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Synthesis, Characterization and Applications of Nickel loaded SBA-15
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Abstract: In the present study, we report the modification of SBA-15 with nickel incorporation by post
synthetic treatments and its catalytic application. The synthesized SBA-15 materials were characterized by
Nitrogen adsorption-desorption studies, XRD and TEM. The nickel loaded SBA-15 materials were successfully
used to catalyze the model reaction of reduction of 4-nitrophenol to 4-aminophenol using sodium borohydride.
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Introduction

SBA-15 as well as functionalized and metal
modified SBA-15 find widespread applications
in the fields of catalysis [1-4] ,
adsorption[5,6], drug delivery[7,8] etc. In the
field of catalysis, a lot of attention has been
concentrated on application of SBA-15 as
noble metal support for catalysis. H. Wang et
al. [9] reported synthesis of highly dispersed
palladium nanoparticles within the uniform
channels of SBA-15 via a glow discharge
plasma reduction treatment which showed
good activity for CO oxidation. Silver
nanoparticles within the pore channels of
formaldehyde grafted mesoporous silica SBA-
15 were synthesized by D. Lin and co-workers
for applications in hydrogen peroxide sensing
by the Ag-mSBA-15 modified electrode [10].
Highly dispersed Pt nanoparticles on modified
mesoporous Al-SBA-15 were also prepared by
a solid state impregnation (SSI) methodology.
Various metals can be incorporated into the
meso-channels of SBA-15 by wetness
impregnation method in a post synthetic route
for the modification of pure SBA-15 [11-13].
Here we explore into the simple method of
wetness impregnation for preparing Nickel
loaded SBA-15 and the potential applications
in catalysis [13,14].

Materials and methods

Poly (ethylene glycol) block poly (propylene
glycol) block poly (ethylene glycol), P123,

(EO»PO-EO,, MW = 5800 g/mol) and
Nickel Nitrate were purchased from Aldrich.
Tetraethylorthosilicate (TEOS) was bought
from Merck and used as the silica source. The
materials were used without further
purification or any modification.

Synthesis of Ni-SBA-15

Firstly, the SBA-15 materials were prepared
following the method of Stucky ef al[15]. In a
typical synthetic procedure, 4g of the
surfactant Pluronic P123 were dissolved in
140mL of 2N hydrochloric acid by continuous
stirring using a mechanical stirrer in a Teflon
beaker. The temperature of the mixture was
then kept a 40 °C and 8.6g of
Tetraethylorthosilicate (TEOS) was added
dropwise to the mixture while stirring was
continued. The mixtures was stirred for 12
hours and then aged at 100 °C for another 48
hours in a Teflon lined autoclave. Then the
product was filtered, washed with distilled
water and ethanol. The products were then
dried at 80 °C in an air oven for 12 hours. In
the final step, the organic template was
removed from the silica materials by
calcination at 550 °C for 5 hours, before
attaining the calcination temperature, the SBA-
15 was heated at a heating rate of 3 °C per
minute to 550 °C. The final product was a pure
white powder and the powder is designated as
SBA-15. Then the nickel loaded SBA-15
materials were synthesized via post synthetic
impregnation method [16,18]. In this method,



Ni-SBA-15 samples were prepared by
incipient wetness impregnation of mesoporous
SBA-15 support with the corresponding
aqueous metal nitrate precursor solutions. In a
typical synthesis, 0.5 g SBA-15 was mixed
with 25 mL aqueous solution containing nickel
nitrate [Ni(NOs),.6H,O, 0.1 M] under stirring
at 60 °C until dryness, and then drying at 100
°C overnight. The dried material was finally
calcined at 550 °C for 4.0 h under air at a
heating rate of 5 °C per minute.

Characterization of Ni-SBA-15

Small angle XRD spectra were recorded on a
Rigaku x-ray diffractometer for 20 values from
0.5-10° using Cu-Ka source (A = 1.54 A).
Wide angle X-Ray Diffraction (XRD) patterns
were recorded using a Bruker D8 Advance
diffractometer operating at a voltage of 40 kV
and a current of 40 mA with Cu Ka radiation
of wavelength 0.15406 nm. The nitrogen
adsorption-desorption isotherms were
measured using Micromeritics Tristar 3000
instrument. Before adsorption, the samples
were degassed at 300 °C for 3 h. The method
of Barrett, Joyner and Halenda (BJH) [19] was
used for the mesopore size distributions from
the experimental isotherms. High resolution
Transmission Electron Micrographs (TEM)
were captured with JEOL JEM 2100 TEM
instrument operated at 200 kV. Ethanolic
suspension of the samples were prepared on
dry carbon coated Cu-grid.

