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ABSTRACT

Developing efficient catalysts for the selective hydrogenation of dimethyl oxalate (DMO) is of great sig-
nificance for the coal-based production of methyl glycolate (MG), but designing processes for this conver-
sion is challenging. Herein we report an unprecedented catalytic performance for the selective
hydrogenation of DMO to MG, achieved by using a catalyst based on Ag nanoparticles anchored inside
the mesopores of amine-derivatized silica nanospheres (NH,-MSNS). It was determined that the unique
microenvironment endowed by the amine-derivatized channel surfaces helps this Ag catalyst promote
the activation of DMO and H, to yield MG with high selectivity, and also prevents sintering and coking,
hence improving stability. Accordingly, the resulting Ag/NH,-MSNS catalyst was shown to be capable of
promoting the hydrogenation reaction with a turnover frequency of 230 h~! and a MG selectivity of 97%
at nearly 100% of DMO conversion, a performance that was sustained for at least 250 h; these results are
significantly better than those seen with other reported catalysts. Our study points to a promising route

for the development of high-performing Ag catalysts to be used in the coal-based MG production.

© 2020 Elsevier Inc. All rights reserved.

1. Introduction

The catalytic selective hydrogenation of dimethyl oxalate
(DMO), a product from coal-based syngas, has been shown to be
a promising and eco-friendly route to methyl glycolate (MG), an
important fine chemical intermediate for pharmaceuticals, per-
fumes and polymers production [1-7]. Ag-based catalysts have
been reported hitherto as the most efficient for this reaction
because of their relatively weak hydrogenolysis activity (hy-
drogenolysis leads to the formation of undesirable byproducts),
and also because of their low activity for the over-hydrogenation
of MG [8,9]. Moreover, it has been shown that the nature of the
Ag-based catalysts often dictates their hydrogenation activity.
Most Ag-based catalysts show low activity, a problem that is usu-
ally addressed by employing high metal loadings [10-15]. How-
ever, that increases the catalyst cost, lowering its industrial
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applicability, and favors the sintering of the dispersed Ag nanopar-
ticles at high reaction temperatures, thus degrading both the Ag
utilization efficiency and catalytic stability. There is also the issue
of the electronic structure of the metal: previous reports indicate
that electron-rich Ag nanoparticles promote the activation of both
hydrogen and the DMO reactant, and thus enhance hydrogenation
activity [16,17]. Therefore, an efficient strategy is required for the
precise tuning of the physiochemical environment of Ag catalysts
in order to optimize their performance.

Herein, we report that anchoring Ag nanoparticles onto the sur-
face of mesoporous silica nanospheres functionalized by an
(amine-based) electron-donor group can significantly boost their
catalytic activity and stability for the selective hydrogenation of
DMO to MG. As explained in more detail below, we believe that
the unique performance seen with our catalyst may be due to
the high dispersion achieved for the Ag nanoparticles thanks to
both the use of mesoporous materials and the derivatization of
the silica surface prior to the metal deposition in order to provide
appropriate nucleation centers. The resulting sample contains Ag
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nanoparticles significantly smaller and more resistant toward sin-
tering than those seen in previous catalysts.

2. Experimental
2.1. Chemicals

Cetyltrimethylammonium chloride (CTAC), triethanolamine
(TEA), and 3-aminopropyltrimethoxysilane (APTS) were purchased
from J&K Scientific Ltd. Tetraethyl orthosilicate (TEOS), cyclohex-
ane, methylbenzene, ethanol, and silver nitrate (AgNOs3) were pur-
chased 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 [18]. Typi-
cally, 15 g of CTAC was first dissolved in 120 mL of deionized
water, after which 0.4 g of TEA was added. The mixture was stirred
gently at 333 K for 1 h. Subsequently, a solution of 7.5 g of TEOS in
25 g of cyclohexane was added drop-wise to the water-CTAC-TEA
mixture, which was then stirred continuously at 333 K for 12 h.
The resulting mixture was collected by centrifugation and washed
with ethanol to remove the residual reactants. After drying at
393 K for 4 h, the CTAC-templated MSNS solid (denoted as Sur-
MSNS) was obtained. Finally, the Sur-MSNS was calcined at
823 K for 4 h in static air to remove the template and obtain the
desired MSNS support.

