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The rapid, facile, one-pot microwave-assisted polyol synthesis of novel hierarchical nickel titanate (NTN) is first reported in

the present study. This method successfully fabricated rhombohedral NiTiOs in the shape of a cylindrical storage tank with

www.rsc.org/

two elliptical end caps that were constructed from ellipsoid-like nanoparticles. By contrast, irregular NTN aggregates

composed of loose granular particles were formed through solvothermal treatment. Varying the dielectric of the solvent

with water, n-butanol, acrylic acid, N,N-dimethylformamide, and an EG:butanol mixture significantly affected the

crystallographic structure and morphology of the final products due to differences in the loss tangent of each medium

under microwave irradiation. Using a nickel source with acetate and halide counterions, which are more readily

substituted and have better coordination ability with metal cations than nitrate, resulted in the formation of 3D hexagonal

prismatic NiTiO; and undesirable 1D rod-like TiO, aggregates, respectively. Notably, this study provides a valuable means

of developing a rapid, effective method to synthesize NiTiO; with uniform morphology, high purity and potential

photocatalysis application.

Introduction

ABO; ilmenite-type oxides have attracted considerable and still
growing attention for a wide range of potential applications
due to their excellent dielectric, piezoelectric, pyroelectric,
magnetorestrictive, electro-optical
properties.1 ABO;-type ilmenite has an ordered corundum

photorestrictive, and
structure, where each AOgz octahedron layer is sandwiched
between two BOg octahedron Iayers.1 In this configuration, the
0% anions have a distorted tetrahedral coordination to four
metal cations. Among abundant ternary metal oxides with the
ilmenite crystal structure generally formulated as MTiO; (M =
Fe, Ni, Cu, Sr, Ba, Co, Mn, Pb, Zn), nickel titanate (NiTiO;), with
rhombohedral R3 symmetry, has a structure in which the Ni
and Ti atoms prefer octahedral coordination with alternating
423 TN

methods

cation layers occupied exclusively by Ni** or Ti
nanomaterials have been prepared by several
including a modified Pechini process, sol-gel, coprecipitation,
flux growth, hydrothermal treatment, combustion,
precipitation, electrospinning, solid-state ceramic, pyrolysis of
synthesis (using

sol-

polymeric precursors, and wet chemical
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citrate, maleate, propionic acid or stearic acid).

Similar to other perovskite-like compounds, NTN is
extensively employed in ceramics and cool pigments as well as
in solid lubricants (as a tribological coating to reduce friction
and wear in high temperature applications).a"6 NTN materials
have also been utilized as semiconductor rectifiers, electrodes
for solid oxide fuel cells, gas sensors, and metal-air barriers.”>
% n particular, due to a narrow band gap (2.1 ~ 2.2 eV) and n-
type nature, NTN materials have been widely used as visible
light-driven photocatalysts.2'3'12’17'19

However, aside from complicated routes, the syntheses of
NTN materials have a variety of inherent problems, such as
generating material with large particle size, uncontrolled

morphology, and low purity, poor reproducibility and
uniformity due to high sintering temperature, and
4-12

heterogeneous solid phase reactions. A few reports have
focused on producing uniform NTN structures to overcome
these obstacles. Dharmaraj et al.’ fabricated NTN nanofibers
by sol-gel processing and an electrospinning technique,
following by high temperature calcination of the nickel
titanate/poly(vinyl acetate) composite fibers. Ni and
coworkers™ designed a simple solution-combustion route to
prepare pure NTN microtubes for the degradation of organic
dyes under irradiation with 254 nm UV light. Tubes with an
outer diameter of 500-600 nm, inner diameter of 400-500 nm
and length ranging from 2 to 4 um were constructed from
nearly spherical nanoparticles with a mean diameter of ~50
nm. Qu et al.’ successfully synthesized one-dimensional (1D)
porous NTN nanorods of aggregated nanoparticles in ethylene
glycol at room temperature followed by pyrolysis of the metal-
glycolate precursor at 600 °C in air. Nonetheless, to the best of
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our knowledge, there have been no reports in the literature
the shape-controlled synthesis NiTiO3
superstructures via a facile, energy- and cost-saving process,

concerning of
especially three-dimensional (3D) structures. Recently, novel
rosary-like NiTiO; nanowire photocatalysts were prepared by
an electrospinning method with the assistance of poly(vinyl
pyrrolidone).18 The nanowires were single nanoparticle chains
constructed of numerous randomly assembled nanograins.
These studies solely focused on the synthesis of several low-
dimensional morphologies of NTN and not complicated or
hierarchical architectures. It has been well known that
materials with 3D specific geometries are of great interest due
to their unexpected, unique, and attractive properties
generated from either combinative or synergistic effects,
potentially stimulating the development of promising and
novel applications.

