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ABSTRACT: Amorphous NiTiO, nanoparticles were synthesized using the hydrothermal method. The morphology,
structure, and gas sensing performance of synthesized NiTiO, samples were investigated. The analysis’s results showed
that the synthesized NiTiO, has an amorphous phase. The amorphous NiTiO, has no gas sensitivity to ethanol
(CZHSOH), benzoic acid (C3H6COOH), or acetone (C3H6O); but it has gas sensitivity to ammonia (NH3), phenol
(C,H,OH), formaldehyde (HCHO), water vapor (RH85%), and hydrogen peroxide (H,O,). Due to the anisotropy
of the sample phase, NiTiO, shows higher sensitivity and faster response for multiple target gas analytes. These results
show that amorphous NiTiO, can be used to develop gas sensors.
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INTRODUCTION

Controlling and monitoring toxic, inflammable, and
explosive gases; such as formaldehyde (CH,O0),
ethanol (C,H,0), and hydrogen peroxide (H,0,); are
important for industrial production, indoor life, and
public safety. Among diverse types of gas sensors,
metal oxide-based gas sensors stand out due to their
high sensitivity, rapid response, and stability [1].

Metal titanate oxides, such as ATiO, (A = Ni, Pb,
Fe, Co, Mn, Cu, and Zn) are universally known as
inorganic functional materials with many applications
such as electrodes for solid oxide fuel cells, metal-
air barriers, gas sensors, solid lubricants, and high-
performance catalysts [2]. Nickel titanate (NiTiO,),
being an important member of the ATiO, family, has
been attracting much attention in recent years because
it holds tremendous promises for a wide range of ap-
plications, and especially for semiconductor rectifiers,
gas sensors, and photocatalysts [3].

To date, solid-state [4], polymer-pyrolysis [5], sol-
gel [6], coprecipitation [7], and stearic acid meth-
ods [8] have been used to synthesize NiTiO, powder.
The solid phase method is simple to prepare and
inexpensive, but it consumes large amounts of energy
and has low preparation purity, large particle size, and
easy agglomeration. As such, the solid phase method
cannot meet industrial requirements. The sol-gel
method yields crystals with smaller particle diameter
and higher purity, but it produces NO, pollution caused
by the use of nitrates and allows for little control
of material morphology [9]. However, no relative
experiment synthesis using hydrothermal method has
been reported.

To the best of our knowledge, most previous stud-
ies on NiTiO, have mostly focused on its photolumi-
nescence, catalysts, and magnetic properties [10], but

very few on amorphous phase synthesis and gas sens-
ing properties analysis. Francioso et al [11] reported
that TiO, nanowire arrays have been synthesized on
silicon dioxide, which have good sensitivity to 2% and
3% ethanol at 550°C. Wilson et al [12] synthesized
different thicknesses (8 to 21 nm) of NiO films by
chemical vapour deposition. Samples showed promis-
ing selective sensitivity towards NO,,.

In this study, amorphous phase NiTiO, was syn-
thesized using the hydrothermal method. The synthe-
sized NiTiO, samples were studied by X-ray diffrac-
tion (XRD), scanning electron microscopy (SEM), high
resolution transmission electron microscopy (HRTEM),
energy dispersive X-ray spectroscopy (EDS), Raman
spectroscopy (Raman), and Fourier transform infrared
spectroscopy (FT-IR) using an electrochemical work-
station. This paper was the first to report the hy-
drothermal synthesis of amorphous phase NiTiO, and
its gas sensing properties.

