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ABSTRACT: In this work, mesoporous silica SBA-16-supported NiCo bimetallic
nanocatalysts were synthesized by coimpregnation of Ni and Co precursors
followed by calcination and reduction, and various characterization techniques No,
confirm the formation of NiCo bimetallic nanostructures in the catalysts. The
synthesized NiCo/SBA-16 shows enhanced catalytic performance for hydro-
genation of a series of nitroaromatics. Under the reaction conditions of 80 °C and
1.0 MPa of H,, the yields of aniline for nitrobenzene hydrogenation over NiCo 3/
SBA-16 can reach more than 99% at 2.0 h. The enhanced catalytic performance NH:

can be ascribed to the formation of NiCo bimetallic nanostructures, where the
synergistic effect between Ni and Co improves their catalytic activities for hydrogenation of nitroaromatics.

1. INTRODUCTION

Aniline and its derivatives are very important chemicals used in
the production of medicines, dyes, pigments, and pesticides.1_3
With the increasing demands for aminoaromatics, their
synthesis has attracted great attention in recent years."
Traditional production of aminoaromatics was achieved by
the reduction of nitroaromatics with iron powders or hydrazine
hydrate.”~” However, these two methods caused serious
pollution to the environment. Currently, catalytic selective
hydrogenation of nitroaromatics to aminoaromatics has
received great attention because of their environmental
friendliness and easy operation.” The hydrogenation of
nitroaromatics can be carried out in the gas or liquid phase,
and developing highly efficient catalysts is the key to promote
this process.””"

Noble metal catalysts, such as Pt,'>!3 Pd,'*'> and Rh,'*"7
are generally considered to have strong activity for catalytic
hydrogenation. For example, the two-dimensional metallic Pd
nanosheet catalysts showed high nitrobenzene conversion as
well as high aniline selectivity under 50 °C and 1.0 MPa of
H,."® Moreover, Na-containing CeO, nanorod-supported Pt
catalysts'” exhibited high yields of aniline and excellent
stability for nitrobenzene hydrogenation at room temperature.
However, the high cost and scarcity of resources with noble
metals limit their industrial applications. Transition metals,
including Ni,'"7?! Cu,**** Fe,”*** and Co,”*** are promising
alternatives due to their abundant reserves, low cost, and good
catalytic performance under certain conditions. For instance,
10%Ni/r—Si0,—CIS*® illustrated good catalytic activity for
nitrobenzene hydrogenation under the reaction condition of
150 °C and 1.0 MPa of H,, while Ni@NCQDs"’ achieved high
activity (100%) and selectivity (99.8%) for the reduction of p-
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chloronitrobenzene to p-chloroaniline. Ni/CeQ,-CAS®® cata-
lysts showed good catalytic performance for the reduction of
various nitroarenes under 120 °C and 2.0 MPa of H,, and the
Co/MA-800°" nanocatalysts were active for the reductive
amination of nitroarenes to obtain imines with high yields of
product. To promote the catalytic efficiency of non-noble
metal catalysts, formation of a bimetallic structure is a typically
used strategy. Due to the synergistic effect between the active
metal and the second metal, enhanced hydrogenation perform-
ance is achieved. For example, CuNi alloy nanoparticles (NPs)
exhibited good performance for catalytic transfer hydro-
genation of nitroarene using ethylene glycol as the hydrogen
donor,” while ceria-supported NiCo alloy catalysts derived
from the metal-organic framework™ demonstrated an aniline
yield of 87.9% under 150 °C and 2 MPa of H,. NiCu/C@
Si0,-800°* catalysts could smoothly transform various
substituted nitroaromatics to the corresponding aromatic
amines at 120 °C and 2.0 MPa of H,, and CoN,-Co,Zn,@
NPC catalysts®® achieved high activity and selectivity, affording
almost complete conversions and >98% selectivity in water/
methanol mixed solvents. Although the obvious progress of
non-noble metal catalysts for hydrogenation of nitroaromatics
is achieved, the reaction conditions are still relatively critical,
and their catalytic efficiency is required to be further promoted.
Specifically, the addition of Co to Ni could promote the
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hydrogenation of nitroaromatics as mentioned above, and
further detailed study of NiCo systems is required to enhance
their catalytic efficiency and make the reaction proceed in
relatively mild conditions.