Catalytic study

To test the catalytic activity of the synthesized
Ni-SBA-15 materials were used as catalyst in
the reduction reaction of 4-nitrophenol to 4-
aminophenol by NaBH,. For kinetic study of
the reaction, the absorbance of corresponding
to 4-nitrophenolate anion (A= 400nm) was
monitored at different time intervals. The

reduction reaction of 4-nitropheol to 4-
aminophenol (Scheme 1) has become
academically as well as technologically

important[20].
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Scheme 1 Reduction of 4-NP to 4-AP in
presence of catalyst

In this study, 1.5 mmol of 4-nitrophenol was
mixed with 20 mmol Sodium borohydride in
the presence of 10 mg catalyst per 50 mL of
reaction mixture. During the reaction, the
absorption peak of 4-nitrophenol undergoes a
red shift from 317 to 400 nm (due to 4-
nitrophenolate ion) immediately upon the
addition of aqueous solution of NaBH,,
corresponding to a significant change in
solution color from light yellow to yellow—
green. Thus the course of the reaction can
easily be monitored by recording the UV-
Visible spectra of the reaction mixture at
different time intervals.

Results and Discussion
X-Ray diffraction analysis

The low angle XRD patterns (Fig. 1) of the Ni-
SBA-15 materials show similar peaks as seen
in SBA-15. A strong peak around 2 theta value
1.03° can be indexed to the (100) reflection.
Two more weak peaks can be indexed to (110)
and (200) reflections. These peaks are
characteristic of the of a 2D hexagonal
structure P6mm symmetry of the mesoporous
materials[21].

The wide angle powder XRD patterns (Fig. 2)
of the Nickel loaded SBA-15 exhibited no
recognizable specific diffraction peak of the
nickel species. It was similar to pristine SBA-
15 which was used as the mesoporous support.
These results may be because nickel was so
finely incorporated into the surface of the
mesopore of the Ni-SBA-15 that it could not
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Fig. 1 Low angle powder XRD patterns of Ni-SBA-15

form a crystalline structure[22]. The non-
existence of characteristic peak representing
crystalline nickel species may also be due to
low loading amount of nickel into the

mesoporous support[23].

All samples also show a broad silica peak
around 2 theta value of 23° indicating an
overall low degree of crystallization of the
silica materials. The unit cell characteristics
calculated from low angle XRD are tabulated

below

Table 1 Unit cell characteristics of

Ni-SBA-15
Miller 20° d-Value | Unit cell
Indices (A) parameter
(hkd) ay (A)
100 1.03 85.7 98.96
110 1.79 49.31
200 2.06 42.85

Nitrogen adsorption desorption studies

The nitrogen adsorption-desorption isotherms
were obtained following similar procedure as
explained in case of SBA-15. The isotherm
obtained is a type IV isotherm with combined
H1 and and H3 hysteresis characteristics[24].
The isotherm is similar to mesoporous silica
but with some characteristics of closed pore
structure is evident from the ink-bottle type
isotherm appearance[25].
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Fig. 2 Wide angle XRD patterns of Ni-SBA-15
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Fig. 3 Nitrogen adsorption desorption
isotherm of Ni-SBA-15

The surface area of the materials were
calculated using the BET method and the
external surface area, micropore volume and
micropore surface area were calculated using
the correlation of #-Harkins and Jura plot (#-
plot method)[26,27].
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Fig. 4 Pore size distribution of Ni-SBA-15 of
the adsorption branch; inset-desorption branch
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The pore size distribution was calculated
by BJH method using the desorption

branch[28,29]

" Table 2 Textural properties of Ni-SBA-15
0203 BET surface area 534.89 m’/g

g . External surface area 312.07 m'/g

g Micropore surface area 222.82 m’/g
00! Micropore volume 0.02499 cm3/g
o Single point total pore volume | 0.4516 cm’/g
Y 0 0 0 (at P/Py=0.99286)

Relativepesre (PR BJH average pore size 3437 A

(desorption branch)

Fig. 5 BET plot of Ni-SBA-15 BJH average pore size 50.77 A

(adsorption branch)
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Fig. 6 Representative t-plot of Ni-SBA-15 in

the thickness range 3.5-5A

The nitrogen-desorption experiments of Ni- 15 materials but still relatively high total
SBA-15 shows Type IV isotherm with H3 type surface area suitable for catalytic applications.
hysteresis Fig. . The BET method yielded From the t-plot analysis, it can be concluded

lower total surface area than the pristine SBA- that the materials contain micropores. The



Spectra, Journal of the School of Applied Sciences, USTM

slope of the fitted t-plot (Fig. ) was used to
calculate the external surface area and the
intercept gave the micropore volume.