MATERIALS AND METHODS

Materials preparation

NiTiO, samples were synthesized by hydrothermal
method. First, stoichiometric amounts of metal nitrate
precursor were dissolved in ethanol and ethylene gly-
col by magnetic stirring for 30 min. A green transpar-
ent solution of Ni?* with a concentration of 0.2 mol/1
and a light yellow transparent solution of Ti*" with
a concentration of 0.5 mol/l were synthesized. Then
citric acid with molar ratio of Ni+Ti 1:1 was added
to inhibit the hydrolysis of tetrabutyl titanate. The
solution was stirred for 3 h, supplemented with sodium
hydroxide to adjust the pH value to 9, transferred
to hydrothermal reactor vessel, and then reacted at
200°C for 18 h. The NiTiO, samples were obtained.
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Material characterization methods

The synthesized NiTiO, samples were subjected to var-
ious characterizations including XRD, EDS, FE-SEM,
TEM, RAMAN, FT-IR, and gas-sensing performance.
The powder samples were characterized by XRD at
room temperature using a Bruker D8 advance (Ger-
many) diffractometer with Cu Ka radiation (A =
1.5406 A) at a scanning rate of 8 deg/min in the 20
range of 20-80°. Analysis of material elements by
EDS (SU8010, Japan). FE-SEM (SU8010, Japan) was
used to observe the samples’ micro morphology. High
resolution transmission electron microscopy (HRTEM,
JAPAN JEOL-JEM 2100 E Japan) was used to study the
crystal structure and electron diffraction pattern. The
NiTiO, sample structure bonding was characterized
by Raman spectroscopy (HR EVLUTION, France) over
a measurement range of 50-1200 nm. The FT-IR
(VERTEX 70 RAMI, Germany) spectrum of the NiTiO,
sample in a KBr pellet was recorded in the range of
400-4000 cm™.

Measurement of sensing parameters

The synthesized NiTiO, sample was dispersed and
stirred and in deionized water to form a paste. The
paste was, then, dropped onto an interdigital electrode
sheet; and the sheet, after static drying, was put into a
gas sensing test device. The gas-sensing performance
of the samples was tested at room temperature using
an electrochemical workstation (CIMPS-2, ZAHER EN-
NIUM, Beijing, China). A constant potential of 4 V was
applied across the sensor, and the relative change of
electric current when switching from air to the target
gases was recorded by an electrochemical workstation
at room temperature. The response was defined as:
response = Al /Iy = (Ig—Ig)/Ig, where Iy and I; were
electric currents in the reference gas and the target gas,
respectively. The response time of the gas sensor is the
time required for the resistance value to reach 90% of
the maximum in the target gas, and the recovery time
is the time required for the resistance value to reach
10% [13].

RESULTS AND DISCUSSION
XRD analysis

Fig. 1(a) displays the XRD pattern of synthesized
NiTiO, samples reacted at 200°C for 18 h. The XRD
pattern was composed of only broad maxima without
any diffraction peaks reflecting crystallite, indicating
the amorphous nature within the resolution of XRD.
HR-TEM (High Resolution Transmission Electron Mi-
croscope) images were taken to characterize the mor-
phology of NiTiO, at very high spatial resolution. Con-
sistently, electron diffraction pattern Fig. 1(b) displays
broad rings, which is typical for amorphous materials.
These results were in agreement with those obtained
using XRD analysis. Fig. 1(c) shows a structure with
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Fig. 1 (a), XRD pattern of NiTiO, samples; (b), Electron
diffraction pattern; (c), HRTEM image.
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Fig. 2 (a), FE-SEM image of NiTiO, samples synthesized at
200°C for 18 h; (b), EDS analysis of NiTiO, samples. Insets
indicate the amount of elements.

no long-range order, a characteristic of an amorphous
structure.

Morphology analysis

Fig. 2(a) shows SEM images of the NiTiO, pigments
obtained at 200 °C. The sample had no obvious shapes
or an uneven distribution of features. EDS (Energy-
dispersive X-ray spectroscopy) was used to further con-
firm the composition of the obtained samples. The EDS
analysis of the obtained products (Fig. 2(b)) indicated
that samples were composed of titanium, nickel, oxy-
gen, and small amount of carbon with an approximate
molar ratio of Ni:Ti:O of 1:1:3. Other peaks were due
to instrumental effects and were not marked.
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Fig. 3 Raman spectra of NiTiO, samples synthesized at
200°C.

Raman spectrum analysis

The room temperature Raman spectra in the range of
50-1200 cm™! for the NiTiO, samples were shown
in Fig. 3. Due to the weak Raman modes, peak
broadening was observed. Lorentzian line shape least
squares fitting was used to fit the Raman spectra to
determine peak positions. Eight active Raman modes
were identified (Fig. 3).