The amino-functionalized MSNS (NH,-MSNS) was synthesized
by silanization of APTS via a post-grafting strategy [19]. Typically,
1.5 g of MSNS was dispersed in 50 g of toluene to form a homoge-
neous suspension, and then 0.5 g of APTS was added. The mixture
was refluxed at 383 K for 12 h, after which it was centrifugated and
washed with ethanol to remove the residual reactants. After drying
at 393 K for 4 h, the amino-functionalized MSNS (denoted as
NH,-MSNS) was obtained.

2.3. Preparation of Ag/MSNS and Ag/NH,-MSNS catalysts

The MSNS and NH,-MSNS supported Ag catalysts were pre-
pared via in situ reduction of Ag salts. Typically, 1.0 g of MSNS/
NH,-MSNS was dispersed in 90 mL of ethanol by sonication to form
a uniformly dispersed suspension. After the mixture was stirred for
30 min at 303 K, 0.049 g of AgNO5 in 24.5 mL of ethanol was added
drop-wise and stirred at the same temperature for 4 h. Then the
temperature was increased to 343 K, and the mixture was stirred
for 24 h until the color of the suspension changed into brown. After
centrifugation, the product was washed with ethanol and dried at
333 K for 12 h under a nitrogen atmosphere to obtain the corre-
sponding Ag/MSNS or Ag/NH,-MSNS catalyst.

2.4. Catalyst characterizations

Fourier-transform infrared (FTIR) spectra were recorded in the
400-4000 cm ! range on a Nicolet 6700 spectrometer equipped
with a deuterium tri-glycine sulfate (DTGS) detector. The powder
samples were mixed with KBr (2 wt%) and pressed into translucent
disks at room temperature. The N, adsorption-desorption iso-
therms of the catalysts were measured at 77 K using a Micromet-
rics ASAP 2020 apparatus. The samples were degassed at 573 K for
3 h to remove physically-adsorbed impurities prior to the mea-
surements. The specific surface areas (Sggr) were calculated
according to the Brunauer-Emmett-Teller (BET) method. The aver-

age pore diameters and pore size distributions were obtained by
analyzing the desorption branch of the isotherms using the
Barret-Joyner-Halenda method.

Transmission electron microscopy (TEM) images were obtained
on a JEOL JEM-2100F instrument with an operating voltage of
200 kV. The high-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM) images were acquired on a
FEI Tecnai G2 F20 S-Twin instrument with an operating voltage
of 200 kV. The actual loading of silver in the catalysts was deter-
mined by ion-coupled plasma optical emission spectroscopy (ICP-
OES) using an Agilent 5100 spectrometer. The actual content of
nitrogen in the samples was estimated by using an Elementar Vario
ELIII elemental analyzer. The powdered X-ray diffraction (XRD)
patterns of the samples were collected on a Bruker D8 Advance
X-ray diffractometer in the scanning angle (20) range of 10° to
80° at a scanning speed of 2°-min~' using nickel-filtered Cu Kot
radiation (A = 1.5418 A). UV-visible diffuse reflectance spectra
(UV-vis DRS) were recorded in the 200-800 nm range on an Agi-
lent CARY 5000 UV-vis-NIR scanning spectrophotometer with an
integrating attachment using BaSO4 as the background standard.
X-ray photoelectron spectroscopy (XPS) was carried out on a
Thermo Fisher K-Alpha spectrometer equipped with an Al Ko X-
ray radiation source (hv = 1486.6 eV) and a multichannel detector.
A flood gun with variable electron accelerating voltages (from 6 to
8 eV) was used for charge compensation. The binding energies
were calibrated in reference to a value of BE = 284.6 eV for the car-
bonaceous C 1s XPS signal.