Transmission Electron Microscopy

The transmission electron micrographs of Ni-
SBA-15 show hexagonal pore symmetry and
confirm that the modified SBA-15 materials
possess  ordered one-dimensional  pore

structure similar to that of the pure SBA-15.
However, a decrease in structural ordering
from SBA-15 to Ni-SBA-15 can be observed
from the images. The SAED patterns are
typical of amorphous materials which may be
due to very finely dispersed nickel in the silica
matrix with low amount of loading.

Fig. 7 Transmission Electron Microscopy images
of Ni-SBA-15

Catalytic reduction of 4-nitrophenol

In the absence of the catalyst, peak at 400 nm
remained unaltered for a long duration,
indicating the inability of the strong reducing
agent NaBH, alone to reduce 4-nitrophenolate
ion even though the reaction medium contains
the electron donor (BH,) and proton source
(H,0). As suggested by Zhang et al.[30], the
catalyst brings down the kinetic barrier created
due to mutual repulsion between both
negatively charged p-nitrophenolate ion and
BH, ion. Once the catalyst was added, there
was a successive decrease in absorption peak

at 400 nm corresponding to reduction of 4-
nitrophenolate species.
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Fig. 8 UV-Visible spectra showing reduction of
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Fig. 9 Pseudo first order kinetics linear fit
plot

In general, the mechanism for the
heterogeneous catalysis reactions are studied
using the classical Langmuir-Hinshelwood
equation which is based on the reaction
between the chemisorbed species on the
surface of the catalyst and the same
mechanism has been accepted to explain a
majority of surface catalytic reactions both
experimentally and theoretically[31]. We



thus employed the Langmuir-Hinshelwood
mechanism considering that the reaction
proceeds by encounter between the
chemisorbed atoms on the surface of the
catalyst and the substrate molecules[32]. The
rate equation is used in the form[33]:

ac _ ki-HKadsC
dt ~ 1+KgqsC

(D

On integrating Eq.l1, pseudo-first-order
reaction K,;C is very small compared to 1 in
the denominator of Eq.1, so it is simplified and
integrated to be:

In (z_(:) = ki-pKaast = kappt (2)
Where, k; uKais=kgpp, 1s the pseudo-first order
reaction rate constant. The pseudo-first order
reaction rate may be assumed to be
proportional to the accessible surface area of
the catalyst[32]. The concentrations Cy and C;
have their equivalents in terms of the
absorbance of the solution; they are noted A,
and A respectively, and absorbance values
were measured at a fixed wavelength (L) at
fixed time intervals, t. Therefore, for constant
catalyst concentration and uniform accessible
surface area by the reactants, a plot of
In(Ag/A,) as a function of time results in a
straight line whose slope is defined by the
pseudo-first order rate constant k of the
catalytic reactions.

The reaction between 4-NP and NaBH, has
been used widely for investigating the
catalytic activity of metal nanostructures
owing to two important properties viz., the
reaction does not occur without a catalyst
and the catalyzed reaction can be monitored
easily using UV-Visible spectrophotometric
method (Fig. 8). As the initial concentration of
NaBH, was very high and it remained constant
throughout the reaction, we have considered
that this catalytic reaction follows pseudo first
order kinetics (Fig. 9) with apparent rate
constant 0.1110+0.0047 min”.

Conclusions

We have successfully incorporated Nickel into
the meso-channels of SBA-15 by post
synthetic route. All the synthesized materials
have high surface area and thus have potential
catalytic activity. All materials also have
micropore surface area confirmed by the t-plot
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method. Ni-SBA-15 materials were also
efficient in catalyzing the reduction of 4-NP to
4-AP. The high surface area, pore symmetry
and benign nature of the SBA-15 materials
make it a suitable support for metal
nanoparticle loading and make it a good
candidate for catalytic applications.
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