and making chemical reactions easy. According 
to the XPS and UV-vis DRS analysis above, Ag/MSNS_im catalyst 
prepared by impregnation method contains Ag+ species in 
oxidation state, which makes it difficult for Ag outer electrons 
to enter the C=O antibonding orbital, so the absorption bands 
of C=O and C-O-C have the smallest redshift wavenumber. The 
active component of Ag/MSNS catalyst prepared by reduction 
method is Ag0, which makes it easier for Ag outer electrons to 
enter the C=O antibonding orbital, so the absorption band 
redshift wavenumber of C=O and C-O-C is large. The Ag/NH2-
MSNS catalyst contains electron-rich Agδ- species, which makes 
it easiest for Ag outer electrons to enter the C=O antibonding 
orbital, so the absorption bands of C=O and C-O-C have the 
largest redshift wavenumber. Therefore, the Ag/NH2-MSNS 
catalyst has the strongest activation capacity for DMO, which is 
derived from the electron-rich Agδ- species generated by 
electron transfer from N to Ag. 

Fig. 7 (a) FTIR spectra of the gas-phase DMO molecule and in situ FTIR spectra of DMO adsorbed on the Ag/NH2-MSNS、Ag/MSNS、Ag/MSNS_im.. (b) DMO-TPD data for DMO 
adsorbed on the Ag/NH2-MSNS、Ag/MSNS、Ag/MSNS_im.
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Fig.7b shows the TPD profiles for DMO adsorbed on different 
catalysts, in which a peak at 300～500 °C  associated with DMO 
desorption is clearly observed. With the increase of Ag 
dispersion in catalysts, the adsorption capacity of DMO 
increased gradually. According to the desorption peak area of 
DMO, it can be seen that Ag/NH2-MSNS catalyst has the largest 
adsorption capacity for DMO, which is due to its high Ag 
dispersion (31.7%). It is also noted that the desorption 
temperature of DMO on Ag/NH2-MSNS catalyst is the highest 
(474 °C ), which is due to the enhanced adsorption of DMO by 
electron-rich Agδ- species, consistent with the FTIR results of 
DMO adsorption. The above results show that the high 
dispersion of Ag and the electron-rich Agδ- species in the 
Ag/NH2-MSNS enhance the adsorption and activation of DMO.

In order to study the adsorption and activation of H2 by 
catalysts, H2-TPD profiles on different catalysts are shown in Fig. 
8. The support MSNS and NH2-MSNS have no H2 desorption 
peak in the temperature range of 25～650 °C (not marked in the 
figure). On SiO2 loaded Cu, Ag and Au nanoparticles, hot 
electrons generated by energy transfer between external 
energy and metal surface can achieve H2 dissociation at room 
temperature,58, 59 and the peaks above 200 °C of the three 
catalysts are attributed to the desorption of H atoms adsorbed 
by dissociation on the surface of Ag particles.60-62 Pundt pointed 
out that various defects (such as dislocations, grain boundaries, 
vacancies, microvoids, impurity atoms, etc.) in metals can form 
hydrogen traps for hydrogen atom diffusion.63 Hideaki et al. 
found that hydrogen traps can attract and trap hydrogen atoms, 
and hydrogen atoms diffuse much faster in the dislocations and 
grain boundaries than in the lattice.64, 65 

Fig. 8 H2-TPD profiles of Ag/NH2-MSNS、Ag/MSNS、Ag/MSNS_im.

Therefore, in Fig. 8, the peak in the low temperature region 
is attributed to the desorption of hydrogen atoms in the Ag 
lattice, while the peak in the high temperature region is 
attributed to the desorption of hydrogen atoms in the hydrogen 
trap at the defect of the Ag lattice. Compared with 
Ag/MSNS_im, the desorption peaks of Ag/NH2-MSNS and 
Ag/MSNS in the low temperature region shifted to low 
temperature by about 30 °C, indicating that Ag nanoparticles in 
the catalyst prepared by reduction method had more lattice 
defects, which made the diffusion of hydrogen atoms in the 
lattice easier, which was consistent with the lattice image 
analysis of HRTEM. The peak area of H2-TPD on different 
catalysts represents the adsorption amount of H2, and is 
positively correlated with Ag dispersion. The adsorption 
capacity of Ag/NH2-MSNS on H2 is the largest, which is due to 
the high Ag dispersion on its surface. 
3.5. Catalytic performance and stability of catalysts

