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ABSTRACT

Porous NiO nanocrystals were synthesized using a hydrothermal method in mediums
of different anions from nickel salts, acetate (CH,COO") and nitrate (NO,’),followed by
calcination at 500 °C. Firstly, B-Ni(OH), powders with a hexagonal structure were formed.
Using acetate and nitrate anions, the obtained B-Ni(OH), powders were composed of thin
nanosheets (0.8-2.1 um in length), and a splinter-like structure self-assembled with longer
nanosheets (9.8-24.2 um), respectively. The difference in the interaction ability between the
anions and the §-Ni(OH), surfaces, affecting the growth behavior of the crystals, was examined
using the density functional theory (DFT) method. After calcination, the f-Ni(OH), turned
into porous NiO with a cubic structure but their morphologies were unchanged. The porous
NiO with longer nanosheets possessing higher crystallinity and larger surface area provided
better UV-Vis absorption ability.
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1.INTRODUCTION

Nickel oxide (NiO) is an interesting
p-type semiconductor with a wide band
gap (3.6-4.0 eV). Excellent optoelectrical
properties make NiO nanostructures
suitable for various applications, such as
electrochemistry [1], magnetic materials |2],
dye-sensitized photocathodes [3], gas sensors
[4] and catalysts [5]. The properties of
semiconductor materials depend not only

on their structure and composition, but also
on their size and morphology. Therefore, a
number of attempts have been made to
synthesize materials with controllable size
and morphology in order to obtain the
desired properties. Different morphologies
of NiO nanostructures, such as flower-like
[4], nanosheets [5], honeycomb-like [6],
nanoplates [7], microspheres [8], and
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octahedral [9], have been synthesized
by various methods [4-9]. Among these
methods, the hydrothermal method provides
fine particles with high crystallinity and
purity at a relatively low temperature due to
generated pressure. Typically, nanomaterials
with the desired characteristics can be
synthesized by controlling some synthesis
parameters such as temperature, time, pH,
solvent, and additives. In addition, under the
same conditions, different starting reagents
can also tailor the shapes and sizes of the
synthesized nanomaterials.

This research investigated the effects of
two different anions from nickel salts - acetate
(CH,COO) and nitrate (NO,) - on the size,
morphology and optical property of
NiO nanostructures synthesized by the
hydrothermal method. The density functional
theory (DFT) method was used to evaluate
the interaction ability between the anions
and crystal surfaces, affecting the crystal
growth behavior.

2. MATERIALS AND METHODS
2.1 Preparation

Nickel acetate (Ni(CH,COO),-4H,0,
99.0%) or nickel nitrate (Ni(NO,),-6H,O,
99.0%) of 5 mmol was dissolved in 80 mL
of deionized water. After constant stirring
for 30 mins, the solution was transferred
into a Teflon-lined stainless steel autoclave
with a capacity of 160 mL. The autoclave
was sealed, heated at 200 °C for 24 hrs,
and naturally cooled to room temperature.
A light green powder was collected, washed
with deionized water and then dried at
80 °C overnight. Finally, the collected
powder was further calcined at 500 °C for
3 hrs with heating rate of 2 °C/min, resulting
in a black powder. The powders, synthesized
using nickel acetate and nickel nitrate,
were named A and N, respectively. The NiO
powders, obtained by calcining A and N

1123

powders, were named A500 and N500,
respectively.

2.2 Characterization

The
characterized by X-ray diffractometer
(XRD, Rigaku Miniflex II) with CuK,
radiation. Vibrational modes of the powders

synthesized powders were

were investigated by Fourier transform
infrared spectroscopy (FTIR, Bruker
TENSOR27). Particle size and morphology
of the powders were determined using a
tield emission scanning electron microscope
(FESEM, JEOL JSM-6335F), operating at
15 kV of accelerating voltage, and a
transmission electron microscope (TEM,
JEOL JEM-2010), operating at 200 kV.
Specific surface areas were measured by
the Brunauer-Emmett-Teller method (BET,
Autosorb 1 MP, Quantachrome). Chemical
compositions were analysed by energy
dispersive X-ray (EDX) spectroscopy with
an accelerating voltage of 15 kV. UV-Vis
absorption spectra were recorded by UV-Vis
spectroscopy (Lamda25 PerkinElmer, U.S.A.)

