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Abstract: Synthesis of a microporous cobalt silicate was achieved by using 6,10-dimethyl-5-azoniaspiro[4, 5] decane
bromide as structure directing agent. And physicochemical characterization was carried out using XRD, SEM, HTEM,
TGA, FT-IR, BET-N;, ICP-OES and EDS. ETS-10 like structure framework was present as a competitive phase.
Calcination of the cobalt silicate at 500 °C leads to a new structure. The possibility of this material be cobalt oxide was
excluded since Bragg reflections at 26 = 19.2°; 30.3°; 36.9° 43.7° 59.2° were absent (JCPDS#80-1538). Both the
indexation of the XRD data for the calcined material which has resulted in a tetragonal unit cell (a=b =10.39 Aand c =
12.21 A, a =B =y = 90°, V= 1317.4 A®) and HTEM data indicated the cobalt silicate can be used as a precursor for the

preparation of double perovskite cobalt materials.
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1. INTRODUCTION

Zeolites are crystalline microporous materials based
on aluminosilicates with well-defined pore structures
built of [SiO4]'” and [AIO4]” tetrahedra with diameters
smaller than 10 A and containing active sites that can
be generated in the zeolite framework [1]. Depending
on zeolite chemical composition, different pore sizes,
acidity, basicity, thermal resistance, and ion exchange
selectivity, different specificities of the active catalytic
sites can be formed. These properties have direct
dependence on the conditions of the synthesis and the
way that it is performed. Zeolites are usually
synthesized by hydrothermal sol-gel reactions, under
specific conditions of temperature, pressure and
controlled pH to fine-tune the final zeolites properties.
The possibility of tailoring the strength and
concentration of the active basic or acidic sites, surface
area, and adsorption properties of zeolitic materials
make them attractive heterogenous catalysts to
produce petrochemicals, detergents builders, sensors,
and adsorbents for environmental remediation [2-5].

Substitution of Si or Al atoms in the crystallographic
zeolite structure by transition atoms such as Ti, V, Zr,
Ge, Sn, Nb, Y, Cr, Co and Mo favours the formation of
zeolites with different physicochemical properties and
new topologies of pores, channels, and cavities [6].
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Zeolites containing silicon atoms with tetrahedral
geometry and transition metal atoms with octahedral or
pentahedral geometry in their crystallographic networks
are defined as microporous materials of mixed
structures or OPT materials. The monomeric units that
form these inorganic polymers are made of silicon
tetrahedrons (SiO,) and the octahedrons (MOg) or
pentahedrons (MOs) of transition metals. The first
works related to the synthesis and characterization of
mixed-structure microporous (OPT) materials, including
cobalt-silicate based materials date back to the late
1980’s and early 1990’s [7-10].

Materials with zeolitic structure based on cobalt
silicates have been studied since the 80's due to their
catalytic properties [11-13]. Among applications in
catalysis, the reduction of NO, [14]; Fischer-Tropsch
reactions [15]; oxidation of aromatic compounds [16],
and hydrogenation reactions [17]. There are several
methods for synthesis of zeolitic materials containing
cobalt, either integrated into the structure, or
impregnated on the surface, or even adsorbed under
the ion exchange process [18]. In general,
hydrothermal syntheses are used in a reaction medium
containing cobalt salts and a silica source, in an acidic
or basic aqueous medium, with temperatures in the
range of 100-200 °C. The patent literature presents
examples of application of cobalt-based crystalline
materials as molecular sieves [19-21] and as catalysts,
for example, in hydrocarbon conversion reactions [22]
and reduction of nitrogen oxides [23].
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This paper reports the sol-gel synthesis and the
physicochemical characterization performed by XRD,
SEM, EDS, HTEM, TGA, BET, FT-IR, and ICP-OES of
a new cobalt silicate and the discussion of its possible
applications.

2. MATERIALS AND METHODS

Ludox HS-30 (27% m/m SiO,); NaOH; KF, CoSO,.7
H,0; 2,6-dimethylpiperidine (mixture of isomers) were
purchased from Sigma-Aldrich and used without further
purification. Inorganic salts and organic bases used for
the preparation of zeolitic matrices were of reagent
grade (= 98%).