Microwave radiation, electromagnetic radiation spanning
the frequency range from 30 GHz to 300 MHz, has blossomed
into a mature and useful technique in recent decades in
academic and industrial laboratories. Relying on the frequency
of 2.45 GHz (corresponding to a wavelength of 12.2 cm)
available for commercial, medical, and scientific applications,
microwave-assisted synthesis has received a great deal of
interest for the fabrication of nanostructured materials.
Numerous of different
morphologies have been produced under microwave exposure
including zeolites, nanoparticles (CdSe, InP, CdTe, Cu,,Se,
BaTiO3), nanotubes (TiO,, CdS), nanowires (Ag, Au, ZnS, ZnSe),

nanorods (ZnS, CdSe), microspheres (BiOBr, SiO,), flowers
Table 1. Structural properties of hierarchical NTN nanomaterials.

nanomaterials dimensions and

(Co30,), ball cactus (Cu,ZnSnS,), etc.20* Flash-heating via ionic

conduction and dipole rotation from microwave energy is
more advantageous to chemical synthesis compared with
conventional thermal heating, i.e. acceleration of reaction
rates, drastically shortening the total reaction time from days
or hours to minutes, thus providing energy-consumption
savings; generating rapid temperature increases and uniform
dielectric heating patterns that may favor kinetically
competent and nonequilibrium chemical processes, as well as
limiting localization of heating; homogenizing nucleation,
dramatically the product vyield/quality, and
narrowing the dimension distribution of materials, 2833323840

increasing

Additionally, microwave energy is introduced into the chemical
reactor remotely without direct contact between the energy
source and the reacting chemicals, thus minimizing wall or
heat diffusion effects.*?

In this regard, we report for the first time a rapid, facile
one-pot synthesis of hierarchical nickel titanate nanomaterials
assembled from small nanoparticles by microwave-assisting
polyol processing using Ti/Ni precursor reagents and ethylene
glycol. A commercially available microwave oven was used as
the heating source instead of special microwave apparatus. As
mentioned above, no previous work has described the unique
morphological tuning of NTN nanomaterials with high purity
and homogeneity based experimental conditions;
therefore, herein, we demonstrate the influence of the
medium dielectric and precursor counterion on the shapes of
superstructured NTN samples.

on
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Sample Synthetic conditions Morphology Crystalline phase / % ° Unit cell parameters / A b
Ti(O-C4H
'(_ <Hola A (85.518.8) a=b=3.7891, c=9.5162
NTN-N-H,O Ni(NO3), Irregular aggregates
H.O N (14.5+0.8) a=b=5.0284, c=13.8153
2
Ti(O-C4H
i(0-CaHo)a A (78.1£6.5) a=b=37890, c = 9.5189
NTN-N-BuOH Ni(NO3), Irregular aggregates
N (21.9+0.8) a=b=5.0332, c=13.7959
C4H,OH
Ti(O-C4H
(, <Hola ) N (84.9+7.4) a=b=5.0331, c= 13.7962
NTN-N-AA Ni(NO3), Skeleton-like agglomerates
R (15.1+2.2) a=b=4.6016, c=2.9731
CH,=CHCO,H
Ti(O-CsH
'(, <Hola ) N (80.96.2) a=b=5.0286, c = 13.7691
NTN-N-DMF Ni(NOs), Spheroidal aggregates
R (19.1+3.4) a=b=4.6095,c=2.9746
(CH3);NC(O)H
Ti(O-C4H
NTNANLEG Ir\(r(Ng) )9)“ Cylindrical storage tank-like N (97.248.7) a=b=5.0331, c = 13.8072
-N- i
32 aggregates with elliptical end caps R (2.810.9) a=b=4.5933, c=2.9680
C;Ha(OH),
Ti(O-CaHg)a . .
) Hexagonal prisms with spongy N (96.4+4.8) a=b=5.0305, c=13.8156
NTN-N-(EG:BuOH) Ni(NOs), )
inner R (3.6£0.8) a=b=4.5966, c=2.9826
(C3H602:C4H100)
Ti(O-C4H
} (O-Cats)e . ) N (97.5+8.7) a=b="5.0348, c = 13.8045
NTN-A-EG Ni(CH;COO0), Solidified hexagonal prisms
R (2.520.9) a=b=45936,c=2.9739
C,H4(OH),
. A (26.3%3.6) a=b=3.7878, c = 9.4940
Ti(O-C4Ho)s
) R (19.2+1.8) a=b=4.5946, c = 2.9557
NTN-C-EG NiCl, Nanorods
N (9.0£0.8) a=b=5.0319, c = 13.7851
C,H4(OH),
B (45.5%4.0) a=5.4494, b =9.1839, ¢ = 5.1451

“ Calculated from Spurr and Myers’s equation,45 A —anatase, N — nickel titanium oxide, R — rutile, B — brookite

® Refined from XRD patterns by XPowder program (ver.2004)
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Experimental
Synthesis of nickel titanate

All of the chemical reagents used in the synthesis of the
materials described in this study were purchased from Sigma-
Aldrich and were used as received without further purification.