In this work, mesoporous silica SBA-16-supported NiCo
bimetallic nanocatalysts were prepared by coimpregnation of
the precursors followed by calcination and H, reduction.
Ordered mesoporous materials SBA-16 are selected as
supports because of their good thermal stability, large specific
surface areas, and pore size,”° and such three-dimensional
ordered networks composed of interconnected pores make the
reactants more accessible.’’ In this study, the synthesized
catalysts were used for the selective hydrogenation of
nitrobenzene and substituted nitroaromatics. Under the
reaction conditions of 80 °C, H, pressure of 1.0 MPa, and
the reaction time of 2.0 h, the yield of aniline over NiCo, 3/
SBA-16 reaches >99% for nitrobenzene hydrogenation, and the
enhanced performance could be ascribed to the synergistic
effect between Ni and Co. Studies have reported various
bimetallic catalysts with the use of presynthesized bimetallic
alloy NPs (organic solvents were used in some cases).
Although the use of presynthesized bimetallic alloy NPs
could facilitate the understanding of the synergistic effect, their
use significantly increases the catalyst preparation cost and
hinders their industrial application. In this work, the synergistic
effect between Ni and Co enhanced their hydrogenation
performance, and the catalysts were prepared by a simple
coimpregnation method without organic solvents, which could
greatly decrease the cost and have good prospects in industrial
applications.

2. EXPERIMENTAL SECTION

2.1. Catalyst Preparation. Desired amounts of aqueous
solutions of 0.8 M Ni(NO;),-6H,0 and 0.8 M Co(NO;),
6H,0 were charged into a glass beaker containing 50 mg of
SBA-16. The resultant mixture was magnetically stirred at
room temperature for at least 8 h to almost dry. The samples
were dried in an oven at 60 °C for 12 h. Then, the dried
powders were calcined in air at 300—600 °C for 3 h and further
reduced by H, at 400—700 °C for 3 h to obtain Ni,Co,/SBA-
16. The real metal loadings were determined by an inductively
coupled plasma emission spectrometer (ICP-OES).

2.2, Catalyst Activity Measurements. All reactions were
carried out in a 25 mL Teflon-lined stainless steel batch reactor
with magnetic stirring at 600 rpm. The schematic demon-
stration of the experimental setup for the reaction is shown in
Figure S1. In a typical experiment, 15.0 mL of 75% ethanol,
102 pL of nitrobenzene (1.0 mmol), and 10.0 mg of NiCo,;/
SBA-16 (Ni, 25.0 wt %; Co, 8.4 wt %) were charged into the
reactor. Then, the reactor was sealed, and residual air in the
reactor was removed by hydrogen purging. The hydrogenation
reactions were performed under the defined H, pressure,
reaction temperature, and reaction time. At certain time
intervals, the reaction mixture was sampled, filtered, and then
analyzed by a gas chromatograph (GC) with a flame ionization
detector. The detailed analysis is included in the Supporting
Information.

3. RESULTS AND DISCUSSION

3.1. Catalyst Characterization. Figure 1 shows the X-ray
diffraction (XRD) patterns of Ni/SBA-16, Co/SBA-16, and
NiCog3/SBA-16 prepared by calcination at 400 °C and

Ni (JCPDS 04-0850)

Co (JCPDS 15-0806) [ |
| SiO, (JCPDS 29-0085)

20 40 60 80
20 (degree)

Intensity (a.u.)

Figure 1. XRD patterns of Ni/SBA-16, Co/SBA-16, and NiCo;/
SBA-16. All materials were calcined at 400 °C and subsequently
reduced at 600 °C.

subsequent H, reduction at 600 °C. All catalysts show a
diffraction peak at ~22° 26°, which is a characteristic peak of
SiO,. For Ni/SBA-16, three peaks at 44.5, 51.9, and 76.4° were
observed, which can be ascribed to the (111), (200), and
(220) diffractions of fcc nickel, respectively. However, Co/
SBA-16 does not exhibit the characteristic diffractions of Co,
possibly due to the formation of amorphous Co. For NiCo,;/
SBA-16, three diffractions at 44.4, 51.7, and 76.3° were
observed. Since the diffractions of fcc Ni and Co are very close,
it is difficult to assign the diffractions of NiCo,;/SBA-16 by
XRD measurements (the formation of bimetallic structures of
NiCo will be discussed later).