The N,O chemisorption, H, temperature-programmed reduc-
tion (H,-TPR), and H,, DMO, and CO, temperature-programmed
desorption (H,-TPD, DMO-TPD, CO,-TPD respectively) experiments
were carried out in a Micrometrics Autochem II 2920 apparatus
with a thermal conductivity detector (TCD). For N,O chemisorp-
tion, 100 mg of the solid sample was first reduced at 623 K under
a flow of 50 mL-min~! of 10% H,/Ar for 3 h and then cooled down to
363 K. Subsequently, the sample was exposed to the pure N,O
(30 mL-min~!) for 1 h to ensure that the surface metallic silver
atoms were completely oxidized to Ag,0. The sample was purged
with a flow of Ar (30 mL-min~") for 30 min and then cooled down
to room temperature under Ar atmosphere. Next, 10% H,/Ar
(50 mL-min~!) was introduced, and the sample was heated up to
1073 K at rate of 10 K-min~!, during which the hydrogen consump-
tion was monitored using the TCD [20]. In a typical procedure for
the TPD tests, 100 mg of sample was reduced at 623 K for 3 h in
a 10% Hy/Ar atmosphere, followed by purging with He for 2 h at
573 K to remove physically adsorbed impurities. After cooling
the sample down to 323 K, a flow of the probe molecule (H, for
H,-TPD, DMO for DMO-TPD, and CO, for CO,-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 sig-
nal was stabilized. After cooling to room temperature, the TPD pro-
file was collected in Ar from room temperature to 1073 K at a
ramping rate of 5 K-min~". The desorbed probe molecule was mon-
itored 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 trans-
mission FTIR cell. Briefly, 30 mg of dried catalyst was compressed
into a self-supporting wafer and carefully loaded into the transmis-
sion cell. The catalyst was reduced at 623 K under 5% H,/N; for 3 h
and then evacuated by N, for 30 min to remove the chemisorbed
hydrogen. After cooling down to 353 K, 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 reac-
tion temperature (i.e., 493 K) with a spectral resolution of 4 cm™!
and via the accumulation of 64 scans.
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2.5. Catalytic evaluation

The catalytic performance of the solid samples for the promo-
tion of the vapor-phase hydrogenation of DMO was carried out in
a stainless steel fixed-bed tubular flow reactor equipped with a
computer-controlled auto-sampling system. Typically, 350 mg of
the catalyst (40-60 mesh) was loaded into the center of the reac-
tor, and both sides of the catalyst bed were packed with quartz
powder (40-60 mesh). Prior to catalytic performance evaluation,
the catalyst was reduced under a H, flow of 30 mL-min~' at
623 K for 4 h. After cooling to the reaction temperature of 493 K,
a 10 wt% DMO in methanol solution was pumped into the catalyst
bed with a P230 digital HPLC pump (eliteHPLC) at a H,/DMO molar
ratio of 80 and a system pressure of 2.0 MPa. The outlet stream was
sampled at intervals of 30 min using an automatic Valco 6-port
valve system and analyzed using an online gas chromatograph
(Agilent 7890A) equipped with flame ionization detection and a
KB-Wax capillary column (30 m x 0.45 mm x 0.85 pm).

The conversion of DMO and the selectivity toward each product
were calculated based on the following equations:

mol of DMO (in) — mol of DMO(out)
mol of DMO(in)

Conversion (%) = x 100%

mol of MG or EG (out)
mol of DMO (in) — mol of DMO (out)

Selectivity (%) = x 100%

Turnover frequencies (TOF) were calculated according to the
following equation [21]:

WXVXCDMO

TOF =—5~ 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), Cpmo
is the DMO conversion, Nag is the total amount of Ag (mol) in the
used catalyst and D is the Ag dispersion obtained from N,O
chemisorption and H,-TPR measurements. For the TOF measure-
ments, the reaction was performed at 5.0 and 12.0 h~! LHSVs for
Ag/MSNS and Ag/NH,-MSNS, respectively, while the other reaction
conditions were kept the same (T = 493 K, P = 2.0 MPa and H,/
DMO = 80). This was necessary to ensure that the conversion of
DMO was below 20% (they were 18.8% and 19.3%, respectively).

3. Results & discussion

Our catalysts were built on mesoporous silica nanospheres
(MSNS) by following the synthetic steps depicted in Scheme 1.
The MSNS were synthesized via a biphasic stratification approach
using tetraethyl orthosilicate (TEOS) as a silica source and
cetyltrimethylammonium chloride as a template agent [18], and
their surfaces were then modified via silanization with 3-
aminopropyl-trimethoxysilane (APTS) to enhance the anchoring
of the Ag precursor (AgNOs) [19]. Fig. 1a and b show TEM images
of the as-synthesized MSNS and the material obtained after amina-
tion (NH,-MSNS), respectively. Similarly sized nanospheres with
center-radial mesopores are evident in the images of both samples,
indicating that the surface amination step does not change the
morphology of the MSNS. N, physisorption measurements
(Fig. ST and Table 1) point to decreases in pore size, pore volume,
and specific surface area upon amination, an expected as a conse-
quence of the grafting of the ATPS onto the surface of the meso-
porous channels of MSNS. In addition, the FTIR difference
spectrum between the MSNS and NH,-MSNS samples (Fig. 1c)
clearly shows absorption bands at 1562 and 700 cm ™', correspond-
ing to NH deformation modes [22], and at 2924, 2850 and

