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Characterization of Sol-gel Prepared Silica Supported NiO-CuO Composites
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Summary: Silica (SiO,) supported nickel oxide-copper oxide (NiO-CuO) composites were
synthesized through alkoxide route of sol-gel process using tetraethyl ortthosilicate (TEOS), nickel
nitrate hexahydrate and copper nitrate trihydrate as precursors. A series of different compositions
were prepared varying NiO:CuO molar ratios keeping all other process parameters constant. The
gels thus obtained were calcined at a moderate temperature i.e. 500°C for one hour. The crystal
structure and thermal stability of metal oxide particles embedded in silica matrix were studied using
X-ray diffraction technique (XRD) and differential scanning calorimetry (DSC-TGA) respectively.
The purity of the composites was checked by Infrared spectroscopy (IR) whereas the composite
formation was confirmed by scanning electron microscopy. The results revealed that crystals of NiO
and CuO nanoparticles aggregated to form spheres of variable sizes were successfully embedded in
the amorphous silica matrix composed of silica particles agglomerated to form clusters.
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Introduction

Composites comprising of ultrafine metal
and metal oxide particles supported on vitreous
matrices possess a variety of outstanding properties
that are immensely size-dependent [1-3]. Because of
their high surface area, good chemical stability,
enhanced thermal, electrical, mechanical, optical and
magnetic  properties, these composites found
extensive application in humidity and gas sensors,
organic catalysis, solar cells, magnetic and electronic
devices and automobile industry [4, 5]. Among
various methods employed for synthesis of these
materials, sol-gel is the most promising technique
which allows modification of material properties
simply by varying process parameters [6]. In the last
few years, many researchers have successfully
synthesized metal oxide nanoparticles, metal oxide
nanocomposite powders and also, highly developed
coating films with controlled porosity and
homogeneous distribution of particles in the
nanostructures through sol-gel process [4, 7-14].

Catalysts and adsorbents of large pore
structure and high surface area can also be produced
through sol-gel route. Bimetallic catalysts usually
having transition metal oxides supported on silica or
alumina appreciably enhance the catalytic properties
of the hybrid material owing to the structural and
electronic effects induced by one metal into the other.

It has been observed that no substantial change in the
pore diameter of silica nanoparticles occurs at low
calcination temperatures and they have high specific
surface area upto 600-700°C, thus smaller crystallites
may be formed by co-precipitation of metal oxide
precursors on the surface of silica matrix [15].
Scientists have therefore developed various
compositions of nanocomposites that are composed
of mixed metal oxides and found them active
catalysts for processes like steam reforming of
ethanol and oxidation of alcohols to aldehydes and
ketones [16, 17]. Jeong et al. studied the catalytic
activities of Ni-based catalysts supported on TiO,-
SiO, xerogel and derived the most suitable
composition for 100% conversion efficiency for
oxidation of acetalaldehyde [18]. Recently,
researchers have found NiO-CuO nanocomposites to
be cytotoxic and antifungal as well [19].

One of the novel properties of
nanostructured metal oxides is their optical activity
[20] which is believed to be important with respect to
their use in gas sensors. The optical transmittance of
nanoparticles, nanocomposites composed of mixed
metal oxides embedded in silica matrix, or thin films
changes on exposure to gases like H.S, NOx, CO and
H,. Silica films doped with nanocrystals of metal
oxides provide large surface area which leads to
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enhanced gas sensing properties [21-23]. Gold
particles in combination with NiO, CuO and Co0304
also affect optical gas sensing [24, 25]. Moreover,
heat treatment conditions during preparation, residual
porosity and temperature during exposure to gases
affect the performance of these nanocomposites [26].
Nickel oxide nanoparticles alone because of their
large band gap energy have been found to be less
active towards optical response; therefore, nickel
oxide particles embedded in an insulating matrix like
silica have been suggested for enhanced optical
properties [27]. Furthermore, silica can be a perfect
support for magnetic nanoparticles like NiO, the
reason being it can avoid the magnetic anisotropic
dipolar attraction when external magnetic field is not
present [6].