Figure 2 shows the transmission electron microscopy
(TEM) images of various materials. A highly ordered
arrangement of mesopores in the silica matrix can be clearly
observed. As shown in Figure 2a—d, the Ni-containing
bimetallic NixCoy/SBA—lé and individual Ni/SBA-16 show
distinct NPs in the mesoporous channels and on the surface. In
contrast, obvious NPs cannot be observed in the individual
Co/SBA-16 (Figure 2e), suggesting the formation of
amorphous Co NPs. The absence of obvious metal NPs for
Co/SBA-16 is consistent with its XRD patterns in Figure 1,
where Co/SBA-16 does not show the characteristic diffractions
of metallic Co. Figure S2 presents their corresponding particle
size analysis, where the bimetallic Ni,Co,/SBA-16 and
individual Ni/SBA-16 contain ~8 to 9 nm NPs.

Since NiCog3/SBA-16 showed the best catalytic perform-
ance for nitrobenzene hydrogenation, more detailed character-
izations were performed for the catalysts. Figure 3 presents the
high-angle annular dark-field scanning transition electron
microscopy (HAADF-STEM) images of NiCo,;/SBA-16
with energy-dispersive spectroscopy (EDS) phase mappings
and line scans. As shown in Figure 3b,c, the Ni and Co
elements are highly dispersed on SBA-16, and the combination
of Ni and Co phase mappings in Figure 3d confirms that Ni
and Co are in close contact. Moreover, the EDS line scans in
Figure 3e,f show the copresence of the Ni and Co elements in
the selected nanoparticles, confirming the presence of NiCo
bimetallic nanostructures.

Figure 4 shows the N, adsorption—desorption isotherm and
pore size distribution of NiCo,;/SBA-16 at different
calcination temperatures, and all tested samples were
subsequently reduced by H, at 600 °C. As shown in Figure
4a, all tested samples showed type IV N, adsorption/
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Figure 2. TEM images showing (a) NiCo,;/SBA-16, (b) NiCo,;/SBA-16, (c) NiCo,s/SBA-16, (d) Ni/SBA-16, and (e) Co/SBA-16. Calcination
at 400 °C and subsequent H, reduction at 600 °C were applied to the materials in panels (a)—(e).
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Figure 3. (a) HAADF-STEM images of NiCo,;/SBA-16 calcined at 400 °C and subsequently reduced at 600 °C, the inserted square indicating the
area for EDS phase mapping; (b) Ni phase mapping; (c) Co phase mapping; (d) the combination of Ni and Co phase mappings; (e) the selected
particles for EDS line scans; and (f) the corresponding EDS line scans. The scale bars are 25 nm.

desorption isotherms with hysteresis loops in the relative
pressure (P/P,) range from ~0.4 to ~0.7, confirming the
presence of mesoporous structures in the samples.38’39 The
pore size distributions by the BJH method for these materials
are shown in Figure 4b, where the obvious 5—6 nm mesopores
are the characteristic mesopores of SBA-16.

Table 1 summarizes the textural properties of NiCo,;/SBA-
16 calcined at various temperatures and reduced afterward by
H, at 600 °C. As shown in Table 1, the BET-specific surface
areas of NiCo,;/SBA-16 calcined at 300 and 400 °C are
apparently larger than those of NiCo,3/SBA-16 calcined at
500 and 600 °C, and the decrease of BET-specific surface areas
is possibly due to pore collapse at higher temperatures. It is
mentioned here that the BET-specific surface area of SBA-16 is

700 m*/g, and the specific surface areas of all catalysts are
significantly lower than that of SBA-16 due to the blockage of
mesoporous channels by encapsulation of NPs in the channels.