MSNS NH,-MSNS

APTS

.'!'F‘L i ‘ i
il e Si ] ©Ag .-1‘ L Lh%

0 | eN .-p . 1
S| CH | e oC | o= %
O==B P, o= 11.Y
o R ot o= %
o e - - @

Scheme 1. Main steps in the preparation of our catalysts: Surface amination of
MSNS is followed by immobilization of Ag NPs onto the aminated MSNS.

1460 cm™', associated with CH, vibrations [23]; those are all
assignable to the propylamine surface moieties added by amina-
tion (individual spectra for each sample are reported in Fig. S2).
The XPS spectrum of NH,-MSNS in Fig. 1d shows a prominent N
1s peak absent in the trace from the pristine MSNS. All these
results strongly point to the successful surface amination of the
mesoporous silica nanospheres.

The next step in our catalyst preparation was the addition of Ag
nanoparticles to the NH,-MSNS amine-derivatized support. The
solid was exposed to a solution of a Ag salt (AgNOs) to create metal
nucleation sites inside the mesopores via the interaction between
the surface amino group and the precursor. The immobilized Ag
precursor was then reduced with ethanol to grow the Ag nanopar-
ticles and produce the Ag catalyst. The HAADF-STEM images of the
resulting Ag/NH,-MSNS catalyst, together with those of a Ag/MSNS
reference catalyst (where Ag was deposited on the underivatized
and pristine surface of MSNS), are shown in Fig. 1e and f, respec-
tively, and the corresponding TEM images are reported in Fig. S3.
Uniformly dispersed Ag nanoparticles, with average diameters of
approximately 5.5 nm, are clearly observed in the Ag/NH,-MSNS
catalyst, whereas a broader distribution of Ag nanoparticles rang-
ing from 1 to 12 nm in diameter are evident in the images for
the Ag/MSNS catalyst. Notably, in the NH,-MSNS support, the Ag
nanoparticles are predominantly located inside its mesopores,
whereas in the case of the Ag/MSNS sample some nanoparticles
are quite large and must be located on the outside.

The small size of the Ag nanoparticles in NH,-MSNS is also evi-
denced by the lack of discernable diffraction lines for Ag in the XRD
pattern for the Ag/NH,-MSNS catalyst; in contrast, those are clearly
seen for Ag/MSNS (Fig. S4) [24]. In addition, the UV-vis spectrum
of the Ag/NH,-MSNS catalyst (Fig. S5) shows a blue-shifted surface
plasmon resonance peak in comparison with that of the Ag/MSNS
catalyst, indicative of the smaller size of the Ag nanoparticles in
NH,-MSNS case [25-27]. Results from N,O chemisorption and
H,-TPR experiments (Table 1) highlight the higher Ag dispersion
and specific Ag surface area in the Ag/NH,-MSNS catalyst com-
pared to those in the Ag/MSNS sample, an expected consequence
from the smaller nanoparticles sizes seen in the former catalyst.
The average Ag particle size of Ag/NH,-MSNS, estimated from the
measured dispersion (Table S1), is smaller than that of Ag/MSNS,
which agrees well with the results from the abovementioned
TEM and HAADF-STEM characterizations. All these results also
clearly show that the smaller Ag nanoparticles are more homoge-
neously immobilized inside the mesopores of NH,-MSNS than in
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Fig. 1. TEM images of (a) MSNS and (b) NH,-MSNS. The insets provide enlarged views of the area marked by the yellow squares. (c¢) Difference FTIR spectrum obtained by
subtracting the FTIR spectrum of MSNS from that of NH,-MSNS. (d) XPS spectra of MSNS and NH,-MSNS. (e, f) HAADF-STEM images of the (e) Ag/MSNS and (f) Ag/NH,-MSNS
catalysts. The insets are the corresponding histograms of the particle size distributions.

