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Introduction

In recent years, selective hydrogenation reaction of aromatic
nitro compounds has been an active area in chemistry because
aromatic amino compounds are important industrial interme-
diates for pharmaceuticals, organic synthesis, agrochemicals,
dyestuffs, urethanes and other important fine chemicals.'”
Although various commercial catalysts have been developed,
the selective reduction of the nitro group from reducible func-
tional groups needs stoichiometric reducing agents, such as
iron, zinc, tin, or metal sulfide, which cause severe environ-
mental problems and generate by-products.®** Supported noble
metal catalysts such as Pd/SiO,," Pt/C,'*** Au (Pd, Pt)/Fe(OH),,'®
AU/Ti0,,"?° Ni-Au* and Pt-rGO@mSiO, ** have good catalytic
performance, but the noble metal is quite rare and expensive.
Silver-loaded catalysts have attracted scientists' attention and
several works have been reported.®**” But, as comparison with
gold catalysts, the study on catalytic hydrogenation of silver
nanoparticles is relatively rare despite its' excellent catalytic
performance. We are interested in the study on Ag nanocatalysis
because it is a promise and undeveloped area. As we and other
groups reported,**® the high activity and selectivity for hydro-
genation of the aromatic nitro compounds on the silver-loaded
heterogeneous catalyst have been achieved, such as chemo-
selective hydrogenation of chloronitrobenzenes on Ag/Y,0;
nanobelt catalyst® and Ag/Ce, catalyst”” to corresponding
chloroanilines without any hydrodehalogenation.
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Mesoporous core—shell structure Ag@SiO, nanospheres are constructed to prevent Ag nanoparticles from

reaction. The prepared catalyst shows superior catalytic

performance for hydrogenation of nitro compounds with 100% conversion and selectivity without any
by-products, which also indicates good recycling performance for several times use.

But we found that Ag nanoparticles (NPs) are easy to grow up.
In order to prevent Ag NPs from growth, we have constructed
Ag/Y,0; nanobelts,* in which Ag NPs are partially embedded in
Y,O; nanobelts to stop Ag NPs from aggregation, but it failed.
Then functionalized Cg, supports were synthesized to fix Ag
NPs,* it also failed to block the aggregation of Ag NPs. Finally,
we constructed an Ag NPs@mesoporous SiO, core-shell nano-
structure to solve this problem. The mesoporous shells benefit
for the catalytic reaction because it permits molecules or ions
pass through the pore freely and also prevents Ag NPs from
aggregation. Although, up to now, several works about the
preparation of core-shell nanostructures have been re-
ported,** few of them investigate the hydrogenation reaction
for core-shell structure sliver catalysts. Here, novel Ag@me-
soporous silica spheres (A-MSS) catalyst was prepared and
exhibited excellent catalytic performance for exclusive hydro-
genation of nitro-group without any accumulation of hydroxyl-
amine intermediates and formation of by-products.

Results and discussion

The core-shell structured A-MSS catalyst was prepared as
follows (Scheme 1): Ag NPs were synthesized first by reducing
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Scheme 1 Synthetic process of Ag@mesoporous silica spheres (A-
MSS). (a) The transferation of Ag NPs from chloroform to aqueous
phase using CTAB as phase transfer agent (ewm). (b) The formation
process of silica sol—gel on the surface of the Ag NPs in agueous
phase. (c) The formation of A-MSS by extraction using acetone at
70 °C.
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Fig. 1 (a) Wide-angle and (b) small-angle X-ray diffraction (XRD)

patterns of A-MSS.

AgNO; in nonaqueous system, which dispersed in chloroform
under the assistant of oleic acid and octadecylamine. Then, Ag
NPs were transferred to aqueous phase from chloroform using
CTAB as a phase transfer agent (also acted as a making hole-
agent for the formation of the mesoporous silica). Finally,
CTAB was removed by extraction using acetone.

Fig. 1a is the wide-angle XRD pattern of A-MSS at the 20
degree range from 10° to 80°. A broad peak at 20-30° (26)
corresponds to the amorphous SiO, and others are good
agreement with the standard XRD pattern of f.c.c Ag (JCPDS
card No. 04-0783). The broad reflection peak in small-angle XRD
pattern of A-MSS (Fig. 1b) indicates the presence of a meso-
porous structure without the long-range ordering.

TEM and HRTEM images in Fig. 2 provided an insight into
the microstructure of product. TEM image in Fig. 2a shows that
synthesized Ag NPs have very uniform size distribution with
average diameter 7 nm. HRTEM image (Fig. 2b) shows inter-
planar crystal spacing of 0.245 nm attributed to the (111) lattice
plane of fcc Ag NPs. The TEM image of A-MSS (Fig. 2¢) reveals Ag
NPs are wrapped by mesoporous silica. The scanning electron
microscopy (SEM) image in Fig. 2d shows the quite uniform size
with about 50 nm diameter, which is agreement with the results
of Fig. 2c. The energy dispersive spectrum (EDS) in Fig. S1t
shows that the catalyst contains 18.5 wt% of silver.