In the present study, different compositions
of NiO-CuO particles embedded in silica matrix were
fabricated by sol-gel process which is the most
feasible method being simple, cheap and environment
friendly. The prepared composites were characterized
by X-ray diffraction technique, differential thermal
analysis, infrared spectroscopy and scanning electron
microscopy. Aim of the study was to investigate the
variation in physical characteristics of silica
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of NiO and CuO and fixed quantity of SiO, were
prepared which are presented in Table-1.

Ni(NO3)3"6H,0 +
Cu(NO3);"3H,0 +
C3H50H +H30

60°C | Hydrolysis and Condensation

TEOS

Gelation

60°C | Evaporation

Calcination
500°C

NiO-Cu0/SiO0,
Composite

Xerogel

Characterization

XRD,
DSC-TGA
IR, SEM

Schematic
processing.

Fig. 1: representation  of  sol-gel

Table-1: Compositions of SiO, supported NiO-CuO
composites.

Quantities of precursors added

supported NiO-CuO particles by varying their

Sample  Molar ratios

composition. ID  NiO:CuO:SiO,

Ni(NO3),'6H:0 Cu(NO;3),*3H,O TEOS

) () ()
Experimenta| NCS-1 3:1:6 5.89 1.53 10.72
NCS-2 1:1:3 3.93 3.05 10.72
NCS-3 1:3:6 1.96 4.58 10.72

Materials

Tetraethoxysilane (TEOS) (Fluka), nickel
nitrate hexahydrate (Merck) and copper nitrate
trinydrate (Merck) were used as silica, nickel oxide
and copper oxide precursors respectively. The
catalyst used was nitric acid (Merck) whereas
absolute ethyl alcohol was used as solvent.

Sample Preparation

Different compositions of NiO-CuO/SiO;
composites were synthesized by alkoxide route of
sol-gel process shown in the flowchart (Fig. 1).

The sols were prepared by dissolving
measured quantities of nickel nitrate hexahydrate and
copper nitrate trihydrate in a mixture of ethanol and
water taken in 2:1 ratio. The pH was maintained at 1
using nitric acid. TEOS was then added dropwise to
the mixture at 60°C temperature with constant stirring
for one hour. The prepared gels were dried at 60°C
for 18 hours and after grinding the samples were
calcined at 500°C for one hour. Three compositions
(NCS-1, NCS-2, and NCS-3) with variable quantities

Characterization

Nanocrystals of NiO and CuO embedded in
silica matrix were characterized by Bruker X-ray
diffractometer (D8 Advance) using monochromatised
CuK,l radiation having wavelength of 1.54060A.
Thermal analysis was carried out using differential
scanning calorimeter  Universal V4.5A, TA
instruments USA, under nitrogen atmosphere from
room temperature to 1000°C at a rate of 10°C/min.
Infrared spectroscopy was performed with Thermo
Nicolet IR 200 (USA), the samples were scanned
through Zinc Selenide (Zn-Se) ATR. Surface
morphology was studied using scanning electron
microscope S-3700N Hitachi Japan.

Results and Discussion

NiO-CuO/SiO, composites were prepared
via sol gel process varying NiO-CuO molar ratios
and keeping ethanol-water ratio, pH, stirring time and
calcination conditions constant. For preparing a
composite, the matrix selected should not be reactive
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towards the metal oxide [15]. Since, silica is a neutral
oxide so it has been selected as a support in the
present study. It has been observed that water
content, solvent, catalyst and type of precursors used
are the important process parameters in sol-gel
technique. Moreover, drying time and temperature
significantly affect the crystal growth and particle
size of the composites [6]. An investigation revealed
that particle size increases with the calcination
temperature so, thermal treatment of the composites
at moderate temperatures produces large surface area
and pore size radius with lowest density. On the other
hand, thermal treatment at higher temperatures results
in decrease in surface area and porosity due to
densification process [28]. Furthermore, the optical
band gap of nanoparticles is inversely related to the
particle size so increase in particle size at high
calcination temperatures leads to decrease in band