Table 1

Physicochemical properties of the different supports and catalysts from this study.
Sample MSNS NH,-MSNS Ag/MSNS Ag/NH,-MSNS
Ag content!®! (wt%) — — 2.5 2.9
N content” (wt%) — 2.28 - 2.19
Sgerl! (m?g ! 665 323 390 242
Vporel ¥ (m?g~1) 0.80 0.41 0.54 0.33
Dporel! (nm) 6.61 6.17 6.39 6.12
dagrem!! (nm) - - 6.6 +2.7 55+ 0.9
Dispersion'®! (%) — — 20.8 31.7
Sag®! (m?g™1) - - 2.52 4.46
TOF (h™1) — — 165.1M" 230.11"

2l Determined by ICP-OES.
b1 Determined using an element analyzer.
<l Specific surface area, calculated by the BET method.
41 BJH adsorption cumulative pore volume.
¢l BJH adsorption average pore diameter.
1 Average size of Ag nanoparticles determined by TEM.
¢l Dispersion and surface area of Ag (Sag) obtained from N,O chemisorption and H,-TPR measurements. The detailed calculations are shown in the Supplementary
Information.
Ml Based on a 18.8% DMO conversion under the following reaction condition: T = 493 K, P = 2.0 MPa, H,/DMO = 80 and LHSV = 5.0 h™".
1l Based on a 19.3% DMO conversion under the following reaction condition: T = 493 K, P = 2.0 MPa, H,/DMO = 80 and LHSV = 12.0 ™.
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the reference untreated MSNS, a difference that we believe
accounts for the better anti-sintering and catalytic performance
seen here for the DMO hydrogenation to MG (see below).

The electronic properties of the Ag/NH,-MSNS catalyst were
subsequently probed by X-ray photoelectron spectroscopy (XPS).
Fig. 2 shows the Ag 3d XPS data obtained for both Ag/NH,-MSNS
and Ag/MSNS catalysts as well as the N 1s XPS traces for Ag/
NH,-MSNS and the original NH,-MSNS support. The N 1s XPS spec-
trum of the NH,-MSNS support exhibits two peaks at 398.9 and
401.0 eV corresponding to —NH, and —NH3 species, respectively
[28,29]. After immobilization of the Ag nanoparticles these peaks
shift to 399.4 and 401.5 eV, respectively, possibly suggesting an
electron transfer from N to Ag and thus the development of
electron-deficient N species but perhaps more likely the result of
final-state effects in the XPS measurements [30]. Moreover, the
Ag 3d XPS spectrum of the Ag/NH,-MSNS catalyst shows that the
Ag® 3ds, and Ag® 3ds), peaks shift to higher binding energies com-
pared to those of the Ag/MSNS catalyst, an indication of the smaller
size of the Ag nanoparticles in the first case [31].

Details regarding the activation of the reactants during the
selective hydrogenation of DMO were explored by in-situ FTIR
and TPD measurements. The FTIR spectrum of free DMO in
Fig. 3a exhibits two peaks associated with the C=0 stretching
modes at 1805 and 1775 cm', one peak corresponding to the
CH; asymmetric deformation mode at 1472 cm™!, and another
two peaks ascribed to C—O vibrations at 1234 and 1184 cm™!
[32]. In the case of DMO adsorbed over the Ag/MSNS and Ag/
NH,-MSNS catalysts, all the peaks for the C=0 and C—O vibrations,
especially those related to the C=0 moiety, shift to lower frequen-
cies, whereas the feature ascribed to the CHs; group remains
unchanged. This strongly suggests that the adsorption of DMO
takes place via the C=0 groups. Notably, the C=0 peaks observed
upon adsorption on the Ag/NH,-MSNS catalyst shows additional
red-shifts, to 1753 and 1722 cm™!, compared to what is seen on
Ag/MSNS (1772 and 1740 cm™!, respectively), a sign of a stronger
adsorption of DMO on Ag/NH,-MSNS [17]. The Ag/NH,-MSNS cat-
alyst, with its smaller-sized Ag nanoparticles, possesses more low-
coordinated sites, and this could account for the additional
strength seen in the adsorption of DMO.

