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ABSTRACT: NiO was synthesized in the presence of a 3D porous
nanostructured SiO2/carbon composite derived from rice husk via
a hydrothermal method to produce NiO@SiO2/C nanostructures
with good microstructural and morphological properties and high
catalytic activity. Textural properties and physicochemical charac-
teristics of the materials could be modified by the addition of
varying amounts of hydrocarbonized rice husk. The as-prepared
NiO@SiO2/C catalysts obtained in the presence of hydro-
carbonized rice husk exhibited optimum CO oxidation; i.e., T50
(50% conversion) is at 80 °C (for NiO at 205 °C).
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■ INTRODUCTION

Nanomaterials constitute an exciting class of novel materials
having leading functional properties, defects, and high specific
surface areas with respect to conventional materials. They have
found extensive applications in energy storage, medicine,
electrochemistry, flexible devices, and catalysis. The field has
experienced increasing interest in the synthesis of nanosized
transition metal oxides featuring tunable porosity, sizes, and
morphologies because of their large surface areas, unusual
absorptive properties, surface defects, and high activation.1

Particularly, NiO and nickel-based composites have been widely
investigated due to their promising applications as catalysts,2

supercapacitors,3 batteries,4 p-type transparent conducting
films,5 and gas sensors.6 Particle structural properties are closely
related to the preparation technique. Various methods have
been reported for the synthesis of NiO, including hydrothermal,
sol−gel, microemulsion, and precipitation methods.6 On the
other hand, precipitation synthesis is a well-established
industrial process for obtaining colloidal particles from the
liquid phase and is known to afford the controllable size and
morphology of the particles.1−6

CO oxidation is a highly relevant chemical process extensively
employed in environmental catalysis, contributing to air
purification (including CO removal in the heavy industry),
purification of hydrogen for proton-exchange fuel cells, and
pollution control devices among others.7 Precious metals
including Au, Pt, Ir, and Rh have been mostly utilized in CO
oxidation, with known limitations of high cost and low supply in
industrial premises.8 Gold on nickel oxide (Au/NiO) is one of
the most highly active CO oxidation catalysts, with a classic

support for investigations on the chemistry of gold on metal
oxide supports. Moreover, gold on silica (acidic and irreducible
support) and carbon (non-metal-oxide support) are two inactive
catalysts for CO oxidation.9 Transition metal oxides emerged as
an alternative low-cost solution with the possibility of promising
low-temperature activities.10−13 Schüth and co-workers re-
ported one of the most relevant metal oxide systems for CO
oxidation (Co3O4−SiO2) employing activated carbon as a
template, with excelling activities for CO oxidation at temper-
atures as low as −76 °C using normal feed gas.14

The use of biomass-derived feedstocks as catalysts and
supports has been recently explored toward the design of more
sustainable catalytic systems. Rice straw is the most abundant
and available feedstock, being a byproduct of rice production at
harvest. Modified rice straw, containing functional groups
including sulfonic acid, carboxylic, aldehyde, hydroxyl, and
ether obtained by hydrothermal carbonization using hydrogen
peroxide and sulfuric acid, can be a promising candidate for the
design of highly active nanocomposites as illustrated in recent
work.15 Silica in rice husk exists in amorphous form, which can
be considered as the inert support and has a superior heating
resistance that prevents the complete removal of the final
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composite. Calcination of rice husk can lead to the formation of
a nicely stable and active silica−carbon nanocomposite with a
rather low carbon content (ca. 5−15%) with promising
physicochemical properties. A correlation was also found
between CO oxidation activity and performance of Nb2O5-
and Au-based materials because of oxygen vacancies.16

In this work, the effect of treated rice husk on themorphology,
textural properties, and catalytic activity of synthesized NiO
catalysts (NiO@SiO2/C) for CO oxidation has been inves-
tigated by using the facile liquid-precipitation method, which is
cost-effective and environmentally acceptable. The application
of NiO@SiO2/C from rice husk valorization is reported in CO
oxidation. Physico-chemical characterization was conducted
using scanning electron microscopy (SEM), transmission
electron microscopy (TEM), X-ray diffraction (XRD), and
Raman spectroscopy.