Since the XRD diffractions of NiCo, ;/SBA-16 are very close
to those of Ni/SBA-16, X-ray photoelectron spectroscopy
(XPS) analysis was used to further investigate the valence
states of cobalt element in NiCoy5/SBA-16 calcined at 400 °C
and subsequently reduced by H, at 600 °C. As shown in Figure
S3a, the binding energies at 778.5 and 793.3 eV are ascribed to
2ps/, and 2p,,, of the Co” species, respectively,”” and the
binding energies at 781.9 and 796.9 eV are due to 2p;,, and
2p, ), of the Co*" species.”’ Moreover, the binding energies at
785.4 and 802.0 eV can be assigned to 2p;,, satellite and 2p, /,
satellite of Co** species, res.pectively.42 As for the Ni 2p spectra
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Figure 4. (a) N, adsorption—desorption isotherms of NiCo3/SBA-16 prepared by calcination at various temperatures and subsequent H,
reduction at 600 °C; and (b) their corresponding pore size distributions by the BJH method.

Table 1. Textural Properties of NiCo,;/SBA-16 Prepared
by Calcination at Various Temperatures and Subsequent H,
Reduction at 600 °C

pore volume  pore diameter

samples Sper (m?/g) (em®/g) (nm)
NiCop,/SBA-16-300 °C 270 022 57
NiCoy3/SBA-16-400 °C 288 0.23 5.7
NiCoy/SBA-16-500 °C 232 022 5.7
NiCoy3/SBA-16-600 °C 248 0.21 5.7

in Figure S3b, the binding energies of 853.3 and 870.2 eV can
be ascribed to 2p;/, and 2p,/, of the Ni° species, respectively,
and the binding energies at 856.3 and 874.0 eV can be indexed
to 2py, and 2p;, of the Ni** species, respectively."”**
Moreover, two shake-up satellites (at 862.2 and 880.6 eV)* of
Ni° are also observed in Figure S3b. According to XPS analysis,
the molar ratio of Ni’/Ni** is 61.3/38.7, while the ratio of
Co’/Co*" is 58.5/41.5. The relatively large populations of
metal oxides are certainly due to the exposure of the samples to
air and the fact that Ni and Co are relatively active metals.
Figure 5 presents the H,-TPR profiles of NiCo,3/SBA-16
and monometallic catalysts calcined at 400 °C. As shown in

NiCo, ,/SBA-16

Ni/SBA-16

Hydrogen consumption (a.u.)

Co/SBA-16

100 200 300 400 500 600 700

Temperature (°C)

Figure S. H,-TPR profiles of NiCo,3/SBA-16, Ni/SBA-16, and Co/
SBA-16. All materials were calcined at 400 °C.

Figure S, the blue curve of Co/SBA-16 shows a reduction
starting from ~210 °C, while Ni/SBA-16 illustrates a reduction
starting from ~240 °C. According to the literziture,46’47 the
reduction of Ni oxides usually occurs at relatively higher
temperatures. Therefore, the first small peak centered at 230
°C in NiCoy3/SBA-16 (black curve) is similar to that of Co/
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SBA-16 and can be assigned to the reduction of Co;0, to
C00." The peak started from ~250 °C and ended at ~ 450
°C in NiCo,3/SBA-16 could be assigned to the reduction of
Co®" species to metallic Co and Ni** species to metallic
Ni, ***" while the peak centered at ~560 °C in NiCo,;/SBA-
16 is similar to the peak of Ni/SBA-16 centered at ~540 °C
and could be ascribed to the reduction of Ni oxides having
strong interaction with silica. Based on H,-TPR studies, it is
concluded that H, reduction at 600 °C can fully reduce the Ni
and Co elements to facilitate the formation of the alloy phase.

3.2. Catalytic Hydrogenation of Nitrobenzene. The
hydrogenation of nitrobenzene is carried out in organic
solvents at defined temperatures and hydrogen pressures.
The actual metal loadings of different NixCoy/SBA—16
determined by ICP-OES are shown in Table S1. To ensure
the same molar ratio of nitrobenzene/(Ni+Co), different
weights of catalysts were used due to the different loadings of
Ni and Co.