The TPD data acquired for DMO adsorbed on both catalysts are
reported in Fig. 3b. The DMO peak desorption temperature from
the Ag/NH,-MSNS catalyst (747 K) is much higher than that from
the Ag/MSNS catalyst (689 K), corroborating the stronger adsorp-
tion of DMO on the Ag/NH,-MSNS catalyst. Moreover, the H,-TPD
profiles in Fig. 3b show similar desorption temperatures for both
catalysts but different desorption peak areas in absolute as well
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Fig. 3. (a) FTIR spectra of the gas-phase DMO molecule and in situ FTIR spectra of
DMO adsorbed on the Ag/MSNS and Ag/NH,-MSNS catalysts. (b) DMO-TPD data
(upper panel) for DMO adsorbed on the Ag/MSNS and Ag/NH,-MSNS catalysts as
well as the supports, and H,-TPD profiles (bottom) for the Ag/MSNS and Ag/NH,-
MSNS catalysts.

as in relative terms. Considering that equivalent amounts of cata-
lysts were used in both tests, the larger H, yield seen with the
Ag/NH,-MSNS catalyst is likely to reflect the smaller Ag particle
size (and its corresponding higher metal surface area) in the highly
dispersed Ag/NH,-MSNS (Fig. 1f and Table 1). Moreover, the rela-
tive higher yield for H, in the low-temperature (620 K) peak advo-
cates for a higher reactivity on Ag/NH,-MSNS (compared to that on
Ag/MSNS), as expected from the stronger adsorption already men-
tioned before. It should be noted that some amino groups are
expected to be free and uncoordinated on the surface of NH,-
MSNS after Ag" immobilization, and that those uncoordinated
amino group may affect the adsorption and activation of DMO
due to the enhanced basicity (as actually demonstrated by the
NH5-TPD profiles in Fig. S6). To exclude this possibility, DMO-
TPD measurements were also carried out for MSNS and NH,-
MSNS (Fig. 3b). It can be clearly seen that the adsorption of DMO
on both pristine and amino-derived supports is negligible com-
pared to that on the catalysts. The catalytic performances of MSNS
and NH,-MSNS were also tested: as seen in Table S2, neither of
those two samples shows any significant activity for DMO hydro-
genation. Thus, it can be concluded that the excess amino group

a b
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3744w
= N\Ag/NH,-MSNS/ | = Ag/NH,-MSNS
2 : ' : = it
2 H Ag® 3 Copes G o 398.9
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Fig. 2. (a) Ag 3d XPS spectra of Ag/MSNS and Ag/NH,-MSNS. (b) N 1s XPS spectra of NH,-MSNS and the supported Ag catalyst.
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Table 2
Catalytic performance of various reported catalysts for selective hydrogenation of DMO to MG.
Catalysts Cu/Ag loading  Reaction conditions Conv.pmo (%) Selec.yc (%) TOF (h™')  Ref.
(wtk) LHSV (h~')  Temperature (K) Pressure (MPa) H,/DMO (mol/mol)
Cu-Ni/HMS 2.6 0.2 493 2.5 100 100 86.0 10.6 [33]
Raney Cu 100 2.0 483 2.5 100 70.0 95.0 4.2 [34]
Cu/HAP 20.0 0.4 483 25 150 74.0 70.0 144 [35]
Cu/AC 20.0 0.2 493 25 120 83.0 92.0 17.0 [36]
Cu/SiO, 48.5 0.26 493 2.5 200 >90.0 94.0 5.08 [37]
Cu-Ag/Ni-foam  28.0/0.4 0.25 483 25 300 96.1 96.1 N/A [38]
Ag|Ti-KCC-1 10.3 1.75 473 3.0 100 98.0 95.0 16.1 [16]
Ag-B,05/Si0, 10.0 0.2 453 0.5 150 98.9 97.2 N/A [15]
Ag/AC-N 9.8 0.6 493 3.0 80 95.0 98.0 25.1 [12]
Ag-in/h-CNT 8.1 0.6 493 3.0 80 100 97.0 N/A [11]
Ag-Ni/SBA-15 5.0 1.0 473 3.0 80 97.6 92.8 106.0 [8,9]
Ag[KCC-1 15.7 1.75 473 3.0 100 100 >90.0 53.2 [14]
Ag/SBA-15 9.3 0.6 473 3.0 80 100 94.0 34.0 [13]
Ag/MCM-41 10.0 0.2 493 25 100 96.0 94.0 1.9 [10]
Ag/MSNS 25 1.0 493 2.0 80 95.0 96.6 165.1 This work
Ag/NH,-MSNS 2.9 1.0 493 2.0 80 100 96.6 230.1 This work

on the support exert no significant effect on the hydrogenation
process.