3. RESULTS AND DISCUSSION

Figures1(a) and 1(b) show the XRD
patterns of the powders synthesized using
different nickel salts before and after
calcination, respectively. In Figurel(a),
the diffraction peak positions of the N and
A samples are well consistent with those of
the hexagonal B-Ni(OH) structure (JCPDS
database n0.14-0117). The intensity of the
(001) peak is significantly strengthened
compared to that of the JCPDS pattern.
This suggests that the S-Ni(OH), crystals
have a preferential crystal growth along the
¢c-axis[10]. The ratio of the peak intensity
of the (001) and the (101) of the A and N
patterns is clearly different. The diffraction
peaks of the (001) of the N pattern is stronger
than that of the A pattern, indicating the
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existence of an unusual nanostructure and
more preferential crystal growth along the
¢c-axis in the N sample [11]. A detailed
microstructure information of the synthesized
products is further confirmed by SEM and
TEM images. After calcination, the diffraction
peaks corresponding to cubic NiO (JCPDS
database no. 78-0429) are observed as shown
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in Figurel(b). No other characteristic peaks
of B-Ni(OH), are detected, indicating that
B-Ni(OH), completely transformed to NiO.
The intensities of the diffraction peaks of
the N500 NiO powder are relatively
higher than that of A500 NiO powder,
suggesting the improved crystallization of
the NiO particles.
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Figure 1. XRD patterns of the powders synthesized using different nickel salts(a) before and

(b) after calcination.

FTIR spectra of the powders synthesized
using different nickel salts are shown in
Figure 2. The FTIR spectra of the A and N
powders show a narrow band at 3644 cm’
which is attributed to the O-H stretching
vibration of the hydroxyl groups of
B-Ni(OH), [12, 13]. The weak peaks at
1380 cm™ and 1040 cm™ are assigned to
carbonate ions [14], which could be attributed
to the dissolution of CO, from air. A weak
band at 460 cm™ and broad band at 518
cm™ are assigned to Ni-O stretching and
in-plane Ni-O-H bending vibrations [13],
respectively. The FTIR spectra of the A500
and N500 NiO powders show bands at
426 cm™ and 558 cm! which are attributed
to the Ni-O stretching vibration of NiO,
octahedrons in the cubic NiO structure [15].

Notably, the broad peak from 3490 ecm™ to
3000 cm™ and a weak band at 1610 cm™ are
attributed to adsorbed water on the sample
surfaces [13].
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Figure 2. FTTR spectra of the f-Ni(OH),and
NiO powders synthesized using different
nickel salts.
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The FESEM image of the A powder
(Figure 3(a)) composes of nanosheets with
a thickness of 50-100 nm and edge size
of 0.8-2.1 um. While, FESEM image of
the N powder (Figure 3(b)) composes of a
splinter-like structure self-assembled with long
nanosheets in the range of 9.8-24.2 um.
Previous studies [7, 15] have reported that the
growth behavior of B-Ni(OH), nuclei into
nanosheets is due to the intrinsic anisotropic
characteristics of hexagonal crystal structure.
The (001) plane of a hexagonal structure is a
chemically active surface; therefore, rapid
crystal growth along the [0001] direction is
favorable [16-17]. Since the hydrothermal
synthesis was performed without additional
templates or additives, any differences in
the size and morphology of the B-Ni(OH),
should be due to the anions used. Previous
density functional theory (DFT) calculations
[18] have reported that the hexagonal
B-Ni(OH), crystals had anisotropic Born
effective charge tensor, indicating that the
ionic configuration of Ni atom was located
at the plane perpendicular to the ¢-axis.
Moreover, as proved in the previously
report [19], the negative charge of anions was
selectively adsorbed on the (001) surface of
the hexagonal B-Ni(OH), crystals. The partial
negative charges at the oxygen atom of
the acetate (CH,COO) and nitrate (NO,)
anions were evaluated via density functional
theory DFT method with the B3LYP
functional [20-21] and cc-pVQZ basis set [22]
in GAUSSIANO3, are -0.640 and -0.471,
respectively. The higher partial negative
charge of the oxygen atom, the stronger
the electrostatic interaction between an
anion and the B-Ni(OH), surface. Hence,
the acetate anion suppressed the growth
of the (001) surface of the crystals. This is the
reason that the nanosheets of B-Ni(OH),
crystals prepared using acetate anions are
shorter than those prepared using nitrate
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anions. Figure 3(c) is a higher-magnification
TEM image of the S-Ni(OH), nanosheets
synthesized in the presence of nitrate
anion and the inset of Figure 3(c) is the
corresponding selected area electron
diffraction (SAED) pattern. The diffraction
spot can be interpreted as hexagonal
Ni(OH), crystals with an electron beam
along the [001] direction. It indicates that
the nanosheets are growing along the [001]
direction of the crystal axis of the 8-Ni(OH),.
In addition, the high-resolution TEM
(HRTEM) image (Figure 3(d)) clearly
reveals (110) atomic planes with a spacing
of 0.15 nm, confirming that the nanosheets
are single crystals with a preferential [001]
growth direction along their long axes.
These results are consistent with the (001)
preferred orientation revealed by the XRD
results (Figure 1(a)).