The effect of different ratios of Ni/Co of NixCoy/ SBA-16 on
the hydrogenation of nitrobenzene is shown in Figure 6. In this
reaction, the selectivity of aniline is nearly 100%, so its yield is
basically equal to the conversion of nitrobenzene. As shown in
Figure 6, under the same reaction conditions, individual Co/
SBA-16 catalysts do not show significant activity for the
hydrogenation of nitrobenzene. In contrast, individual Ni/
SBA-16 catalysts are more active for this reaction, showing a

100+ —=— NiCo, /SBA-16 .
—e— NiCo,,/SBA-16 P ;/,,/,ﬁfl
80- —*—NiCo, ,/SBA-16 . g d v
v Ni/SBA-16 o &7
S 601 Co/SBA-16 / v
=
QD
2 40+
204
0
T T T T T T T
0 20 40 60 80 100 120
Time (min)

Figure 6. Effect of the Ni/Co molar ratios on aniline yields over
Ni,Co,/SBA-16. All catalysts were calcined at 400 °C and reduced by
H, at 600 °C. Reaction conditions: nitrobenzene, 1.0 mmol;
nitrobenzene/(Ni+Co) molar ratio, 24/1; solvents, 15.0 mL of 75%
ethanol; H,, 1.0 MPa; reaction temperature, 80 °C; and speed of
agitation, 600 rpm.
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Figure 7. Effects of (a) calcination temperatures and (b) reduction temperatures of NiCo,;/SBA-16 on aniline yields for nitrobenzene
hydrogenation. H, reduction at 600 °C for panel (a) and calcination at 400 °C for panel (b). Reaction conditions: nitrobenzene, 1.0 mmol;
nitrobenzene/(Ni+Co) ratio, 24/1; solvents, 15.0 mL of 75% ethanol; H,, 1.0 MPa; reaction temperature, 80 °C; reaction time, 2.0 h; and speed of

agitation, 600 rpm.
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Figure 8. (a) Nitrobenzene hydrogenation over NiCo,3/SBA-16 at a high nitrobenzene/(Ni+Co) ratio of 120/1; (b) nitrobenzene hydrogenation
over the recovered NiCoy;/SBA-16 at a nitrobenzene/(Ni+Co) ratio of 24/1. Reaction conditions: nitrobenzene, 5.0 mmol for panel (a) and 1.0
mmol for panel (b); solvents, 15.0 mL of 75% ethanol; H,, 1.0 MPa; reaction temperature, 80 °C; and speed of agitation, 600 rpm. The catalysts

were calcined at 400 °C and reduced by H, at 600 °C.

yield of 80% at 2.0 h. After the addition of Co by retaining the
same moles of (Ni+Co) in catalytic reactions, all of the studied
Ni,Co,/SBA-16 show higher activities than that of individual
Ni/SBA-16. When the Co/Ni ratios reach 1/0.3, the best
performance was achieved, showing an aniline yield of 99.8% at
2.0 h. The enhancement is possibly due to the synergistic effect
between Ni and Co. Further increasing the Co/Ni ratios to
0.5/1 causes a slight decrease in aniline yield to 92% at 2.0 h
possibly due to the dilution of the Ni surface by excessive Co
atoms. Based on the above results, NiCo, ;/SBA-16 was used
for further studies.

Figure 7a shows the catalytic activity of NiCog3/SBA-16 at
different calcination temperatures, where all catalysts were
reduced at 600 °C. As shown in Figure 7a, the yields at 2.0 h
increase from 85.2% at 300 °C to 99.8% at 400 °C. With a
further increase of the calcination temperatures, the yield
decreased obviously, showing 89.4% at 500 °C and 78.5% at
600 °C. The poor catalytic performance at 300 °C may be due
to the incomplete removal of nitrate. The decrease in the
catalytic performance of NiCo,3/SBA-16 with calcination at
temperatures above 400 °C is mainly due to the decrease of
specific surface areas at higher calcination temperatures (Table
1).