The catalytic performance of the Ag/MSNS and Ag/NH,-MSNS
catalysts was investigated in a comparative way using a fixed-
bed flow reactor. The data obtained from runs carried out at
493 K, under 2.0 MPa of pressure, and with a H,/DMO ratio of
80, are shown in Fig. 4. The Ag/MSNS catalyst shows a gradual
decrease in DMO conversion with increasing liquid hourly space
velocity (LHSV), from 100% at 0.2 h™! to 70% at 1.5 h~!, whereas
the Ag/NH,-MSNS catalyst retains a nearly 100% DMO conversion
level throughout the whole LHSV range probed here (Fig. 4a). This
indicates a higher activity with the Ag/NH,-MSNS catalyst. That

catalyst does show a slightly lower selectivity to MG and a higher
selectivity to ethylene glycol (EG) than the Ag/MSNS catalyst at
low LHSVs (Fig. 4b and c), possibly because the overall higher
hydrogenation activity favors further conversion of MG to EG as
the residence time of the mixture increases. Nevertheless, the dif-
ference is small and disappears at higher LHSVs. In the end, the MG
yield with the Ag/NH,-MSNS catalyst is much higher than that
with the Ag/MSNS catalyst over most of the LHSV range probed
(Fig. S7a). The comparison of the data at LHSV of 1.5 h™! provided
in Fig. S7b further demonstrates the enhanced performance of the
Ag/NH,-MSNS catalyst in comparison to that of the Ag/MSNS cata-
lyst. The calculated turnover frequency (TOF) of DMO conversion
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with the Ag/NH,-MSNS catalyst was estimated to be 230 h~!, much
higher than those with the Ag/MSNS catalyst or any other catalysts
reported in the literature (Table 2). In particular, the TOF of our Ag/
NH,-MSNS catalyst is above 3 times higher than that of the Ag sup-
ported on a novel fibrous nano-silica (KCC-1) material, which dis-
plays a similar center-radial pore structures but lower Ag
dispersion [14]; the significantly superior hydrogenation activity
of the Ag/NH,-MSNS catalyst compared to that of the Ag/KCC-1
catalyst could be the result of the much higher Ag dispersion and
smaller Ag particle size in our catalyst.

Long-term performance tests were performed at a LHSV of
1.0 h™! to evaluate the stability of our catalyst. Those tests reveal
that, with the Ag/NH,-MSNS catalyst, 100% DMO conversion and
97% selectivity toward MG can be maintained for ca. 250 h
(Fig. 4d). The HAADF-STEM image of the used Ag/NH,-MSNS cata-
lyst acquired after these catalytic tests shown in Fig. S8 demon-
strates that the Ag nanoparticles are still well dispersed on the
NH,-MSNS support after this test, with a similar size distribution
as that seen in the fresh catalyst. Moreover, a comparative thermo-
gravimetric analysis (TGA) of the fresh versus used catalysts shows
negligible coke formation on the used Ag/NH,-MSNS catalyst
(Fig. S9). These results suggest that, by physically confining Ag
nanoparticles inside the mesopores, the Ag/NH,-MSNS catalyst
exhibits anti-sintering and anti-coking properties superior to those
of other Ag-based catalysts, and thus excellent stability.

4. Conclusions

In summary, here we have introduced a novel synthetic route
for the preparation of Ag-based catalysts with high dispersion
and small and uniform nanoparticle size. Our strategy has been
to start with mesoporous silica nanospheres and to aminate their
inner surfaces via silanization with  3-aminopropyl-
trimethoxysilane to facilitate the nucleation of Ag nanoparticles,
which are deposited afterward. The resulting catalyst was proven
to exhibit desirable stability against sintering under catalytic con-
ditions, and excellent catalytic performance. Accordingly, the turn-
over frequency for the hydrogenation of dimethyl oxalate over this
Ag/NH,-MSNS catalyst reached a value of 230 h™!, with a selectiv-
ity toward the desired methyl glycolate product of up to 97% at
100% conversion. This unusually good performance remained
stable for at least 250 h. We ascribed the superior performance
of our catalyst to the high dispersion and small size of the Ag
nanoparticles attained by our synthetic methodology. This is the
most efficient catalyst with the least Ag loading reported in the lit-
erature so far.
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