gap [10].
X-ray diffraction analysis

X-ray diffraction patterns were recorded to
identify the phase composition of prepared
composites. All the peaks were confirmed by search-
match program using Bruker X-ray diffractometer
(D8 Advance) software and results are presented in
Fig. 2. The pattern for NCS-1 shows broad peaks at
26 = 37.25°, 43.28°, 62.87°, 75.09°, and 79.18° which
correspond to the diffraction of [111], [200], [220],
[311] and [222] planes of the cubic phase of NiO
with lattice constants, a = b = ¢ = 4-1771A (PDF 78-
0429). These results are in close agreement with the
work done by previous scientists [12, 29, 30]. Note
that no peaks for tenorite (CuQ) structure are
observed, therefore it can be suggested that cubic
crystallites of nickel copper oxide (NigCui00) may
be present since its corresponding peaks appear at 26
= 37.21° 43.23°% 62.80° 75.31° and 79.30° with
[101], [111], [220], [311] and [222] diffraction planes
(PDF 78-0645) and hence, peaks for both the phases
are superimposed by each other, as a result of which
broad peaks are formed. Broadening of peaks is also
attributed to the elastic strain produced in the crystal
structures during growth of nanocrystals [10].

For NCS-2, similar but less intense peaks for
cubic crystallites of NiO can be seen. In addition,
sharp peaks appear at 26 = 35.54° and 38.70° which
represent [311] and [222] diffraction planes of
monoclinic  tenorite  (CuO) structure  (lattice
constants, a = 4.68830A, b = 3.42290A, ¢ =
5.13190A) (PDF 48-1548). Similarly, NCS-3 is also
found to have multiple phases; diffraction peaks
belonging to the tenorite structure become sharper
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whereas same peaks for nickel oxide with less
intensity appear as in case of NCS-2.
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Fig. 2: XRD patterns of composites (a) NCS-1, (b)

NCS-2, (c) NCS-3.

It is obvious from these results that Ni,O3
and Cu,0 phases are not detected in any composition
since, thermal treatment of the samples was carried
out in air and also, no interaction of NiO and CuO
precursors with the silica matrix is observed.
Moreover, no peaks for crystalline SiO, are seen
which shows that silica is in amorphous form, the
reason being that silica does not crystallize at low
calcination temperatures [27]; it starts crystallizing at
1000°C and completely transforms to crystalline
phase cristobalite at 1100°C [31]. Other possible
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reason for the absence of SiO, peaks may be the
detection limit of X-ray diffraction technique for the
crystal planes of very fine particles [27]. So, it can be
inferred that all the three samples are composed of
multiphase crystalline structures and broad peaks

observed validate the formation of ultrafine
crystallites i.e. of nanometer size.
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Fig. 3: DSC-TGA curves of composites (a) NCS-1,
(b) NCS-2, (c) NCS-3.

Thermal analysis

Fig.3 illustrates the heat flow and weight
changes in NCS samples calcined at ambient
temperature. In the first step, at lower temperature i.e.
from room temperature to 100°C, a weight loss of 4-
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5% with a slight variation in the heat flow resulting
in small endothermic peaks is observed in case of all
the NCS samples due to removal of physically
adsorbed water. In the temperature range of 100-
400°C, a gradual weight loss of 3-6% can be seen due
to the decomposition of surface hydroxyl groups and
hydrogen bonded water molecules [6, 28].

In case of NCS-2 this weight loss is
accompanied by a broad exothermic peak of low
intensity; no prominent endothermic or exothermic
peaks appear for NCS-1 and NCS-3 since the heat
evolved or absorbed by the samples in DSC analyses
is diffused into the material as a result of which
smaller heat changes are observed [32]. At
temperature ranging from 400-800°C, slow loss of 4-
5% in weight of all the three samples and a further
weight loss of about 4% in case of NCS-1 can be
noticed probably due to the structural changes of
metal oxides and dehydroxylation of silanol group
(Si-OH) [6] until stable structures are formed.
Topnani and co-workers also observed intense peaks
between 900°C to 1000°C in DSC analyses of both
CuO and Cuy0, hence confirming the presence of
monoclinic phase with self-composed structure
subject to the oxidation state of copper ion [5].

Infrared spectroscopy

IR spectra of as prepared composites in the
frequency range of 4000-400cm™ are illustrated in
Fig. 4. The spectrum for NCS-1 reveals that strong
absorption bands appear below 1000cm™, in the
range of 1000-1200cm’, between 2200cm™ and
2400cm™ and in the region above 3800cm™. NCS-2
and NCS-3 on the other hand, show different
behavior as obvious from the spectra that only one
distinct band between 2200cm™? and 2400cm*
appears while all other absorption bands diminish in
both the samples. All the bands below 1000cm™ can
be ascribed to the bending vibrations of Cu-O and Ni-
O bonds, as a previous study reveals that absorption
bands associated with the vibrations of metal oxides
are usually observed at frequencies less than 1000cm-

1[5].