Figure 3.

(a and b)FESEM images of the
B-Ni(OH), powders synthesized using
different nickel salts, and (c) TEM and (d)
HRTEM images of the B-Ni(OH), powders
synthesized using nickel nitrate. The inset of

(c) is the corresponding SAED pattern.

After calcination, the morphology of
the A500 and N500 NiO particles remained
unchanged as shown in Figures4(a) and
4(b), respectively. The broken splinter-like
shape(Figure 4(b)) may be due to the
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ultrasonic treatment during FESEM sample
preparation. Notably, the A500 and N500
NiO nanosheets contained many mesopores,
as clearly observed in the TEM images shown
in Figures 4(c) and 4(d), respectively.
The diameters of the mesopores in the A500
NiO nanosheets (10-20 nm) are larger than
thosein the N500 NiO nanosheets (6-10 nm).
The surface areas of the A500 and N500 NiO
particles are 33.21 and 88.11 m?*/g, respectively,
using BET adsorption of nitrogen gas at
the temperature of liquid nitrogen. The
transformation of the B-Ni(OH), into the
NiO with a porous structure is accompanied
by a volume contraction during dehydration/
thermal decomposition process and the
intrinsic crystal contraction [23]. The
corresponding SAED patterns of the A500
(Figure 4(e)) and N500 (Figure 4(f)) NiO
nanosheets indicate that they consist of a
single-crystalline structure. All diffraction
spots can be interpreted as cubic NiO in
accordance with the XRD results. Diffraction
patterns of the A500 and N500 NiO particles
with [111] zone axis, simulated by CaRlIne
Crystallography 3.1 software, are shown in
Figures 4(g) and 4(h). The a*, b* and c*
reciprocal lattice vectors for both patterns
are in the [100], [010], and [001] directions,
respectively. The SAED and simulated
diffraction patterns accord well. The single-
crystalline nature of the NiO nanosheetsis a
result of the conversion from B-Ni(OH), to
NiO. Although NiO is a face-centered
cubic structure, the symmetry of the lattice
array in the (111) plane is the same as that
in the (001) plane of the hexagonal Ni(OH),
[7, 24]. Therefore, B-Ni(OH), is a smooth
transformation to NiO without destruction
of the morphology, and the (001) plane in
hexagonal crystal of B-Ni(OH), becomes
the (111) plane in the cubic crystal of NiO

24].
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Figure 4. (a and b) FESEM images, (c and
d) TEM images, (e and f) SAED patterns,
and (g and h) simulated diffraction patterns
of the NiO powders synthesized using
different nickel salts. The inset of (b) shows
the splinter-like structure of the N500 NiO
powder and the inset of (d) is the
corresponding higher magnified image.

EDX spectra of the NiO powders
shown in Figure 5 demonstrate the existence
of Ni and O elements, where the atomic
ratios of Ni:O are close to the stoichiometry
of NiO. Au and C elements came from the
coated gold and environment, respectively.
Figure 6 shows the UV-Vis absorption
spectra of the NiO powders. The N500 NiO
powder exhibits stronger light absorption
compared to the A500 NiO powder. The
stronger light absorption could be due to the
increase in the optical path that captures the
light more efficiently by scattering between
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the porous long nanosheets of the N500
NiO powder. This result indicates that size,
morphology, and surface area are the
important factors affecting light absorption
ability.
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Figure 5. EDX spectra of the NiO powders.
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Figure 6. UV-Vis absorption spectra of the
NiO powders.

4. CONCLUSION

Using different nickel sources as starting
reagents for hydrothermal synthesis of NiO
nanostructures firstly resulted in f-Ni(OH),
nanostructures with different architectures.
The obtained B-Ni(OH), nanostructures
were then transformed via calcination to
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porous NiO nanostructures with unchanged
morphology. The difference in the interaction
ability between the anions and the B-Ni(OH),
surfaces affected the growth behavior of
the nanocrystals.
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