24)
R(110)

®N(012)

Intensity / au

In a typical synthesis procedure of NTN material in the shape
of cylindrical storage tank with two elliptical end caps, a
mixture containing 0.01 mol of titanium n-butoxide (TBOT,
97%), 0.01 mol of nickel (ll) nitrate hexahydrate
(Ni(NO3),.6H,0, 99.999%, Ni-N) and 50 mL of ethylene glycol
(EG, 99.8%) in a glass beaker was placed in a conventional
household microwave oven (MW209QV, LG Electronics, South
Korea), and the greenish solution was sonicated for 1 h. The

Nickel titanium oxide (33-0960
Rutile TiO, (21-1276)

() .

+(104)
+ (110)
+(116)
*(012)
*(113) *(024) +(300)
* (110)
20 30 40 50 60 70 80

20 / degree

Figure 1. (a-d) FE-SEM images, (e) HR-TEM and (f) XRD pattern of NiTiO; aggregates in the geometry of 3D cylindrical storage tank with two elliptical end
caps when prepared by microwave-assisted method, using EG and nickel nitrate as only solvent and Ni precursor, respectively. Insets of (c) and (e) are

HR-TEM and FFT pattern.

This journal is © The Royal Society of Chemistry 20xx
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maximum output power was 1050 W, and the frequency was
2.45 GHz. After cycling modes (10 first cycles, on 10 s/off 5s; 5
second cycles, on 20 s/off 5 s) under microwave irradiation,
the sample was rapidly cooled to room temperature by strong
cold water fluid. The light green precipitate was washed
several times with ethanol and was collected by centrifugation,
followed by drying at 80 °C overnight. Finally, the solid was
calcined in air at 600 °C for 5 h with a 2 °C min™ heating ramp
to obtain the bright yellow nickel titanate powder (denoted as
NTN-N-EG). A solvothermal-treated sample was also prepared
for comparison (as NTN-N-EG-s). Detailed solvothermal
preparation was described in ESIt.

Solvents with different dielectric constants (non-polyol),
such as deionized water, n-butanol (BuOH, >99.4%), acrylic
acid (AA, 99%), N,N-dimethylformamide (DMF, 99.8%), and a
mixture of EG and BuOH (volume ratio 1:1) were investigated.
Two different nickel precursor sources were also employed,
including nickel (Il) acetate tetrahydrate (Ni(CH;COO),.4H,0,
99.998%, Ni-A) and nickel (Il) chloride (NiCl,, 99.99%, Ni-C). All
of the samples were named “NTN-X-Y” where X and Y indicate
the Ni source and solvent, respectively, used in the synthesis
procedure. A listing of all of the samples prepared using the
different conditions is summarized in Table 1.

Characterization techniques

Powder X-ray diffraction (XRD) patterns were recorded on a
Rigaku Ultima-IV X-ray diffractometer (Japan) with Cu Ka
radiation (A = 1.5418 A). Sample morphology was visualized
with a field-emission scanning electron microscope (FE-SEM,
JEOL JSM-600F) and a high-resolution transmission electron
microscope (HR-TEM, JEOL JEM-2100F) equipped with Fast
Fourier transforms (FFT) analysis. X-ray photoelectron spectra
(XPS) were acquired by a K-alpha X-ray photoelectron
spectrometer (Thermo Fisher, UK). UV-Vis diffuse reflectance
spectra were obtained with a SPECORD® 210 Plus
spectroscope (Analytikjena, Germany). The specific surface
area of materials was determined with a Micromeritics ASAP

Nickel titanium oxide

(a) 705

Tizp

Intensity (au)
Intensity / cps

400 600 800 1000 1200 468 466 464 462 460 458 456 454

Raman shift cm™) Binding energy / eV

Ni2p (c)
Ni2py, A

(d)

Intensity / cps
Absorbance / au

880 875 870 865 860 855 850 200 300 400 500 600 700 800 900
Binding energy / eV Wavelength / nm

1000

Figure 2. (a) Raman spectrum; ( b, ¢) Ti 2p and Ni 3d core-level XPS
spectra; and (d) UV-Vis-DRS spectrum.

4| J. Name., 2012, 00, 1-3

2020 instrument (USA) at -196 °C.