Figure 7b presents the catalytic activity of NiCo,3/SBA-16
at different reduction temperatures, where all catalysts were
calcined at 400 °C before reduction. As shown in Figure 7b,
the yields increase from 80.1% at 400 °C to 90.1% at 500 °C
and reach the best performance of 99.8% at 600 °C. Further
increasing the reduction temperatures to 700 °C causes the
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aniline yield to slightly decrease to 95.9%. Based on the H,-
TPR results in Figure S, we speculate that the relatively worse
performance at the reduction temperatures <500 °C can be
ascribed to the incomplete reduction of metal oxides and the
less formation of NiCo bimetallic nanostructures.

Figure $4 illustrates the influence of solvents on the catalytic
performance of NiCo,3;/SBA-16. As shown in Figure S4, using
methanol, isopropanol, and ethanol as solvents only give the
aniline yields <23.8% at 2.0 h. When water is used as the
solvent, the aniline yields are greatly improved to 89.7%. When
75% ethanol is used as the solvent, the yields are further
enhanced to 99.8% at 2.0 h. According to the literature,>"* the
improvement of catalytic performance is mainly attributed to
the competitive adsorption of water and ethanol on the surface
active sites and the intermolecular interactions between water
and reactant or product molecules. The use of ethanol and
water-mixed solvents is conducive to the adsorption of
nitrobenzene and the desorption of aniline by increasing the
concentration of adsorbed nitrobenzene and reducing the
concentration of adsorbed aniline, thus accelerating the
catalytic reactions.”

Figure SS shows the effects of reaction temperatures and
hydrogen pressures on aniline yields over NiCog3/SBA-16. As
shown in Figure SS5a, the yields of aniline increase significantly
as the temperatures increase from 60 to 120 °C. When the
reaction temperature is >80 °C, the yields of aniline at 2.0 h
approach >99%. As shown in Figure SSb, the H, pressures
have an obvious influence on the reaction, especially in the
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Table 2. Catalytic Hydrogenation of Various Substituted Nitroaromatics over Ni/SBA-16 and NiCo,;/SBA-16“

Reactants  Main products Time (h) Cat. Conv. (%) Sel. (%)
3.0 Ni/SBA-16 74.2 86.7

Cl Cl
NO, NH; 3.0 NiCog3/SBA-16 95.6 89.5
Q/C‘ Q/"‘ 35 Ni/SBA-16 722 99.5
itk NH, 35 NiCog3/SBA-16 96.1 100.0
€ ol 3.0 Ni/SBA-16 75.5 94.3
@ © 3.0 NiCoy3/SBA-16 98.7 95.9

NO, NH,
2.0 Ni/SBA-16 81.4 44.8

NO, NH,
07 TCH; 0”7 TCH; 2.0 NiCo(3/SBA-16 97.8 76.7

NOy NH;
9/ EE( 5.0 Ni/SBA-16 65.8 953
oo, e, 5.0 NiCoo3/SBA-16 90.4 99.6
NO, NH; 4.0 Ni/SBA-16 82.1 89.9
; 4.0 NiCoy3/SBA-16 91.6 97.2

o “cn, o ey

“Reaction conditions: reactants, 1.0 mmol; reactants/(Ni+Co) ratio, 24/1; solvents, 15.0 mL of 75% ethanol; H,, 1.0 MPa; reaction temperature,

80 °C; and speed of agitation, 600 rpm.

early stage of the reactions, but the aniline yields at 2.0 h could
reach > 99% for H, pressures >0.5 MPa.