Fig.2 TEM (a) and HRTEM (b) images of Ag NPs. TEM (c) and SEM (d)
images of A-MSS (the enlarged A-MSS image in inset of c).

© 2021 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

50 "
25 —a—Adsorption
Yn _20f —v—Desorption
nE 40 | n;) i
Q L
S g 10
® 3| 2
e 30 % 05}
8 00| /
'g 2 4 é 8 10 \7/
o 201 Pore size diameter (nm) <
£
=
o
> 10
_aad
AAA
0 i 1 L 1 i 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0

Relative pressure ( P/P )

Fig. 3 Nitrogen adsorption/desorption isotherm and Barrett—Joyner—
Halenda (BJH) pore size distribution plot (inset) of A-MSS.

To gain insights on the specific surface area and pore size
distribution of the catalyst, Brunauer-Emmett-Teller (BET) N,
adsorption-desorption measurement was conducted. As shown
in Fig. 3, the A-MSS exhibits the typical type IV isotherm plot
with an apparent hysteresis loop, indicative of a mesoporous
microstructure. The BET analysis outputs a specific surface area
value of ~742 m® ¢~ . Meanwhile, the pore size distribution plot
presents a sharp peak at ~2.2 nm, which demonstrates their
mesoporous characteristics. The pore size calculated by the BJH
(Barrett-Joyner-Halenda) method is about 2.5 nm, which
corresponds to the result in the inset of Fig. 3.

To demonstrate the prepared A-MSS have high catalytic
activity for hydrogenation reactions, we investigated this reac-
tion system in details. Different reaction times and tempera-
tures were screened (Table 1, entries 1-4) and it was found that
the optimum reaction condition is 3 hours and 120 °C. The
conversion and selectivity of the A-MSS were up to 100%, which
will not need to prolong the reaction time or increase the
reaction temperature. The solvent has a remarkable influence
on the reaction. Water is not suitable for the reaction with a low
conversion of 51.2% (Table 1, entry 5).

Table 1 Control experiments for hydrogenation of nitrobenzene to

aniline on A-MSS¢
NO, A-MSS NH,
O = O

Entry T (°C) Time (h) Conversion (%) Selectivity (%)
1 100 2 25.2 100
2 120 2 78.5 100
3 120 2.5 85.6 100
4 120 3 100 100
5 120 3 51.2 100

¢ Reaction conditions: 0.05 g catalyst, 0.5 g substrate and 30 mL ethanol,
H, pressure 2.0 MPa. ” The same conditions as a except 30 mL H,O

RSC Adv, 2021, 11, 37708-37712 | 37709
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Table 2 Hydrogenation of unsaturated substrates over A-MSS*
R A-Mss X
"
H,
Conversion (%) Selectivity (%)
Entry R X 120 (°C) 140 (°C) 120 (°C) 140 (°C)
1 -NO, -NH, 100 100 100 100
2 -CHCH, -CH,CHj 0 16.8 0 100
3 -CHO -CH,0OH 0 13.5 0 42.6°
4 -COCH;, -CH(OH)CH;, 0 6.7 0 100
5 -CN — 0 0 — —
6 -CH,CN — 0 0 — —
7 —-CONH, — 0 0 — —
8 -NHCOCH;, — 0 0 — —

“ Reaction conditions: 0.05 g catalyst, 0.5 g substrate and 30 mL ethanol, H, pressure 3.0 MPa, and reaction time 3 h. ? The only by-product is 2-

hydroxypropiophenone.

Under the optimum reaction conditions the catalytic activity
of A-MSS for the unsaturated substrates was investigated and
the results were summarized in Table 2, which showed that A-
MSS catalyzed the hydrogenation of nitrobenzene to aniline
with 100% conversion and selectivity (Table 2, entry 1). Other-
wise, A-MSS showed no or very low activity for the hydrogena-
tion of styrene, benzaldehyde, acetophenone, benzonitrile,
phenylacetonitrile, benzamide and acetanilide under the same
condition (Table 2, entries 2-8). It is not easy to disclose the
exact reason of the different hydrogenation activity for A-MSS,
which maybe attribute to the exclusive hydrogenation selec-
tivity of the catalyst for nitro-groups of the nitrobenzene deriv-
atives and the different bond strength in the different groups.

In order to further evaluate the catalytic activity of A-MSS,
various nitrobenzene derivatives were used as the starting
materials and the results were listed in Table 3. Among them,
the nitrobenzene derivatives containing electron-donating
groups, such as chloro-, hydroxy- and methyl- groups, gave the
complete conversion and selectivity without corresponding by-
product to be detected (Table 3, entries 1-10). In case of nitro-
benzaldehyde, nitroacetophenone, nitroacetanilide and nitro-
benzonitrile, the conversion has an obvious decrease under the
same mild reaction conditions (entries 11-14), which indicates
that the existence of electron withdraw-groups such as nitrile-,
aldehyde- and acyl- groups decrease the reactivity of the nitro-
groups. But excellent conversion and selectivity can be achieved
under serious conditions such as higher temperature, larger
amount of catalyst and longer reaction time (entries 11-14). The
high isolated yield can be achieved for nitrobenzene derivatives
containing electron-donating groups (Table 3, entries 1-10),
while low yield for other substrates (entries 11-14), which attri-
butes to the low conversion and the separation loss of products.

