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ARTICLE INFO ABSTRACT

Keywords: Mesoporous NiO nanosheets were prepared by a facile sol-gel process using Aerosol-OT, Bis(2-ethyl

Sol-gel process hexyl) sulfosuccinate sodium salt (AOT) as anionic surfactant. The products were analyzed by XRD, Raman

Ix%sol’omus spectroscopy, N, adsorption-desorption, FESEM and TEM studies. The morphology and textural prop-
1

erties of the products were tuned by using different amounts of the surfactant. TEM images exhibited
nanosheets particles of thickness 80-100 nm in which nanograins (10-20 nm) were assembled. A proba-
ble mechanism was illustrated for the formation of NiO nanosheets. Catalytic activity for CO oxidation was
performed with the synthesized products. The nanosheet particles obtained in the presence of 1 mmol
AOT with the surface area of 88.23 m2 g~ exhibited the better CO oxidation, i.e., Tso (50% conversion)

Microstructure
CO oxidation

and Ti00 (100% conversion) were at 245 °C and 288 °C, respectively.
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1. Introduction

Nanocatalysts have attracted great research interest due to their
significant functional properties such as high specific surface area,
novel size and shape dependent properties compared to their bulk
materials. These materials have potential applications in cataly-
sis, drug delivery, electrochemistry, waste-water treatment, etc.
The morphology, size, shape and surface textural properties of
nanomaterials influence their optical, electronic, magnetic and cat-
alytic properties. Transition metal oxides with varied morphology
and tunable mesoporosity find possible applications in materials
science and technology. Nickel (II) oxide (NiO) and nickel (II) com-
posites in particular have attracted considerable interest because
of a broad range of applications, namely magnetic materials [1,2],
photo voltaics [3], batteries [4], catalysis [5], gas sensors [6], p-
type transparent conducting films [ 7], electrochromic windows [ 8],
waste water treatment [9], and so on. Different methods have been
reported for the synthesis of NiO, such as sol-gel [10], microemul-
sion [11], hydrothermal [12], co-precipitation [13], sonochemical
[14], microwave [15], etc.

Catalytic oxidation of CO is important in many practical applica-
tions, namely air purification, pollution control devices, CO removal
in heavy industry, CO gas sensors, purification of hydrogen for
proton-exchange fuel cells, etc. [16]. There are different types of
oxidation catalysts which transform CO into CO,. For oxidation
catalysis, the precious metals such as Au, Pd, Ru, Pt, Ir and Rh are
generally used. However, keeping in mind the cost factor, con-
siderable efforts have been made to searching transition metal
oxides for catalytic oxidation of CO. Catalytic properties for CO
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oxidation have been reported by many researchers [17-19]. Mor-
phologically controlled synthesis of NiO nanocatalyst is becoming
very much significant for catalytic reactions. Various NiO nano-
structures, namely nanotubes [20], nanowires [21], nanorods [22],
nanoflower [23], etc. have been reported.

NiO nano-sheets were commonly synthesized by hydrothermal
method [24-27]. Purushothaman et al. synthesized nanosheet-
assembled NiO using sodium dodecyl sulphate (SDS) as surfactant
via lamellar micelles and a self-assembly process [24]. Cheng et al.
[9] prepared NiO nano-sheets by chemical precipitation method
at 90°C for 48 h followed by heat-treatment at 300 °C for 5 h. Sun
etal. synthesized porous NiO nanosheets by wet-chemical methods
at 80°C using different surfactants [28] followed by calcination at
different temperatures. In the present study, NiO nano-sheets were
synthesized by a facile sol-gel process at room temperature (30°C)
in the presence of nickel nitrate, ethanol, water, tartaric acid, using
Aerosol-OT, Bis(2-ethyl hexyl) sulfosuccinate sodium salt (AOT) as
anionic surfactant, followed by calcinations at 450°C. A tentative
mechanism was proposed for the formation of NiO nano-sheets.
The synthesized NiO nano-sheets were quite promising materials
towards catalytic oxidation of CO to CO,. The effect of surfactant
concentration on the morphology, textural properties and catalytic
performance of the samples was investigated in this work.

2. Experimental
2.1. Materials
Nickel nitrate hexahydrate (Ni(NOs),-6H,0), tartaric acid,

Aerosol-OT, and Bis(2-ethyl hexyl) sulfosuccinate sodium salt
(AOT) were purchased from Sigma-Aldrich. Absolute ethanol was
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Fig. 1. (a) XRD patterns and (b) Raman spectra of NiO nanosheets for the samples: (i) NiO-0, (ii) NiO-0.5, (iii) NiO-1 and (iv) NiO-2.

purchased from Merck, Germany. Deionized (DI) water was used
throughout the experiment.

