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Abstract Silica supported Nickel Oxide fine particles
have been synthesized through sol-gel derived Ni-Al
Layered Double Hydroxide (LDH) and coated over hon-
eycomb ceramic pre-forms through dip-coating technique.
The powder products of supported materials have low
crystallinity, negative zeta potential, exhibit high disper-
sibility and suitable for further processing by coating
techniques. The powder X-ray diffraction (XRD) patterns
have shown that there is an increase of basal spacing by
3.02 A in acetylacetonate intercalated LDH. The particles
of <2 pm size increase with the rise of LDH component in
the composite. The particles of NiO structure formed on
decomposition of composites have crystallite size <20 nm.
Due to the interlayer reduction of NiO crystallites, the
unsupported LDH on calcination gives Ni® particles of size
around 4.18 nm. The Scanning Electron Microscopy
(SEM) patterns of coated supported suspensions over
ceramic substrates show formation of thin, crack free coats
with uniform distribution of particles.

Keywords Ni—Al LDH - Ni” crystallites - Dip-coating -
Supported NiO

1 Introduction

Layered materials are considered as an important group of
solids bearing enormous application prospects in various
fields. Layered Double Hydroxides (LDH) are a group of
such important materials where elementary layers possess
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some positive charge due to the substitution of bivalent
metal ions in the parent brucite like structure by trivalent
metal ions [1]; the positive charge thus generated is neu-
tralized by the interlayer anions like CI~, SO,*~, CO5*~
etc. LDH on thermal degradation forms various phases like
non-stoichiometric oxides, segregated spinels, layered
bivalent oxides, metal nano-particles etc. at different tem-
peratures and conditions. The non-stoichiometric oxides
formed at around 400 °C basically maintain the structure of
the concerned bivalent metal oxide where trivalent metal
ions are distributed in the form of solid solutions [2, 3].
Due to their layered structure and size these metal oxides
are very reactive species e.g. the layered ZnO derived from
Zn—Cr LDH and supported on thermally decomposed
montmorillonite shows higher reversible adsorption of H,S
gas [4] than normal ZnO powders. The oxides derived from
LDH precursors have innumerable such applications in
various fields like catalysis, adsorbents, sensors etc. Apart
from this, due to their layered structure LDH also has the
prospects of being shaped as thin films [5] but their high
charge density do not allow them to easily swell and dis-
perse like montmorillonite in an appropriate liquid med-
ium. This non-dispersibility property makes it difficult to
coat them over solid surfaces by using standard coating
techniques like spin or dip-coating.

Generally, LDH is prepared in aqueous medium by
co-precipitation in aqueous medium under controlled reac-
tion conditions; however, non-aqueous sol-gel route is also
used to obtain finer LDH particles [6-8]. Such finer LDH
particles when supported over suitable carrier and thermally
degraded may give highly reactive metal oxide or metal
nano particles for catalytic reactions with gaseous reactants.
It has been previously observed that ZnO supported on silica
particles through sol-gel route gives attractive characteris-
tics of pore size, surface area and porosity [9]. Reports are
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also there for the synthesis of NiO nano-particles supported
on silica through hydrolysis of Ni salts upon Tetraethylor-
thosilicate (TEOS) [10] by sol-gel route.

The aim of this present work is to advantageously utilize
the sol-gel route to prepare silica supported LDH which
firstly would be in a stable dispersible form so that it can be
coated on a solid surface in the form of a thin film and
secondly on calcination would provide smoothly distrib-
uted supported metal oxide nano particles.

2 Experimental details

Ni(acac), (98%, M/S E. Merck) and Al(acac); (98%, M/S
Aldrich) were used as such. The ethanol used were first
refluxed with Mg turnings (5 g/L) in presence of iodine
(0.5 g/L) and then distilled. Acetone was refluxed with a
small portion of KMnQy, and also distilled [11]. The waters
used in the experiments were distilled twice.

To synthesize 1:1 SiO,:LDH composite and its coated
product steps given below from 1 to 4 were carried out.
Similarly, to synthesize composites with varied SiO,:LDH
ratios, the corresponding required changes in the amount of
the key reactants were made. However, the Ni:Al ratios of
Ni—Al LDH component in the series were maintained at
3:1. The synthesis scheme followed is depicted in Fig. 1.

TEOS

| HCI (0.2M) |

Hydrolysis
Step-1 |

Si-O-Si
Oligomer

Step-2

Ethanol+HCl

Al (acac) 3
1:1 mixture of

Acetone & Ethanol

Added NHj to raise the pH up to = 9
& refluxed for 6-7 hours at 80°C

Added Si-O-Si Oligomer
(Prepared in Stepl)

Refluxed
v
| Silica Supported Ni-Al LDH |

.

| Step-4 | | Dip Coating over ceramic substrate and calcination of coated substrate

Fig. 1 Scheme for synthesis and coating of silica supported NiO over
solid surface
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Step-1: A total of 4.5 cm® TEOS, 0.72 cm® conc. HCI
and 3.5 cm’ purified ethanol were mixed and agitated for
45 min at room temperature.