2.1. Synthesis of SDA 6,10-Dimethyl-5-Azoniaspiro
[4.5] Decane

Synthesis of 6,10-dimethyl-5-azoniaspiro[4.5]
decane bromide SDA is schematized in Figure 1. A
typical synthesis is prepared as follows: one mole of
cis-2,6-dimethyl-piperidine is consumed in 170 mL of
methanol along with 2 moles of potassium bicarbonate
(KHCO:;). Then, one mole of 1,4-dibromopentane is
added to this system, drop by drop. The reaction
mixture is then maintained under stirring and reflux for

H
N 0
+ HO

2,6 - dimethylpiperidine

72 hours. Afterwards, the mixture is cooled, and
methanol is evaporated in a system coupled to a
heating bath and a vacuum pump. At the end of the
process, the solid phase is extracted with chloroform.

2.2. Synthesis of Cobalt Silicate

Cobalt silicate synthesis consists of three parts, as
illustrated in Figure 2. First, a solution was prepared
following the order of addition of the components,
under constant stirring: 8.49 g of H,O; 1.86 g of Ludox
HS-30, then 1.05 g of 6,10-dimethyl-5-azoniaspiro [4.5]
decane bromide; after the structure director, 0.21 g of
NaOH was added and finally, after complete
dissolution, 0.57 g of KF. The second step consisted of
preparing a solution containing 1.23 g of H,O and 0.55
g of CoSQ,.7 H,0; this solution presented a strong red
colour. The Co solution was then mixed into the first
solution and immediately the colour of the mixture
turned blue-purple, and a homogeneous gel started to
form. This mixture was kept under constant stirring for
another hour and the pH of the gel was measured at
13.0. The last step of the synthesis was to place the gel
in a hydrothermal reactor and take it to the oven for 7
days at 180 °C. After one week, the reactor contained

Br

MeOH N

O K" 5

Br

Figure 1: Schematic synthesis for preparation of structure directing agent derivative from 2,6-dimethylpiperidinium cations.

Deionized water

Silica source
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Filtered and dried at
60 °C for 12 hours

Calcinated at 500 °C
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obtained

Figure 2: Schematic illustration for preparation of sol-gel cobalt silicate.
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two phases, one solid and one liquid. The solid phase
was separated by filtration and washed with deionized
water, then placed to dry in an oven at 60 °C for 12
hours. The resulting solid has a pinkish colour.

After synthesis, the cobalt silicate material is still
impregnated with the 6,10-dimethyl-5-azoniaspiro [4.5]
decane bromide. In order to remove the organic
molecule, a thermal treatment was performed
consisting of calcination in a muffle furnace, following a
temperature ramp: 30 min from 25-100 °C; 30 min from
100-200 °C; 30 min from 200 to 300 °C, then 30 min
from 300-400 °C and 30 min from 400-500 °C. The
sample was then kept for another 3 hours at 500 °C
and then cooled naturally to room temperature. The
calcined material is a dark blue one.

2.3. Physicochemical Characterization

Physicochemical characterization of cobalt silicate
was performed using X-ray Powder diffraction (XRD),
Scanning electron microscopy (SEM); Energy
dispersive spectroscopy (EDS), High resolution
electron transmission microscopy (HTEM); Fourier
transform-infrared  spectroscopy (FT-IR); BET-N;
adsorption  Thermogravimetric  analysis  (TGA).
Elemental chemical analysis was performed by Optical
emission spectroscopy with coupled plasma (ICP-
OES). XRD analyses were performed in a Rigaku
Miniflex Il diffractometer operating at 30 kV and 15 mA,
using a nickel filter and radiation CuKa (A = 1.5418 A).
The diffraction patterns were obtained using a 20 range
from 3° to 80° with the goniometer at a rate of 2° (20)
min™. Scanning electron microscopy (SEM) images
were recorded at the  Brazilian National
Nanotechnology Laboratory (National Center for
Energy and Materials Research), in Campinas (Sao
Paulo State), using a Phillips XL30 FEG instrument
operating with electron beam voltages from 5 to 25 kV.
Additional analyses were performed at LCE-DEMa
(UFSCar, Sao Carlos, S&do Paulo State), using an FEI
Inspect S50 scanning electron microscope operated
with an electron beam voltage of 25 kV.