Results and discussion

Figure 1 shows the morphology of the NTN-N-EG sample
prepared using TBOT, Ni-N, and EG with microwave irradiation.
The FE-SEM micrographs in Figure 1la-c reveal uniform
aggregates in the shape of a 3D cylindrical storage tank with
two elliptical end caps (rounded cylinder). The cylinder length
was approximately 5 ~ 10 um, and the minor ellipse radius
ranged from 800 nm to 1 um. The magnified image clearly
individual hierarchical assembly was
ellipsoid-like nanoparticles with an
average grain size of ca. 25 nm. Two sets of well-defined lattice
fringes in Figure le with interplanar spacings of 0.368 and
0.276 nm were assigned to the (012) and (104) atomic planes,
respectively, of rhombohedral NiTiO3. Distinct spots in the FFT
pattern in the inset imply the highly crystalline nature of the
NTN-N-EG superstructure. The results are consistent with the
crystallographic structure confirmed by XRD, shown in Figure
1f. The series of (012), (104), (110), (113), (024), and (116)
diffractions was strongly detected at 20 = 24.1, 33.1, 35.7,
40.8, 49.4, and 54.2°, unambiguously corresponding to
rhombohedral nickel titanium oxide (JCPDS 33-0960, space
group R3). A small portion of rutile TiO, (space group
P4,/mnm) phase was additionally observed via the main (110)
peak at 27.4° (JCPDS 21-1276). No signal for cubic bunsenite
NiO or hexagonal Ni(OH), was detected. The lattice constants,
a=b=5.0331, c = 13.8072 A for nickel titanium oxide and a =
b =4.5933, c = 2.9680 A for rutile, were also shown in Table 1.
The mass fraction of each component was calculated from
Spurr and Myers’ equation on the basis of the empirical
constant K and the intensity of characteristic reflections.” It is

indicates that an

constructed by small

worth noting that the fabrication of NiTiO; with high
uniformity and crystalline phase homogeneity has an
important implication; as summarized in Table 1, the

hierarchical NTN-N-EG contained 97.2 wt% of highly crystalline
NiTiO; phase, which is much higher than other previously
prepared materials.*®"” Shu et al."” described that TiO, phase
was observed even in the case of the Ni:Ti = 1:1 dosage in the
feed of co-precipitation process because of Ni** loss during
precipitation. The Ni** loss left Ti** in excess, resulting in the
emergence of anatase TiO, phase. They also found that the
highly dispersed NiTiO; crystallites efficiently prevented the
anatase-to-rutile transformation even upon 800 °C calcination.
Moghiminia et al.” also obtained the mixture of NiTiO3,
anatase and rutile TiO, as prepared NTN with Ni:Ti molar ratio
of 2:5 by low temperature modified sol-gel method. Some
reports proved that the presence of impurities could be
inhibited by increasing the calcination temperature from 600
to beyond 1000 °c.>on However, the opposite behaviour was
observed in several studies where increasing post-treated
temperature strongly facilitated the transformation into rutile
or brookite from unreacted anatase.”® Ni et al successfully
prepared highly pure microtube-shaped NiTiO; via a simple
solution-combusting method using a spirit lamp with an
absorbent cotton lampwick, following by firing with a match.*?

This journal is © The Royal Society of Chemistry 20xx
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Qu et al. achieved pure NiTiO; rod after pyrolysis of the metal-
glycolate precursor at 600 °C without the no impurities of TiO,
and bunsenite NiO.? Jing et al.”® fabricated pure stoichiometric
NTN nanowires (Ni:Ti = 1:1) in the rosary-like shape by the
electrospinning method when annealed the wire from 700 to
1000 °C.

The highly crystalline structure of NTN-N-EG was also
detected in the Raman spectrum shown in Figure 2a. Ten
active modes (5A;+5E,, also named P; to P;q modes) at 189,
227, 242, 289, 344, 393, 461, 611, 705, and 764 cm™
contributed to the C32,- symmetry and R3 space group of the
rhombohedral ilmenite-type compound.ll"m'47 Small shifts in
the Raman band positions in this study compared with
literature reports were observed, stemming from differences

(C)

ARTICLE

structural order degree.11 Two small bands were found at 143
and 444 cm™ accompanied by a superimposed peak at 610 cm’
1, verifying the presence of rutile phase in NTN-N-EG. These
results are in good agreement with the XRD analysis.
Moreover, the chemical oxidation states of NTN-N-EG
determined by XPS are displayed in Figure 2b-c. The high-
resolution Ti 2p XPS spectrum obviously shows binding
energies of Ti 2p3;, and Ti 2p;/; centered at 458.4 and 464.2
eV, characteristics of octahedrally coordinated Ti**. Small
portion of lower oxidation state Ti** is also detected at 457.6
eV. Ni 2p3;, and 2py, signals for Ni** were found at 855.6 and
873.2 eV, along with two relatively broad satellites at 861.7
and 879.7 ev.>*®* Figure 2d demonstrates the optical
property of NTN-N-EG by UV-Vis-DRS analysis. The absorption