Step-2: About 0.02 M Ni(acac), dissolved in 80 cm®
purified ethanol and 0.007 M Al(acac); in 80 cm? 1:1 etha-
nol and acetone mixture were mixed at pH 6 and temperature
80 °C. To it added hydrolyzed TEOS obtained in Step-1.

Step-3: Slowly raised the pH of the suspension to around
9 by adding 4 cm® NH,OH solution and refluxed for 6-7 h
at 80 °C. A free flowing gel was obtained, a part of it
filtered off and dried at room temperature under a flow of
air maintained at a rate of 20 cm>/min by circulating it
through an aqueous solution of CaCl,-6H,O [12]. The other
portion of the gel, kept separately in a corked bottle,
remained suspended even after 3 months.

Step-4: The supported LDH was coated over cordierite
honeycomb surface (from Ceramic Technology Institute,
M/S Bharat Heavy Electricals Limited, Bangalore, India)
by dipping it in a 4% (w/v) suspension obtained in Step-3,
using a Dip-coater (M/S KSV Instruments) at 20 mm/min
dipping rate, residence time 60 s and 20 mm/min with-
drawal rate. The coated products were initially dried at
50 °C for 30 min, followed by drying at 110 °C for
90 min. Finally, the dried products were calcined at 400 °C
for 30 min in air atmosphere.

A portion of the dried products from Step-3 was cal-
cined at around 400 °C in an electric furnace for 30 min.
The air flow inside the furnace was controlled by closing
the lid at the centre of the furnace.

XRD characterizations of different products were car-
ried out using Cu k, radiation at a scan rate of 0.2° 20/min
(Rigaku-Ultima IV). The crystallite size of the products
formed on calcination was calculated by using the Scherrer
Equation [13].

In case of the Ni® particles (111) prominent peak at
44.37° is partly overlapped with (012) peak of the NiO
phase, therefore, the crystallite size was determined from
(200) peaks at 52°. In case of NiO phase the crystallite size
was determined from the diffraction peak of (012) at
43.28°. The unit cell calculation of unsupported acetyl-
acetonate intercalated LDH was carried out with the help of
data interpretational software, POWD.

The thermo-gravimetric measurements of dried products
collected at Step-3 were carried out in a simultaneous TG-
DTA analyzer (SDT2960, M/S TA Instruments) using
Al,O5 as reference at 10 °C/min heating rate in air atmo-
sphere. The evaluation of kinetic parameters of some
selected conversions were carried out using model free iso-
conversional approach [14] which is a convenient method
for determination of activation energy of conversions
having multiple overlapping decompositions.

Fourier Transform Infrared (FTIR) spectra were recor-
ded in spectrophotometer (Perkin-Elmer 2000 System) in
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4,000-400 cm ™' range at a spectral resolution of 4 cm™'

using KBr pellets.

The particle size distribution was measured with particle
size analyzer CILAS 1180, in the range 0.04-500.00
um/100 classes.

The BET surface area measurements of some selected
samples were made using a Quantachrome Instrument with
nitrogen as analysis gas.

For the zeta potential measurement a homogeneous
aqueous suspension of 2% (w/v) of dried product was
prepared, using a Ti horn of diameter 13 mm at 23%
amplitude and 3 min time by ultrasonication (Vibracell,
VCX500). The zeta potential was measured by the tech-
nique of electrophoresis in Zetasizer 3000HS (Malvern
Instruments).

3 Results and discussion

The XRD patterns (Fig. 2) have shown that the basal (001)
peak in the co-precipitated sample (pattern i-A) appears at
11.69° (~d = 7.56 A) whereas in sol—gel derived product
the same appears at (pattern i-B) at 8.24° (~d = 10.58 A)
corresponding to an increase of d value by 3.02 A. This is
due to intercalation of larger acetylacetonate molecules in
the inter-layers of sol-gel derived LDH. Indexing of
observed peaks of pattern i-B was tried with a Takovite
type structure [15]. Due to various factors like poorer
crystallinity of sol-gel products, turbostratic distortion of
layers and hetero-chemical nature of the inter-layers, an
accurate set of cell parameters was difficult to achieve.
However, with a ~3.1 A and a three layered hexagonal
cell system a set of indexed planes were calculated which
are shown in pattern i-B of Fig. 2. The FTIR patterns show
peaks around 1,630 cm ™" due to C=0 stretching bands of
enolic form of acetylacetonate. FTIR patterns also show
broad absorptions due to —OH stretching modes in 3,700-
3,000 cm ™' region [16].