The reuse performance of A-MSS was also investigated,
which demonstrated the conversion and selectivity of the cata-
lyst reused for five times have no obvious change (Table S17).
For comparison, we also prepared free Ag NPs and Ag/SiO, NPs
by NaBH, reduction, which demonstrated the A-MSS catalyst

37710 | RSC Adv, 2021, N, 37708-37712

has better catalytic activity and recycle performance (Table S27).
The superior catalytic performance of A-MSS can be attributed
to the stable porous structure with the large surface area, which
not only contributes reaction molecules to pass through the
pores freely, but also makes the single Ag NPs isolate from other
particles and avoid aggregating.

Conclusions

In this work, the size uniform A-MSS catalyst with Ag core and
mesoporous silica shell was synthesized successfully, which has
the large surface area and fine pore structure. Hydrogenation
reaction of nitrobenzene derivatives was adopted as model
reaction to evaluate the catalytic performance of the prepared
catalyst. The results show that the A-MSS catalyst has the
superior catalytic performance of 100% conversion and selec-
tivity for the hydrogenation of nitro compounds with electron-
donating or electron withdraw-groups under different reaction
conditions. The catalyst can be reused for several times without
an obvious change, which shows good recycle performance. The
excellent catalytic activity attributes to the special mesoporous
core-shell structure. The approach of synthesis can also be
applied to achieve other similar structure catalysts for the
hydrogenation of aromatic nitro compounds. The A-MSS cata-
lyst can also be expected to replace the expensive noble metal
catalysts and have more wide applications.

Experimental section
Synthesis of Ag NPs

Ag NPs were prepared by the pyrolysis of AgNO; in nonaqueous
system. In a typical sample, 0.25 g AgNO; was added to 100 mL
flask containing 15 mL oleic acid and 10 mL octadecylamine,
heated to 280 °C at the rate of 7 °C min~ "' and kept at this
temperature for 30 minutes under slowly stirring. The product
was isolated and washed for several times with mixed solution
of ethanol and n-heptane.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Hydrogenation of substituted nitrobenzene over A-MSS%a
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ey NO2 AMSS - NH:
R R:—j/
Hz S~
Selectivity Isolated yield
Entry R Product Conversion (%) (%) (%)
1 H <\}NH7 100 100 90
NH,
2 2-Cl ©: 100 100 88
Cl
Ol NH;
3 3-cl U 100 100 86
P
4 4-Cl CI—«C\ NH, 100 100 91
NH,
5 2-OH ©: 100 100 87
OH
HO._~ NH;
6 3-OH \ 100 100 82
N
7 4-OH HO—@NHZ 100 100 85
NH,
8 2-CH, @ 100 100 90
CHs
HaC o NH;
9 3-CH, | 100 100 86
I\
10 4-CH, H30_<u>_NH2 100 100 90
e b
11 4-CHO HC—@—NHz 71 (100%) 100 53
9 b
12 4-COCH; e & ¢ Y N, 65 (100%) 100 45
13 4-CN Ne—  S—NH, 62 (93.5%) 100 35
Q
14 4-CONH, HzN*CONHz 67 (100%) 100 41

% Reaction conditions: 0.05 g catalyst, 0.5 g substrate and 30 mL ethanol, H, pressure 2.0 MPa; reaction temperature 120 °C; reaction time 3 h.
b Reaction conditions: 0.1 g catalyst, 0.5 g substrate and 30 mL ethanol, H, pressure 3.0 MPa; reaction temperature 140 °C; reaction time 4 h.

Synthesis of core-shell structured Ag NPs@mesoporous silica
spheres

The transparent solution of the Ag nanoparticles dispersed in
10 mL chloroform was added to 250 mL flask containing 50 mL
of 0.06 M CTAB aqueous solution under vigorous mechanic
stirring. After a moment, the chloroform was removed by
heating the mixture at 70 °C, then centrifugated at 10 000 r.p.m.
for 2 minutes in order to remove the large nanoparticles. The
filtrate was mixed with 140 mL water and 40 mL ethanol, and
then 2.5 mL of 0.2 M NaOH solution was added under stirring.
Subsequently, 20 mL of 5% TEOS in ethanol was injected slowly.
The product was precipitated by ethanol or acetone after four
days, and isolated by centrifugating. Then the CTAB was
removed by extraction using acetone at 70 °C. Finally, the
sample was dried in vacuum at 50 °C for characterization.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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