The most dominant band in the range of
1000-1200cm™* in NCS-1 that appears as small but
broad band with slight variation in case of both NCS-
2 and NCS-3 corresponds to the antisymmetric
stretching vibrations of Si-O-Si bonds since the
region from 400 to 1300cm™ is related to the
combination of vibrations of silica network [6-33].
Hossein and co-workers reported that nanocrystals of
metal oxide interact with the vitreous matrix through
hydroxyl groups that suggests the presence of OH
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group [28]; so, it can be said that the broad
absorption bands ranging from 1000-1200cm™
resulted due to the overlapping of Si-O and Si-OH
bands.
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Fig. 4: IR spectra of composites (a) NCS-1, (b) NCS-
2, (c) NCs-3.

1000

The other distinct band observed between
2200-2400cm! in case of all the three NCS samples
can be assigned to the overtones and combination of
various vibrational modes of molecular water and
SiO, network since, the frequency range from
1350cm™? to 4000cm is generally associated with
these vibrations. Moreover, the high intensity of this
band can be attributed to very strong hydrogen
bonding resulting from the presence of free water
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molecules adsorbed on the surface of the composites.
The sharp absorption band above 3800cm™ that can
be seen in case of NCS-1 only and several small
bands with varied intensities observed in the range of
2400-3800cm can also be assigned to the overtones
and combination of vibrations of Si-OH and
molecular water [33].

Scanning electron microscopy

In order to confirm the composite formation,
NCS-1 was subjected to scanning electron
microscopy that reveals the formation of spherical
shape ultrafine particles and porous structure (Fig. 5).
The  micrograph illustrates the amorphous
morphology of silica matrix along with the silica
particles agglomerated to form clusters. This cluster
formation can be attributed to the large surface
energy possessed by the particles during their growth
that leads the particles to aggregate so as to lower
their surface energy [9].

PITMAEM 25.0kV x25.0k 1/24/2014 11:21 ;

Fig. 5: SEM micrograph of composite NCS-1.

Moreover, it can be seen from the
micrograph that surface of the composite is
composed of metal oxide nanoparticles aggregated to
form spheres of different sizes, randomly dispersed
on the surface of silica matrix. The diameter of these
spheres appears to be less than 100nm. The formation
of relatively larger spheres is due to the fact that NiO
nanoparticles are antiferromagnetic in nature [28] and
thus have tendency to aggregate [34]. However,
increase in diameter leads to the advantage that
magnetic moment of NiO nanoparticles increases
[27]. Previous researchers also had the similar
observation for silica supported nickel catalysts that
increase in nickel concentration leads to aggregation
of nickel crystallites [35]. He and co-workers in the
same way found aggregation of nickel nanoparticles
over 3NiSN catalyst [36]. Likewise, copper oxide
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nanoparticles tend to agglomerate easily owing to
their high surface energy and large surface area
resulting in the formation of larger crystallites [37].
Topnani et al also observed agglomerates of copper
oxide nanoparticles, ranging from submicron to few
microns in size. According to them this process takes
place due to Ostwald ripening process [5].

Conclusions

Different compositions of NiO-CuO/SiO;
composites were prepared using sol-gel technique
which is the most economic and feasible method to
tailor nano-size particles at low temperatures. The
prepared samples were calcined at a moderate
temperature i.e. 500°C. X-ray diffraction technique
confirmed the presence of amorphous silica and
crystalline phases of NIiO and CuO with no
interaction of NiO and CuO precursors with the silica
network. It can be inferred from thermal analysis that
the structural changes continue to take place till the
temperature is raised upto 800°C. FTIR study
revealed that water molecules were adsorbed on the
surface of the prepared samples and a few of them
were hydrogen bonded with each other. SEM
investigation of NCS-1 proved the porous structure of
sample along with the formation of metal oxide
nanoparticles of spherical shape and different sizes
embedded in the silica matrix because of the
tendency of metal oxide nanoparticles to agglomerate
easily. Since, both NiO and CuO nanoparticles are
optically active so the developed composites can find
application in humidity and gas sensors as well as
catalysis.
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