2.2. Preparation of NiO nanosheets

In a typical synthesis, 10 mmol nickel nitrate hexahydrate
(Ni(NOs3),-6H,0) was dissolved in 10 mL ethanol followed by addi-
tion of different concentrations (0, 0.5, 1 and 2 mmol) of Aerosol-OT,
Bis(2-ethyl hexyl) sulfosuccinate sodium salt (AOT) solution in
30 mL water-ethanol (2:1) mixed solvent under stirring for 2 h.
Then 10 mmol tartaric acid dissolved in 10 mL ethanol was added
slowly to each of the above solution under stirring. With time
colloidal particles started generating in solution. Stirring was con-
tinued overnight to render a greenish product. It was centrifuged
and washed with water and acetone followed by drying at 60 °C. The
dried products were calcined at 450°C/2 h. The samples were des-
ignated as NiO-0, NiO-0.5, NiO-1 and NiO-2 for AOT concentrations
of 0 mmol, 0.5 mmol, 1 mmol and 2 mmol, respectively.

2.3. Characterization

X-ray diffraction (XRD) studies were performed by using a
Philips X'Pert Pro XRD (Model: PW 3050/60) with Ni-filtered Cu-
K, radiation (A =0.15418 nm), operating at 40kV and 30 mA. The
Raman spectrum was recorded using a RENISHAW spectrometer
with 514 nm radiation from an argon laser at room temperature.
Nitrogen adsorption and desorption measurements were per-
formed at liquid nitrogen temperature (77 K) on a Quantachrome
(ASIQ MP) instrument. The powders were outgassed in vacuum at
200°C for 4 h prior to the measurement. The total surface area was
determined by BET method. The total pore volume was estimated
from the amount of nitrogen adsorbed at the relative pressure
(p/po) of ca 0.99. The morphology of the particles was examined by
field emission scanning electron microscopy, FESEM (Model: Zeiss,
Supra™ 35VP, Oberkochen, Germany) operating with an accelerat-
ing voltage of 10kV, and transmission electron microscopy (TEM),
using a Tecnai G2 30ST (FEI) instrument operating at 300 kV.

2.4. Catalytic oxidation of CO

The catalytic test for CO oxidation was performed in a con-
tinuous flow fixed-bed glass tubular reactor (internal diameter
(i.d.)=4 mm). 50 mg of catalyst (NiO nanosheet) was used in each
experiment. Before catalytic test, the catalyst was pre-treated
with a mixed gas of 90vol% He and 10vol% O, with flow rate of
40 mLmin~! for 30 min. After pre-treatment, a standard reaction

gas mixture containing 1 vol% CO, 20 vol% O, and balance with N,
was passed through the catalyst bed at a flow rate of 40 mL min~1.
The weight hourly space velocity (WHSV) was 48,000mLg-1h-1.
The conversion of CO was measured by on-line gas chromatog-
raphy equipped with a thermal conductivity detector (TCD) after
the catalyst bed temperature was stabilized for 30 min to obtain a
steady state. The conversion of CO to CO, was measured at different
temperatures.

3. Results and discussion
3.1. Characterization of NiO nanosheets

3.1.1. XRD analysis

Fig. 1a shows the XRD patterns of NiO nanosheets for the sam-
ples: (i) NiO-0, (ii) NiO-0.5, (iii) NiO-1 and (iv) NiO-2. The existence
of strong diffraction peaks corresponding to (111), (200), (220) and
(311) crystal planes indicated the formation of phase pure cubic
NiO (JCPDS 47-1049).

3.1.2. Raman analysis

The Raman spectra of NiO nanosheets: (i) NiO-0, (ii) NiO-0.5,
(iii) NiO-1 and (iv) NiO-2 are shown in Fig. 1b. Four Raman peaks
located at around 420, 500, 708 and 1075 cm~! were observed in all
the samples. The peaks at around 420 and 500 cm~! were assigned
to first order transverse optical (TO) and longitudinal optical (LO)
phonon modes of NiO, respectively. The peaks at around 708 and
1075 cm~! were attributed to the combination of 2TO and 2LO,
respectively [22,23].

3.1.3. Textural properties

The textural properties of NiO nanosheets were studied by
N, sorption analysis. Fig. 2a shows N adsorption-desorption
isotherms of NiO nanosheets for the samples: (i) NiO-0, (ii) NiO-
0.5, (iii) NiO-1 and (iv) NiO-2. It displays IUPAC type IV isotherms
with H3 type hysteresis. It indicated plate-like mesoporosity in the
samples [29]. The BET surface area was found to be 32.9, 63.8, 88.2
and 62.6m? g1 for the sample, Ni0-0, Ni0-0.5, NiO-1 and NiO-
2, respectively accompanying with corresponding pore volumes
0f 0.17,0.28, 0.27 and 0.16 cm3 g1, respectively. It indicated that
1 mmol AOT was an optimum concentration to render maximum
surface area followed by significant decrease in surface area and
pore volume with increase in AOT concentration to 2 mmol. The BJH
pore size distributions derived from desorption data of the corre-
sponding isotherms are shown in Fig. 2b. It indicated narrow pore
size distributions centred at around 3.7 nm for all the samples.
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Fig. 2. (a) N, adsorption-desorption isotherms of NiO for the samples: (i) NiO-0, (ii) NiO-0.5, (iii) NiO-1 and (iv) NiO-2, and (b) the corresponding pore size distributions

evolved from BJH desorption isotherms.