20 um

Figure 3. SEM images of the intermediate products obtained by different transition stages: (a) before microwave heating; (b) after 10 first-cycle-
irradiation; (c, d) after 5 second-cycle-irradiation; and (e, f) after rapid cooling.

in the synthesis method, the average grain size, and the

This journal is © The Royal Society of Chemistry 20xx

onset of such ternary oxide system is located at 550 nm, which
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Figure 4. FE-SEM images of NiTiO3 synthesized by solvothermal treatment
at 200 °C. Inset of (b) is XRD pattern.

corresponds to band gap energy of 2.86 eV as determined by
Tauc’s plot in Figure S1 (see in ESIT). Accompanied with a long
tail in the visible light region, the spectrum distinctly indicates
the significantly strong photoabsorption behavior of 3D
hierarchical NiTiO; towards both UV and visible light. It
rationalizes the activity of NTN-N-EG towards the degradation
of nitrobenzene and methylene blue under the irradiation of
either blue LEDs (A = 450-500 nm) or compact fluorescent

Hydrolysus Mlcrowave Nucleatlon
Dlssolutlon lrradlatlon
ggregation

Self-assembly

Journal Name

lighting (A = 400-700 nm) (see in Figure S2 and S3 in ESIT).

By measuring the N, adsorption-desorption isotherm in
Figure S4 (see in ESIT), the specific surface area and total pore
volume of NTN-N-EG were approximately 33 m? g'1 and 0.193
cm’® g'l, respectively. Such a low surface area is quite similar to
several previously reported values. #1112

The crystal growth mechanism of hierarchical NiTiO; under
microwave irradiation was followed by the observation of
intermediate products after each single steps of synthesis
procedure. SEM images in Figure 3 shows the morphology of
the products before microwave heating (a), after 10 first-cycle-
irradiation (b), after 5 subsequent-cycle-irradiation (c, d) and
after rapid cooling (e, f). It is noteworthy that uniform
hexagonal prisms with average size ranging from 800 nm to 1
um are formed after 5 second-cycling microwave radiation (on
20 s/off 5 s) whereas no special product is created during the
formation of metal-glycolate complexes at room temperature
and even after 10 first-cycle-exposure (on 10 s/off 5 s).
Subsequent cooling step results in further growth of larger 3D
as-synthesized aggregates made up of small nanoparticles.
Scheme 1 illustrates the proposed model of growth evolution
for hierarchical NiTiO3; structure under microwave-assisted
polyol process. Subsequent to hydrolysis and dissolution of the
precursors in ethylene glycol to form titanium-nickel-glycolate
complexes (Figure 3a), the microwave irradiation heated the
mixture up to ~ 198 °C in very short periods of time (1 ~ 3
minutes) and the nucleation occurred (Figure 3b). The
nucleation rate was remarkably accelerated, creating a large
amount of crystal nuclei, and the growth process is
immediately initiated. EG is a polar, protic solvent and an
effective dielectric medium (dielectric constant € = 37.7)29 that
easily absorbs microwave energy due to its high dipole
moment and instantaneously converts it into thermal energy,
facilitating nucleus creation and further rapid nuclei growth.
Herein, EG acts as the reaction and dispersion medium, a

Scheme 1. lllustration of crystal growth mechanism for hierarchical NiTiO; superstructures under microwave-assisted polyol process.

6 | J. Name., 2012, 00, 1-3
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chelating agent, a complexing agent, and as a stabilizer due to
its high viscosity.24 Microwave irradiation accelerated not only
nucleation but also the crystal growth. When supersaturation
was relieved by nucleation, no additional nuclei were formed
and these crystallites grew larger and larger. These nuclei
intentionally grew in a preferred orientation (i.e. along the c-
axis), assembling into abundant crystallites as prolonged the
reaction time to 4 ~ 5 min via Ostwald ripening-assisted
mechanism to minimize the total interfacial energy (Figure 3c,
d). These crystallites further grew up or attached to each other
though the oriented attachment associated with Ostwald
ripening, transversally edge-sharing in the ab-plane (a = b =
5.0331 A) and longitudinally face-sharing along the c-axis (c =
13.8072 A) (as shown in Figure S5), ultimately self-assembled
into hierarchical NiTiO3 superstructures (Figure 3e, f).

The solution temperature immediately after microwave
irradiation and before cooling was carefully measured to be
approximately 198 °C. For comparison, a solvothermal-treated
sample was prepared using the same feedstocks at 200 °C. As
shown in Figure 4 irregular aggregates composed of loose
granular particles were formed. Despite a composition of

Figure 5. SEM images of as-synthesized NiTiO; morphology after (a-d) fast
cooling and (e-h) natural cooling.