■ EXPERIMENTAL SECTION
Materials. All reagents, nickel nitrate hexahydrate (Ni(NO3)2·

6H2O) and potassium carbonate K2CO3, were purchased and used
without further purifications. Deionized water was used in experiments.
Synthesis of SiO2/C from Rice Husk. The preparation of SiO2/C

was already previously reported.15 Briefly, a suitable amount of rice
husk (harvested from Vietnam) was mixed with hydrogen peroxide and
sulfuric acid solutions. The reaction mixture was maintained at 200 °C
for 24 h in a Teflon-lined stainless-steel autoclave (sealed). Carbonized
SiO2/C material was removed from the Teflon inlet after cooling down
to room temperature with tap water, cleaned with water until clear
filtrate, and subsequently dried at 80 °C overnight.
Synthesis of NiO Nanoparticles and NiO@SiO2/C. NiO

nanoparticles (NPs) were prepared via a modified precipitation
method.9 Nickel nitrate hexahydrate (14.02 g) was dissolved under
heating (70 °C) in 100 mL of deionized water followed by the addition
of 100 mL of aqueous 0.58 M K2CO3 solution and further aging (1 h)
under vigorous stirring. The solid obtained was filtered off and washed
with water followed by drying (100 °C, overnight) and subsequent
calcination at 300 °C for 4 h under air.
NiO@SiO2/C was prepared following an identical protocol with the

addition of suitable amounts of carbonized SiO2/C and nickel nitrate
hexahydrate (as the metal precursor) in the first step followed by aging,
filtration, washing, drying, and eventual calcination at 300 °C (4 h)
under air.
Characterization. Nitrogen physisorption measurements were

conducted with Micromeritics ASAP 2020. Powders were degassed
under a nitrogen atmosphere at 200 °C for 4 h prior to the
measurement. Field-emission SEM was performed with a Hitachi S-
4700 for morphological and structural analysis. TEM observations
(JEOL/JEM-3200FS at 300 kV) was carried out. The powder XRD
with high-intensity Cu Kα radiation (λ = 0.154 nm) was performed
with a RINT-TTR III diffractometer (Rigaku Corporation, JP). The
operating current and voltage were 40 mA and 40 kV, respectively. The
phase of components was identified by fitting diffraction patterns to the
JCPDS powder diffraction file. Raman spectroscopy using a 532 nm
laser was conducted with a Renishaw InVia Raman spectroscope.15

Catalytic Experiments. CO oxidation tests were conducted with a
fixed-bed quartz reactor, containing 0.15 g of material. Pretreatments
were always carried out prior to the reaction at 250 °C (1 h) at a flow
rate of 50 mL min−1 under dry air steam. Materials were then cooled
down to room temperature, with 1 vol %CO (in air) passed through the
reactor at 1 atm (various temperatures, 50 mL min−1 flow rate; WHSV
= 20,000 mL h−1 gcat−1). Products were evaluated by on-line gas
chromatography (GC-8A/Shimadzu) to obtain both CO2 formation
and CO conversion.8 T50, namely, the temperature at 50% CO
conversion, was employed to evaluate the performance of synthesized
materials.

■ RESULTS AND DISCUSSION
SEM images of NiONPs and the NiO@SiO2/C nanocomposite
are shown in Figure 1. The images clearly depict a NP-like

nanostructure for NiO-based nanomaterials (Figure 1). NiO
agglomeration within SiO2/C could be prevented with a similar
preparation, with results being in good agreement with TEM-
observed morphologies (Figure 2). In the absence of SiO2/C,

NiO NPs have ca. 3−6 nm in diameter, while a decreased NiO
NP size was observed in the presence of SiO2/C nano-
composites prepared by hydrothermal carbonization (Scheme
1). The smaller size and reduced agglomeration of NiO@SiO2/
C nanocomposites can be advantageous for CO oxidation.

SEM−energy-dispersive spectroscopy was employed to
determine the chemical composition of NiO and NiO@SiO2/
C, with corresponding spectra shown in Figure 3. The obtained
data suggest the homogeneous dispersion of Ni, O, C, K and Ni,
O, C, Si, and S in both NiO (Figure 3a) and NiO@SiO2/C
(Figures 3b and Figure 1) nanocomposites, respectively. Carbon
(C) and silicon (Si) peaks derive from hydrocarbonized rice
husk, while the oxygen (O) signal can be related to NiO NPs.
To ascertain the synthesis of NPs in their pure phase and the

crystalline structure of NiO, XRD analysis was conducted
(Figure 4a). All NiO materials presented diffraction peaks at
37.2°, 43.3°, and 62.9°, corresponding to (111), (200), and
(220) facets of cubic NiO (JCPDS PDF#44-1049), respectively,
lacking any other peaks due to crystalline nickel oxide
polymorphs. All diffraction peaks (Figure 4a) were relatively
broad due to the nanosize of the crystals. The average NP
crystallite size of the synthesized materials was calculated to be
5.0 nm for NiO NPs using the Scherrer equation (estimated
from the most intense diffraction peak (200) at a 2θ angle of
43.3°) as compared to ca. 2.7 nm for NiO@SiO2/C. The

Figure 1. SEM images of NiO and NiO@SiO2/C nanomaterials.