Fig. 3. FESEM images of the samples: (a) NiO-0, (b) NiO-0.5, (¢) NiO-1 and (d) NiO-2.

3.1.4. Microstructural studies

Fig. 3 shows the FESEM microstructures for the samples: (a) NiO-
0, (b) NiO-0.5, (c) NiO-1 and (d) NiO-2. It revealed that sheet-like
NiO particles started growing in the presence of the anionic sur-
factant AOT, which became more pronounced for 1-2 mmol AOT
concentration. The nano-sheet-like particles in the presence of AOT
were clearly confirmed by TEM images (Fig. 4a-d). In the absence
of AOT, sheet-like particles were not obtained (Fig. 4a), while it was
revealed in the presence of 0.5, 1 and 2 mmol AOT (Fig. 4b-d). It is
worth mentioning that AOT played an important role in the for-
mation of nano-sheet-like particles. From TEM images, it is clear
that the thickness of sheets were 80-100 nm in which nanograins
(10-20nm) were assembled resulting porosity between the com-
ponent subunits. The microstructures of the corresponding samples
were further studied by high resolution TEM (HRTEM) (Fig. 4e-h);
the insets show the selected area electron diffraction (SAED)
of the corresponding samples. The lattice spacing of 0.21nm

corresponded to the (200) plane of cubic NiO. The SAED image
shows the polycrystalline nature of the particles.

3.1.5. Formation mechanism for NiO nano-sheet

We have illustrated a tentative mechanism for the formation
of NiO nano-sheets (Fig. 5). The anionic surfactant, Bis(2-ethyl
hexyl) sulfosuccinate sodium salt (AOT) (hydrophilic-lypophilic
balance (HLB)=10.2) in the presence of water, and ethanol as
cosurfactant [30] forms lamellar micelles [24]. In the presence
of nickel nitrate in aqueous solution, the Ni2* ions interact with
the hydrophilic head group of anionic surfactant (AOT) and non-
ionic cosurfactant (ethanol) in lamellar micelles structure. With
the progress of reaction under stirring condition, the NiZ* ions
in lamellar micelles interact with tartaric acid molecules forming
sheet-like self-assembled architectures in which the organo-
nickel particles are oriented together in sheet-like structure. After
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Fig.4. TEM images of the samples: (a) NiO-0, (b) Ni0-0.5, (c) NiO-1 and (d) NiO-2, and their corresponding HRTEM images (e-h) (insets shows corresponding SAED patterns).

CH,CH,OH
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Fig. 5. Schematic illustration for the formation of NiO nano-sheets.
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Fig. 6. Catalytic activity of CO oxidation under different reaction temperatures for
the samples: (i) NiO-0, (ii) NiO-0.5, (iii) NiO-1 and (iv) NiO-2.

washing and calcination, the surfactant molecules and organic moi-
eties are removed forming NiO nanosheets.

3.1.6. Catalytic oxidation of CO

Fig. 6 shows the catalytic performance of NiO nanosheets for CO
oxidation. It is clear that catalytic activity increased in the order
of NiO-0<NiO-2<Ni0-0.5<NiO-1. The 50% CO conversion (Tsg)
occurred at around 273 °C, 255°C, 245°C and 258 °C for the sam-
ples, NiO-0, NiO-0.5, NiO-1 and NiO-2, respectively, while 100%
CO conversion (T1gg) of the corresponding samples took place at
around 345°C, 295°C, 288°C and 314 °C, respectively. The mor-
phology and textural properties of the samples played an important
role for variation of CO oxidation. The maximum catalytic effi-
ciency of the sample, NiO-1 was due to its nanosheet architecture
and higher surface area. Interestingly, instead of better nanosheet
structure of the sample, NiO-2 compared to that of the sample,
NiO-0.5, and having comparable surface area, the former rendered
less catalytic performance than the latter sample. This could be
explained due to higher pore volume of NiO-0.5 than that of NiO-2.
In the absence of AOT, the least CO oxidation of NiO-0 was due to
minimum surface area, pore volume, and the absence of nanosheet-
like structure. The porous nanosheet structure possessed better
exposed surface suitable for active sites for adsorption of reactants
in catalytic reaction.

4. Conclusion

Mesoporous NiO nanosheets were synthesized by a facile
sol-gel method. The morphology and textural properties were
tuned by using different amount of anionic surfactant, AOT. With
increasing AOT concentration, better nanosheet morphology was
obtained. The optimum concentration of 1mmol AOT rendered
maximum surface area. The catalytic performance of NiO nanosheet
for CO oxidation was affected by the morphology as well as surface
textural properties of the catalyst. This work provides a new direc-
tion to study other morphologically tuned porous transition metal
oxides towards CO oxidation.
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