In the reaction of DMO catalytic hydrogenation to MG, the 
evaluation results of catalyst activity and stability are shown in 
Fig. 9. Under a certain activity of catalyst, the DMO conversion 
decreases with the increase of liquid-time space velocity (LHSV) 
(Fig. 9a). The higher conversion and the higher LHSV, the 
stronger activation of the catalyst. The sequence of catalytic 
activity of the three catalysts for DMO conversion is as follows: 
Ag/NH2-MSNS > Ag/MSNS > Ag/MSNS_im. In particular, when 
the LHSV is lower than 1.5 h⁻¹, the Ag-NH₂-MSNS catalyst 
exhibits outstanding catalytic efficacy, with the DMO 
conversion being higher than 99%.  With the increase of LHSV, 
the MG and EG selectivity tends to be stable around 97% and 
3% respectively on the three catalysts (Fig. 9b). However, at low 
LHSV (< 0.5h-1), the MG selectivity order of the three catalysts is 
Ag-MSNS_im > Ag-MSNS > Ag-NH2-MSNS, which is opposite to 
that for EG. This is because DMO hydrogenation is a series 
reaction, the overall higher hydrogenation activity favors deep 
hydrogenation of MG to EG as the residence time of the mixture 
increases. Increasing LHSV can effectively inhibit the further 
conversion of MG. With the increase of LHSV, the variation 
trend of MG yield is consistent with the DMO conversion (Fig. 
9c). The turnover frequency (TOF) sequence of DMO on the 
three catalysts is as follows: Ag-NH2-MSNS (207) > Ag-MSNS 
(135) > Ag-MSNS_im (78) (Table 1).
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Fig. 9 (a) DMO conversion, (b) MG and EG selectivity and (c) MG yield from hydrogenation runs with the Ag/NH2-MSNS, Ag/MSNS and Ag/MSNS_im catalysts as a function of LHSV 
at 220 °C under 2 MPa of H2. (d) Kinetic data versus time on stream for DMO hydrogenation on the Ag/NH2-MSNS catalyst under the following reaction condition: T = 220 °C, P = 2.0 
MPa, H2/DMO = 80 and LHSV = 1.0 h-1.

Through the characterization of physical and chemical 
properties of different catalysts, their catalytic activities for 
DMO hydrogenation can be explained as follows. Compared 
with the impregnation method, the catalyst prepared by 
reduction method has higher dispersion of Ag particles, and the 
decrease of Ag+ species in oxidation state enhances the 
adsorption and activation of DMO. At the same time, there are 
more lattice defects on its surface, which is more conducive to 
the activation and diffusion of H2, so Ag/MSNS has higher 
activity. The Ag/NH2-MSNS catalyst prepared by reduction 
method using NH2-MSNS as the support, due to the 
complexation of -NH2, Ag nanoparticles have smaller particle 
size and higher dispersion during the in-situ reduction growth 
process, and the surface lattice defects further increase, and the 
activation and diffusion of H2 are further enhanced. In addition, 
there is electron transfer between -NH2 and Ag species on the 
support surface, and the electron-rich Agδ- is more likely to 
adsorb DMO and activate the C=O bond. Therefore, the high 
activity of Ag/NH2-MSNS catalyst is due to its highly dispersed 
Ag active components, a large number of lattice defects, and 
electron-rich Agδ- species. Under the reaction conditions of 

P=2.0MPa, T=220 °C , H2/DMO=80 and LHSV=1.0 h-1, the DMO 
conversion and MG selectivity of Ag/NH2-MSNS catalyst in the 
optimal state were 100% and 96.6% respectively.

The stability test results of Ag/NH2-MSNS catalyst for DMO 
hydrogenation are shown in Fig. 9d. After 250h reaction, the 
selectivity of MG remained basically unchanged, stable at about 
96.5%. Compared with almost 100% at the beginning of the 
reaction, the conversion rate of DMO decreased slightly to 
98.5%, and stabilized after 250h, and the MG yield was above 
95%. This shows that Ag/NH2-MSNS catalyst has excellent 
catalytic activity, selectivity and stability in the reaction of DMO 
hydrogenation to prepare MG. The slight reduction in the 
conversion rate may be due to subtle changes in the surface 
structure of Ag nanoparticles during the reaction.

4. Conclusions
In summary, using mesoporous silica nanospheres (MSNS) with 
uniform center-radial mesopore channels ( ～ 7nm) as the 
support, -NH2 was successfully introduced for surface 
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functionalization, and the Ag/NH2-MSNS catalyst with an Ag 
dispersion of 0.317 and a content of 3 wt% was prepared by the 
in-situ reduction method. In the reaction of selective 
hydrogenation of DMO to MG, under the conditions of P = 2.0 
MPa, T = 220 °C, H2/DMO molar ratio = 80, and LHSV = 1.0 h-1, 
the best catalytic state achieved a DMO conversion of 100%, a 
MG selectivity of 96.6%, a TOF as high as 207, and the MG yield 
could still remain above 95% after a 250 h lifetime investigation. 
Characterization findings indicate that the easily accessible 
highly dispersed Ag active components, the lattice defects 
which are conducive to the adsorption, activation and diffusion 
of H2, and the electron-rich Agδ- species that facilitate the 
adsorption and activation of DMO are the reasons for the 
catalyst to possess relatively high activity, selectivity and 
stability. 
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