This journal is © The Royal Society of Chemistry 20xx

ARTICLE

95.8% NiTiO3;, material with much lower crystallinity was
obtained. It is apparent that the microwave-assisted polyol
process has advantages to the solvothermal method and plays
a vital role in the nucleation, crystal growth, and assembly of
NTN material. Contrary to the conventional heating process
that transfers heat from outside the autoclave to inside the
solution, microwave thermal energy is generated internally
within the reactor, reversing the flow of heat and thermal
gradient,19 resulting in a uniform temperature in the solution,
which efficiently narrows the particle size distribution of the
final products. It is known that such quick, homogeneous and
in situ dielectric heating is created by the interaction between
high frequency electromagnetic radiation and the permanent
dipole moment of molecules.?®3% Thus, mechanistic variation
in microwave heating versus conventional heating induces
different heat interchange at microscopic level, result in the
variations in size and shape of NiTiO3.40

The influence of rapid cooling and natural cooling on the
structure of as-synthesized NTN was also considered.
Obviously, more uniform geometry, narrower particle size
distribution and less free particles of as-synthesized products
were obtained in case of rapid cooling as seen in Figure 5.
Natural cooling induces inhomogeneous temperature
gradients, generating several zones with higher temperature
to other zones with lower temperature. Rapid cooling helps
prevent the decomposition or side reactions through
quenching at the end of the synthesis and thus, enhances the
yield and homogeneity of final product. Both extremely rapid
heating and subsequent cooling rates could potentially lead to
the fabrication of kinetic controlled phases that could not be
easily obtained by other routes.”? This result is well consistent
with the literature that heating and cooling could be
performed simultaneously (concurrent heating and cooling),
thereby reducing possibilities of thermal runway in the case of
exothermic reactions requiring heat input.zo’m'39

An investigation of factors influencing the NTN morphology
was conducted by varying the synthetic conditions. First,
instead of EG, several other solvents were employed using the
same microwave-assisted protocol. As seen in Figure 6a-d,
irregular aggregates consisting of large coalescent primary
particles (40-50 nm) were obtained using deionized water and
n-butanol. A skeleton-like geometry appeared with the acrylic
acid medium shown in Figure 6e, f, whereas with DMF as
solvent, 3D microsphere products formed. These two
structures are obviously comprised of tiny nanoparticles
compared to the former cases (Figure 7a, b). However, the FE-
SEM image in Figure 5c clearly shows hexagonal prism
microstructures resulting from using the mixture of EG and
BUuOH (1:1 volume ratio). The cross-sectional image clearly
shows a spongy inner space comprised of hollow pores and
interconnected granular channels. The hexagonal basal faces
were in the range of 1-4 um, and rectangular prism faces were
built from large, nearly dendritic crystallites. The lattice fringe
of the (113) plane of NiTiOs, d;;3 = 0.223 nm, is visibly depicted
in Figure 7f, in agreement with the FFT pattern in the inset.

J. Name., 2013, 00, 1-3 | 7
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Figure 7. Morphologies of hierarchical NiTiO; prepared by using (a, b) DMF, (c-e) mixture of EG and n-butanol (1:1 v/v); (f) HR-TEM micrograph of NTN-
N-(EG:BuOH) and inset is corresponding FFT.

8 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx
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Anatase TiO, (21-1272)
Rutile TiO, (21-1276)

*

*

NTN-N-(EG:BuOH)

L NTN-N-EG

x
A 5 a *

NTN-N-DMF

v
I N Y
L

Intensity / au

NTN-N-H,0

* .
\-:_.\J\LLA J.L NTN-N-BuOH
A

30 40 50 60 70 80
20 / degree

Figure 8. XRD patterns of NTN materials fabricated by different solvents
upon microwave irradiation.

To investigate the crystallographic structures
accompanying morphology evolution, XRD patterns of NiTiO;
samples from different media were obtained as shown in
Figure 8. It can be seen that tetragonal anatase TiO, with the
series of (101), (004), and (200) diffractions at 26 = 25.4, 37.8,
and 48.0° (JCPDS 21-1272, space group |4,/amd) was mainly
found in the NTN-N-H,0 and NTN-N-BuOH materials, ca. 85.5%
and 78.1%, respectively, as summarized in Table 1. A trace of
rhombohedral NiTiO; was detected in the form of (104) and
(110) diffractions at 20 = 33.1 and 35.7°. With AA and DMF as
solvent, nickel titanate was the dominant structure (> 80%)
accompanied by a small amount of either anatase or rutile
phase. A much higher content of NiTiO;, 96.4%, was achieved
by replacing the single solvent with a mixture of EG and BuOH.

--CrystEngComm
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The lattice constants were also shown in Table 1 where the
values from the samples prepared by different solvents were
very close.