FT-IR analyses were performed in a Shimadzu
IRTracer-100 Spectrometer; samples were analysed
with 32 scans with a resolution capacity of 2 cm
between wavelengths of 400 cm™ to 4000 cm™ using
the KBr pellet technique. Elemental chemical analysis
for Si, Co, Na, and K, was determined by Inductively
Coupled Plasma-Optical Emission Spectroscopy using
an Arcos model ICP-OES Spectrometer, with sample
digestion done by fluorination and alkaline fusion with

lithium tetraborate, followed by dissolution with nitric
acid, using approximately 75 mg of material for each
sample. TGA analysis carried out on a Netzsch 429
instrument. The as made synthesized samples (5 mg)
were heated in a stream of synthetic air (50 mL/min
with a heating rate of 10 °C/min in the temperature
range 25-1000 °C). BET-N, analysis were performed at
-196 °C in a Micromeritics adsorption analyser model
ASAP 2020; for this, approximately 0.2 g of sample
was submitted to a gas flow at 150 °C for 24 h and
then analysed by the BET method.

3. RESULTS AND DISCUSSION

XRD data for the as made and calcined cobalt
silicate sample are shown in Figure 3, The XRD pattern
of the as made cobalt silicate shows diffraction peaks
located 20 = 6.17°; 11.09°; 21.02°;, 23.35° 26.94°;
30.27°; 31.45° 38.53°% 47.71° and 56.05°. A careful
analysis of XRD patterns clearly indicates that the
cobalt silicate is not a pure phase material and there
are other competitive phases. One of the competitive
phases could the assigned to the ETS-10 titanosilicate
[24,25]. ETS-10 which is characterized by two broad
diffraction peaks at 26 = 6.17 and 11.09°. A literature
survey concerning the ETS-10 synthesis in the
absence or presence of organic templates revealed
that the most common competitive or impurity phases
were ETS-4, AM-1, AM-2, AM-3, and/or AM-4 [26].
Paula and co-workers have intensively studied the sol-
gel chemistry of titanosilicate ETS-10 in the presence
of 2,6-dimethylpiperidinium cations and
decahydroquinolium, piperidinium and (S)-Spartenium
cations and high crystalline ETS-10 were obtained,
however the competitive phase previously reported
were not detected when using 2,6-dimethylpiperidinium
cations [27-30]. After calcination, Bragg diffraction
peaks located at 26 = 6.17° 11.09° 21.02° 30.27°
31.45° disappeared (Figure 3) and the possibility of
cobalt oxide formation excluded since t the (26 = 19.2°;
30.3% 36.9° 43.7°; 59.2°) were absent (JCPDS#80-
1538). A tetragonal unit cell (a =b = 10.39 A and ¢ =
1221 A, a =B =y =90° V= 1317.4 A% were obtained
using TREOR [31]. Howe et al., have discussed the
incorporation of cobalt cations into the ETS-10
framework. In their work the incorporation of cobalt
species was achieved without organic templates and
the final cobalt content was around (1.5%) [32], while
by using 6,10-dimethyl-5-azoniaspiro [4.5] decane
bromide an incorporation of 15.4 % was achieved in
this current research according to the ICP-OES
analysis (Si = 16.30%; Co = 15.40%; Na = 8.24%; K =
5.60%).
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Oxide catalysts that are both active and stable for
the oxygen evolution reaction upon water oxidation in
alkaline solution have been extensively reported in the
literature and double perovskites are very suitable
oxide catalysts for this purpose [33-35]. The unit cell
parameters found for the cobalt silicate in this study are
larger than the PrBaCo,0s75 (a = b = 3.9005(8) A, ¢ =
7.6389(1) A, V= 116.217(5) A®, space group P4/mmm)
and PrBaCo,0s55 (a = 3.9066(8) A, b = 7.8737(5) A, ¢ =
7.6049(4), V) = 233.922(1) A3, space group P4/mmm)
reported by Miao et al [35] and these preliminary data
can suggest that this cobalt silicate can be possibly
used as precursor for cobalt perovskite formation.
Although the formation of ceramic phase from zeolite
have been reported since the seminal work of Breck et
al., [36] the advantages of using zeolite as precursors
for the preparation of aluminosilicate ceramics were
extensively reported by several authors [37] the
possibility of microporous cobalt silicate as a
precursors for the synthesis of for cobalt perovskite
arises as a viable possibility as suggested by the
experimental data herein reported.
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Figure 3: Powder XRD patterns of cobalt silicates
synthesized with organic template derived from 2,6-
dimethylpiperidinium cations.