The thermo-gravimetric analysis profile for the com-
posites with different ratio of LDH:silica show three dif-
ferent weight loss regions viz., room temperature to around
100, 100-200 and 200-400 °C. The first weight loss
corresponds to evaporation of surface adsorbed water or
organic solvent molecules. The second weight loss is
attributed to the loss of interlayer water and organic solvent
molecules. The third weight loss corresponds to removal of
hydroxide ions from the brucite like layers, formation of
metal oxides as well as conversion of remaining interlayer
species to oxides of carbon [2].

The size of the Ni® particles formed on calcination from
sol—gel derived unsupported Ni—Al LDH as determined by
Scherrer equation is around 4.18 nm. The reason for the
presence of Ni® metal (JCPDS-PDF 4-850) can be
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Fig. 2 XRD patterns of unsupported and supported LDH at different
silica to LDH ratios- a Uncalcined products viz., A-unsupported
Ni-Al LDH (non sol-gel), B—G-silica supported sol-gel LDH at
SiO,:LDH ratios 0:1, 1:1, 2:1, 3:1, 4:1 and 1:0, respectively b H-L-
after calcination at 400 °C products with SiO,:LDH ratios 0:1, 1:1,
2:1, 3:1 and 4:1, respectively (here, X-Ni°® phase and Y-NiO phase)

explained as due to the reduction of NiO by CO produced
during the thermal decomposition of intercalated acetyl-
acetonate molecules around 400 °C. The formation of Ni°
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particles over thermally exfoliated graphite surface due to
reduction of NiO by CO at around 400 °C is already reported
[17]. Similar formation of Cu® particles on thermal decom-
position of Cu(acac), complexes is also reported [18].

The formation of Ni° particles have not been observed
in supported LDH. The release of interlayer CO type
decomposition products is expected to be faster in sup-
ported systems than in non-supported one. In the former,
the LDH particles are well dispersed over support surfaces
while in the later the layers are more stacked and
aggregated. As a result the exfoliation of the layers by the
outward internal pressure of decomposition products in
the supported system is easier than in the unsupported
systems. This causes longer stay of CO type decomposi-
tion products in the unsupported system, leading to for-
mation of Ni® particles due to reduction of NiO species.
The kinetic parameter for the weight loss from 200 to
400 °C calculated through iso-conversional method show
that activation energy of conversion in sol-gel derived
Ni-Al LDH is 16.43 kJ mol ' which is higher than 14.61
KJ mol~' found in copreicipitational product. This is
partly due to the additional conversion of NiO particles to
Ni” in this temperature range by reaction of CO molecules
formed on decomposition of acetylacetonate in the sol—gel
product.

It has been observed that use of silica support increases
the surface area by eight times from 9.46 m?/g in unsup-
ported Ni—Al LDH to 77.09 m*/g in uncalcined silica
supported Ni-Al LDH where SiO, to LDH ratio is 2:1.

The particle size distribution of the products shows that
the sol-gel approach gives higher amount of particles in the
sub-micron colloidal range. In case of composites, the
higher the amount of LDH component in the system, higher
is the amount of particles below 2 um range. In pure silica
due to the process of oligomerisation most of the particles
are above 20 pm.

Similarly, the negative zeta potential of the composite
particles rises with the amount of silica in the system
(Table 1). The corresponding pH values are also given in

Table 1 Zeta-potential and pH values of synthesized composite
powder samples

Composite type Zeta-potential pH

(mV)

Hydrolyzed TEOS 133 2.7

Sol-gel Ni-Al LDH 36.1 8.8

Silica supported Ni-Al LDH with —26.8 8.7
Silica:LDH = 1:1

Silica supported Ni—Al LDH with —30.1 9.0
Silica:LDH = 2:1

Silica supported Ni-Al LDH with —-35.2 8.8
Silica:LDH = 3:1

Silica supported Ni-Al LDH with —353 7.7

Silica:LDH = 4:1

the Table 1. As such iso-electric point of silica varies in the
pH range 2 to <4 whereas for LDH the same is around 12
[19]. Therefore, with the rise of LDH component in the
composite the magnitude of zeta potential decreases yet it
overall remains negative, which helps in dispersibility of
the system paving way for the formation of thin films by
dip-coating over solid surfaces [20]. SEM image of dried
powders and a thin coat of the composite over ceramic
honeycomb pre-forms after calcination is shown in Fig. 3a
and b, respectively. It shows formation of thin coat with
uniform distribution of finer layered particles over the pre-
form surface after calcination.

4 Conclusion

The present work illustrates that high surface area LDH
particles can be supported over silica surface by sol-gel
route to provide flowing dispersions which can be coated
over a solid body, paving way to fabricate novel devices
having a thin film of fine particles of calcined metal oxides.
Further works to use them as gas purifying device is under
progress.

0000 15 40 SEI

Fig. 3 a 1:1 Silica supported Ni-Al LDH b its SEM pattern after coating upon honeycomb pre-form and calcination at 450 °C
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