Thus, it is striking that the geometry and crystalline phase
drastically changed with the dielectric of the medium. This
result could be attributed to the difference in dipole moment,
dielectric constant (or relative permittivity), viscosity, and
boiling point of the solvents. The dielectric heating pattern of a
sample absorbing microwave energy is remarkably influenced
by the energy dissipation factor of the sample (or loss
tangent), tan 8. The loss tangent is described as the ratio of the
dielectric loss or loss factor of the sample (¢”) to the real part
of the dielectric constant (¢'), tan 8 = s”/s’,29’4°’5° which defines
the capability of a material to convert absorbed microwave
energy into thermal energy at a certain frequency. The
interaction between microwave energy and absorbing material
in the presence of dielectric medium is partially characterized
by the complex dielectric factor of the materials; the real part
is the conventional dielectric constant related to its electrical
polarizability, and the imaginary part is the loss factor related
to dissipated energy.51 The greater the dielectric loss tangent,
the lower the penetration depth of the microwave energy.
Thus, a reaction medium with a higher tan 3 is required for
more quickly efficient absorption and dissipation, and
consequently, for rapid heating.52 Basically, solvents can be
classified as high (tan 8 > 0.5), medium (0.1 < tan 8 < 0.5) and
low microwave absorbing (tan & < 0.1).53 Polar solvents like
water, EG, and DMF with high dielectric constants &’ = 80, 38
and 37, respectively are microwave-active, while BUOH and AA
have lower values, €'g,o4 = 17.8, €'ap = 6.293339405233 o wever,
when microwaves pass into EG, due to the extremely high tan
3, i.e. EG = 1.35 at 2.45 GHz,Z‘C”40 the energy is strongly
absorbed, facilitating nucleation, crystal growth, and oriented

N(o12)

Figure 9. (a, b) FE-SEM, (c-e) HR-TEM and (f) FFT pattern of 3D hexagonal prism-like NTN-A-EG as synthesized by EG and nickel acetate.

This journal is © The Royal Society of Chemistry 20xx
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Figure 10. Nanorods assembled by small nanoparticles obtained by using EG and nickel chloride as solvent and precursor, respectively: (a, b) FE-SEM

images, (c, d) HR-TEM micrographs. Inset of (d) is corresponding FFT pattern.

aggregation of rounded cylindrical NiTiO; clusters. In spite of
the high loss tangent of BUOH, tan & = 0.571,>% the presence of
either water or BUOH was predicted to rapidly accelerate the
hydrolysis of alkoxide reagent and the dissolution rate at room
temperature. These solvents favour the discrete nucleation of
TiO, through the generation of abundant nuclei through the
arrangement of the [TiOg] octahedral structure. Microwaves
further accelerate the rate of nucleation, coalescence,
crystallization, giving anatase TiO,
aggregates of macroscopic size as they fail to promote the

and agglomeration,
incorporation of Ni species or the interaction between Ni and
Ti components, impeding the formation of NiTiO; after post
treatment.

In contrast, AA and DMF inefficiently absorb microwaves
due to quite low tan & values (0.16 — 0.18), as they partially
contribute to the growth of NiTiO;. The carboxylic acid group
in AA enables the reagent to be well dispersed. AA molecules
also readily self-react at their double bonds to form polyacrylic
acid (homopolymer), which acts as a template for the
nucleation and growth of NiTiO3 with a skeleton-like geometry.
DMF possibly plays added roles of reducing agent and
chelating agent, to promote the isotropic growth of primary
units to form spheroid-shaped aggregates. Further, it is
obvious that the addition of BuOH into EG significantly
increases the dissipation factor of the mixture as well as
increases the microwave absorbability in addition to possibly
affecting the boiling point and viscosity of the solution.
However, an explanation for why the mixed solvent resulted in
the interesting NiTiO; morphology remains unclear. The
microwave synthesis of NTN materials using a mixed solvent
requires further study in greater detail.

10 | J. Name., 2012, 00, 1-3

Apart from the medium effect, the influence of Ni
counterion on the NTN morphology was studied under
identical experimental conditions, i.e., using microwave
irradiation with EG as solvent. The microscopy observation of
NTN material prepared using TBOT, EG, and nickel acetate
instead of nitrate is shown in Figure 9. 3D solidified hexagonal
prisms with a length of 2-3 um were obtained that were
composed of highly crystalline, closely-knit particles with
diameters ranging from 30 to 40 nm (Figure 9b-d). A well-
defined lattice spacing of 0.369 nm in Figure 9e is indexed to
the (012) planes of rhombohedral NiTiO;. On the other hand,
anisotropic crystal growth was also found using the halide
counterion. Figure 10a shows the formation of 1D nanorods
with aspect ratios (length of long sides and short sides) of 6-12.
Similar to NTN-A-EG, these rods were conglomerated from
coarsened particles as displayed in Figure 10b, c. However, the
non-uniform contrast between the core and outer surface of
the rods in the TEM image strongly relates to the density and
arrangement of the structural subunits. A high- resolution
image taken from the edge of the same rod and the
corresponding FFT pattern in Figure 10d obviously illustrates
the polycrystallinity of the rounded rectangular particles.
Complicated lattice fringes were identified, including 0.241
and 0.193 nm for the anatase (004) and (200) planes; 0.245
and 0.217 nm for the rutile (101) and (111) planes, and 0.219
nm for the (113) plane of NiTiO;. These data are entirely
compatible with the XRD patterns depicted in Figure 11 in
which two major TiO, polymorphs were present in NTN-C-EG,
26.3% anatase and 19.2% rutile. A very low concentration of
NiTiO; was found, along with an orthorhombic brookite TiO,
impurity through the existence of a (121) diffraction at 30.7°