Figure 8 presents the catalytic stability of NiCo,3/SBA-16
for the hydrogenation of nitrobenzene. It is difficult to recover
catalysts in the autoclave system, and a significant percentage
of catalysts are lost during cycle-to-cycle experiments. There-
fore, the stability test was performed in the nitrobenzene/(Ni
+Co) molar ratio as high as 120/1, which is S times higher
than the normal test. After the above test with a nitrobenzene/
(Ni+Co) molar ratio of 120/1, the solids were collected,
washed, and dried for a normal test with a nitrobenzene/(Ni
+Co) molar ratio of 24/1. The total amount of reactants in this
work is equal to the sum of the amounts of reactants during six
cycles of normal experiments, and the reaction time is also
equal to the total reaction time of six cycle experiments. As
shown in Figure 8a, the hydrogenation reaction with a
nitrobenzene/(Ni+Co) molar ratio of 120/1 achieves a
99.8% vyield in 10.0 h, showing nearly the same catalytic
efficiency at a high dosage of reactants as that of a normal test.
In a reaction with high dosages of reactants, the metals in the
catalysts may leach into the solution but still play the catalytic
role. Therefore, after the mentioned reaction, the catalysts
were recovered and further performed at the normal reaction
conditions for comparison. Figure 8b shows the reaction curve
with the recovered catalyst with a nitrobenzene/(Ni+Co)
molar ratio of 24/1. After treating the reactants five times, the
recovered NiCo;/SBA-16 exhibits almost the same perform-
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ance as the fresh catalysts, showing excellent catalytic stability.
Figure S6a presents the TEM image of the used catalysts, while
Figure S6b shows the corresponding size distributions.
Although no obvious change was observed in the TEM images
(Figure S6a), the particle size of NiCoy;/SBA-16 slightly
increased from 8.2 nm for the fresh catalysts to 9.1 nm for the
used catalysts, which may be responsible for the small decrease
of aniline yields observed in Figure 8b.

We further extended the application of NiCog;/SBA-16
catalysts to hydrogenation of various substituted nitro-
aromatics. As shown in Table 2, hydrogenation of nitro-
benzenes with different groups (carbonyl and chloride) at
different substitutions (o-, m-, and p-) was investigated. For
hydrogenation of o-, m- and p-chloronitrobenzene (CNB),
NiCo,;/SBA-16 shows significantly higher conversions than
the control Ni/SBA-16. The o-, m-, and p-CNB conversions
over NiCo 3/SBA-16 were 95.6, 96.1, and 98.7%, respectively,
while the conversions over Ni/SBA-16 were 74.2, 72.2, and
75.5%, respectively. The main byproduct for CNB hydro-
genation is aniline, which is produced by hydrodechlorination
of CNB. For hydrogenation of o0-, m-, and p-nitroacetophenone
(NAP), NiCoy3/SBA-16 shows significantly enhanced con-
versions and selectivity relative to Ni/SBA-16. For example,
97.8% of o-NAP conversion and 76.7% of o-acetylaniline
selectivity are achieved with NiCo, 3/SBA-16, while those over
Ni/SBA-16 are 81.4% and 44.8%, respectively. The main
byproducts for nitroacetophenone hydrogenation are relatively
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complex. According to the literature,” aminophenyl ethanol,
aminocyclohexyl ethanol, and ethylaniline are the possible
main byproducts. In this study, NiCo,;/SBA-16 catalysts
demonstrate enhanced catalytic properties for all six substrates,
indicating good adaptability.

Table S2 presents the comparison of catalytic performance
between different transition metal-based catalysts for nitro-
benzene hydrogenation. As shown in Table S2, the hydro-
genation of nitrobenzene over NiCo, ;/SBA-16 can proceed at
relatively mild reaction conditions. The catalytic enhancement
is ascribed to the synergistic effect between Ni and Co, where
the formation of bimetallic nanostructures could change the
coordination behaviors of reactants and intermediates, thus
promoting their hydrogenation performance. Moreover, the
NiCo,3/SBA-16 was prepared by a simple coimpregnation
method with a relatively low preparation cost, making them
suitable for industrial applications.

4. CONCLUSIONS

In summary, bimetallic NiCo,3;/SBA-16 catalysts were
prepared by the coimpregnation method and used to catalyze
the hydrogenation of nitroaromatic to aminoaromatics.
Compared with monometallic Ni/SBA-16, the catalytic
performance of NiCoy;/SBA-16 for a series of substituted
nitrobenzenes was improved. The formation of bimetallic
nanostructures not only enhances their catalytic activities but
also improves their catalytic selectivity. The enhanced catalytic
performance can be attributed to the interaction between Ni
and Co. We believe that the simple and inexpensive synthetic
method used in this work can extend to prepare other
bimetallic catalysts to enhance their catalytic performance, and
such a simple method can facilitate the industrial applications
of bimetallic catalysts.
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