Figure 4 shows the SEM and HTEM of the cobalt
silicate. SEM images reveal that the morphology of this
cobalt silicate can be described as a tangle of line-like
structures which resemble a coral structure with pores
and cavities. Further evidence of the double perovskite

Figure 4: SEM and HTEM images of cobalt silicate material with different magnifications: a) 40000x; b) 100000x c) High
resolution transmission electron micrograph images for cobalt silicate, with scaling of 100 nm. d) High resolution transmission

electron micrograph images for cobalt silicate with scaling of 2nm.



A Potential Precursor for the Preparation of Double Perovskite Cobalt Materials Journal of Material Science and Technology Research, 2022, Vol. 9 101

si

Figure 5: EDS spectrum of cobalt silicate material.

cobalt is provided by TEM images. A comparison of the
HTEM showed in Figure 4d with the data reported by
Horn et al., [38].

Figure 5 shows the EDS data, and the chemical
composition is in accordance with the pristine sol-gel
chemistry composition. It is worth to mention that no
signs of the carbon due to the use of SDAs were found
in the EDS spectrum. Atomic percentage of Si (23.7%),
Co (9.9%) which gives a Si/Co ratio of approximately
2.4 is in accordance with the amounts determined by
ICP-OES analysis (Si = 16.30%; Co = 15.40%; Na =
8.24%; and K = 5.60%).

The data for surface area analysis of this material is
shown in Figure 6. Surface area calculated by the BET
method was 27.9 m”g™", and the total and pore volume
0.1184 cm’g”
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Figure 6: Nitrogen adsorption-desorption isotherm for cobalt
silicate after heat treatment.
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Figure 7 shows the FT-IR data for both the as made
and calcined cobalt silicate. Results show that there
was a band (2800-3000 cm'1) associated with the
presence of amine groups from the SDA and it was
removed after the calcination treatment. The band
located at 3400 cm™ is associated with O-H groups
which are determined to water molecules at the cobalt
silicate (as made sample) and to the silanol groups
(calcined sample) [38]. The absorption bands located
between 1400-1800 cm™ are associated with the
stretching of the C-C bonds of the organic SDA. A
decrease in the intensity of these bands can be noticed
before and after calcination treatment.

The absorption bands located in the 1000-450 cm’”
corresponds to the asymmetric stretching of the Si-O
bonds of the SiO, tetrahedral.
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Figure 7: FT-IR transmission spectrum of cobalt silicate
material; the black line shows the material before heat
treatment to remove SDA; the red line is the material in
its final stage.
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Figure 8: Typical TGA curves for the as made cobalt silicates.

TGA curves for the material are presented in Figure
8. As the temperature increases, cobalt silicate
undergoes four major mass losses, the first in the
range of 83-200 °C, in which there is the loss of water
molecules from the external part of the crystalline
structure of the material. Then, from 300-530 °C there
is a loss of 20.21% in mass, due to the complete loss
of the organic molecules of the structure director;
followed by two more mass losses, at 650 °C and 800
°C, associated with the loss of structural water,
followed by the collapse of the structure at
approximately 900 °C. This behaviour evidence that
the process for removing the organic structure directing
agent at 500 °C is effective, by doing it without
damaging the crystalline structure of the solid;
moreover, these results show that cobalt silicate
presents a structure capable of withstanding elevated
temperatures, of the order of 700 °C without collapsing.

4. CONCLUSIONS

Cobalt silicate was successfully synthesized using
6,10-dimethyl-5-azoniaspiro [4.5] decane bromide as
structure directing agent. ETS-10 framework material
was detected as a competitive phase. Calcination of
the cobalt silicate at 500°C results in a material with a
cobalt perovskite like structure as indicated by XRD
and HTEM data. The findings open the possibility of
using microporous cobalt silicate as a precursor for the
synthesis of double perovskite cobalt.
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