This journal is © The Royal Society of Chemistry 20xx
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Figure 11. Influence of nickel precursor on the crystalline structure of NTN-
A-EG and NTN-C-EG materials.

(Pbca, JCPDS 29-1360). In contrast, numerous characteristic
(012), (104), (110), (113), (024), (116) and (018) reflections for
ilmenite NiTiO; (JCPDS 33-0960) were predominantly
recognized in the hexagonal prismatic sample. Rutile TiO,
diffractions were a minority, approximately 2.5 wt%. The
lattice parameters of nickel titanium oxide, rutile, anatase and
brookite phases were summarized in Table 1.

It is obvious that varying the Ni counterion produced great
differences in both the morphological features and the
crystallographical arrangement. In all of the cases, anisotropic
growth along the c-axis of the octahedron [MOg] units was
preferred. It is on account of the leaving group ability and
coordination ability with metal ions that the counterion affects
formation of the relevant nucleus. Among the three
counterions, the leaving group ability increases in the order:
CH3;COO™ < NO; < CI, and the corresponding basicity
decreases. Thus, the halide anion strongly absorbs to the
surface as well as is much more easily substituted or reacted
with other chemicals in solution. However, halide
detrimentally Cl-containing  titanium  hydroxo
complexes through terminal coordination, preferentially
speeding up nucleation and crystallization of TiO, from [TiOg]
octahedra, not ilmenite formation, and favors aggregation by
oriented or epitaxial attachment of primary particles.
Accordingly, the arrangement of octahedra [TiOg] via face-
shared bonding forms spiral chains and then edge-sharing
(along the [100] and [010] directions), creating anatase TiO,;
whereas rutile phase is formed by isolated chains of octahedra
along the [001] direction connected only by edges,54 which
explains the lack of NiTiO3 phase and the generation of long 1D
rod-like TiO, impurities that become the main products when
NiCl, was used. While NO5™ can coordinate with metal cations
via a bidentate model, acetate ion, a strong base and chelating
ligand, easily coordinates with metals as monodentate and
chelating/bridging bidentate (chain-like glycolate complexes)55
that proceeds crystal growth and self-assembly of the NiTiO;
architecture in three dimensions, like rounded cylinders and

creates

This journal is © The Royal Society of Chemistry 20xx
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hexagonal prisms, to minimize the total interfacial energy. The
behaviors of these anions are quite similar to some reports of
the influence of precursor salts on the structures and
morphologies of metal oxides.”® Taking into account that
both nitrate and acetate anions induce a well-defined
morphology and high purity of NiTiOg, it can be concluded that
these counterions, but not halide, are perfectly suited to the
preparation of hierarchical NiTiO; using the experiment
conditions in this study.

Conclusions

We report a rapid and facile microwave-assisted polyol process
to synthesize a novel 3D rounded cylindrical NiTiO3
nanostructure containing small ellipsoid-like particles. The
crystal  growth  mechanism  of hierarchical  NiTiO;
superstructure upon microwave-assisted polyol synthesis was
proposed through the morphology observation of
intermediate products. Because of relatively narrow band gap
energy, such cylindrical NiTiO3 is a good candidate for the
photocatalytic degradation of organic pollutants under visible
light illumination. This microwave synthesis is superior to
solvothermal treatment, which induces irregular aggregates.
The influence of solvent dielectric constant and nickel
counterion on the morphology and crystallographic structure
of NTN were conducted. Using water and n-butanol led to
formation of irregular anatase TiO,, while acrylic acid, DMF,
and a mixture of EG:butanol resulted in hierarchical NiTiO3
with skeleton, sphere and hexagonal prism with spongy inner
space geometries, respectively. With acetate and halide ion
instead of nitrate anion, solidified hexagonal prismatic NiTiO3
and undesirable TiO, nanorods were formed. This study is
expected to provide a rapid and effective method to
synthesize NiTiO; with uniform morphology and high purity on
a large scale for practical applications.
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