Figure 2. TEM images of NiO and NiO@SiO2/C nanomaterials.

Scheme 1. Synthetic Procedure of NiO@SiO2/C via
Hydrothermal Carbonization and Precipitation Methods
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presence of the SiO2/C nanocomposite from rice husk induced a
decrease in the size of the as-prepared NiO nanomaterials. The
same samples of NiO and NiO@SiO2/C NPs were analyzed by

N2 physisorption (Figure 4b and Table 1), showing a surface
area of 53 and 266 m2 g−1, respectively. The presence of SiO2/C
remarkably improved the specific surface area of the NiO

Figure 3. EDS data for NiO-based catalysts: (a) NiO and (b) NiO@SiO2/C and their composition.

Figure 4. (a) XRD patterns of NiO and NiO@SiO2/C. (b) BET isotherm of NiO and NiO@SiO2/C. (c) Raman spectra of NiO and NiO@SiO2/C.
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nanomaterials. These findings were in good agreement with
results from SEM and TEM studies (Figures 1 and 2) and
powder XRD (Figure 4a). The employed liquid-precipitation
method was successfully achieved a good control over the
crystallinity, size, and surface composition of NPs to be used in
NiO@SiO2/C nanocomposite preparation.
The structure of NiO@SiO2/C and NiO NPs was further

investigated via Raman spectroscopy (Figure 4c). Raman
spectra of NiO NPs and NiO@SiO2/C nanocomposites
exhibited bands located at around 500 and 1030 cm−1 observed
for both materials. Peaks at around 420 and 510 cm−1 were
assigned to first-order transverse optical (TO) and longitudinal
optical (LO) phonon modes of NiO, respectively.12 Peaks at
around 800 and 1075 cm−1 were attributed to the combination
of 2TO and 2LO, respectively. Interestingly, a shift to higher
frequencies is observed for Ni−O modes depending on the
nature of the SiO2/C from rice husk, likely due to the presence of
defects.12 According to previous reports, the presence of Ni2+

vacancies in NiO is responsible for the first peak (ca. 470 cm−1),
which could originate from the vibration of Ni3+−O bonds and
pointed to the presence of Ni3+ species in synthesized materials.
Comparably, Ni2+−O stretching mode of NiO is responsible for
the peak at ca. 520 cm−1.12 Hydrocarbonized rice husk provided
an increasing proportion of Ni3+ cations in the NiO lattice
matrix, which evidently contribute to the activity of the obtained
catalysts by inducing the formation of larger quantities of surface
mobile oxygen species.
Catalytic Performance. Low-temperature CO oxidation

experiments were conducted for both NiO and NiO@SiO2/C
systems. Results are shown in Figure 5 as a comparison of NiO
andNiO@SiO2/C performance. In particular, the CO oxidation
ignition (conversion vs temperature) curves for NiO (black line)
and NiO@SiO2/C (red line), tested under identical exper-
imental conditions, showed remarkably different behavior for
both systems. The T50 value of NiO@SiO2/C (80 °C) was

found to be significantly reduced as compared to that of NiO
(205 °C) and commercially reported Au/SiO2 and Au/C
catalysts.9 These results together with Raman spectral data
clearly demonstrated that the addition of SiO2/C (from
valorized rice husk) played a major promoting effect on the
activity of NiO catalysts with a high amount of Ni3+ cations in
the NiO lattice.12 To the best of our knowledge, the designed
rice husk-derived NiO@SiO2/C system exhibits the highest
activity as compared to reportedNiO catalysts for COoxidation.
This is a very significant result, clearly illustrating the potential of
SiO2/C from rice husk as a key component in the formation of a
highly stable and active nanocomposite for CO oxidation.

■ CONCLUSIONS
This work investigated the catalytic performance of NiO NPs
and rice husk-derived NiO@SiO2/C nanocomposites for CO
oxidation. The significantly improved catalytic activity of the rice
husk-derived nanocomposite is related to its enhanced surface
area and high content of Ni3+ cations in the NiO lattice. Half
conversion of CO using NiO@SiO2/C nanocomposites was
achieved at 80 °C. This catalytic activity is the highest activity as
compared to already reported NiO systems. Results pointed to
rice husk-derived systems having the potential to be employed as
highly active catalysts for CO oxidation and exhaust-gas
treatment. Further studies on the optimization of transition
metal compositions and synthetic conditions are currently
ongoing to further improve the catalytic activity of rice husk-
derived metal oxide@SiO2/C nanocomposites that will be
reported in due course.
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