The Raman peak at 146.1 cm™! could be attributed
to the symmetric stretching vibrations of Ti—O. The
Raman modes at 283.7 cm™! and 287.1 cm™! could
be attributed to the twist of the oxygen octahedral
due to the vibrations of the Ni and Ti atoms parallel
to the XY plane [14]. The vibrational peaks at 453.1
and 662.6 cm ™ could be attributed to the asymmetric
breathing of the oxygen octahedral and twist with the
cationic vibrations parallel to the XY plane [14]. The
peaks observed at 774.2 cm™! corresponded to Ti—O
bond stretching vibrations in the TiO, octahedral. Ad-
ditional Raman peaks were observed at 876.5 cm™
and 1132.6 cm™!; and they were shoulder peaks to the
Raman mode at 774.2 cm™!. These shoulder peaks
(876.5 cm™!, and 1132.6 cm™!) were not a funda-
mental Raman mode, and they could be attributed
to the fractional amorphous content of the samples,
with their broad appearance [15]. The presence of
this 283.1 cm™! peak indicates the possible presence
of TiO,, in our material [16].

FT-IR analysis

The FT-IR spectra of the KBr mixed pellets were
recorded across a wavelength range of 400-
4000 cm™!. In the FTIR spectra, six major absorption
bands were observed, and their positions in terms
of frequency (cm™') were presented in Fig. 4.
The broad absorption band around 3199.43 cm™
could be attributed to the stretching vibration of a
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Fig. 4 FT-IR spectra of NiTiO, samples synthesized at 200 °C.

hydroxyl group (—OH). The peaks at 1635.25 and
1486.09 cm™! were due to the N—O bond vibration of
NOj; and carboxyl vibration, respectively. The strong
band at 1360.39 cm™' could be attributed to the
symmetric mode. The bands appeared 1058.39 cm™*
possibilities were due to the stretching vibration of
C—O [17]. The bands in the low-wavelength region
(400-650 cm™) could be attributed to Ti—O bond
vibrations [18].

Gas sensitivity analysis

Next, we examined the gas sensing performance of
our nickel titanate material. The selectivity of a gas
sensor is the ability to sense a specific target gas,
producing a response significantly higher than that
of other gases. Fig.5 shows the selectivity of the
NiTiO, sensor to 1000 ppm concentrations of ammo-
nia (NH,), phenol (C,H,OH), formaldehyde (HCHO),
water vapor (RH85%), hydrogen peroxide (H,O,),
ethanol (C,H,OH), benzoic acid (C,H,COOH), and
acetone (C;H,O) at room temperature. It could be
inferred from the graph (Fig. 5) that selectivity of the
sensor to C,H.OH, C;H,COOH, and C,H,O was poor;
and selectivity to NH,, C.H,OH, HCHO, RH85%, and
H,0, was good. As shown in Fig. 5, NiTiO, detected
three consecutive peaks of the target gas, showing
good repeatability [19]; and the corresponding current
change graph was shown in Fig. 6. In order to further
comprehensively evaluate the sensing performance,
the average response results were shown in Fig. 7.
The response rates to 1000 ppm concentrations of
ammonia, phenol, formaldehyde, water vapor, and
hydrogen peroxide were 25230%, 10168%, 13800%,
9731%, and 10181%, respectively. Therefore, gas
sensing performance was stable. The high selectivity
of NiTiO, to NH, might be due to the existence of a
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Fig. 5 Dynamic sensing curves of NiTiO, samples to 1000 ppm of: A, (NH,); B, (C6HSOH) ; C, (HCHO); D, (RH); E, (H,0,);
E (C,H,0); G, (C,H;OH); and H, (C,H,COOH).
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Fig. 6 The dynamic response curves (Ia/Ig) and response time of NiTiO, to 1000 ppm of: A, (NH,); B, (CcH;OH); C, (HCHO);
D, (RH); E, (H,0,); E (C,H,0); G, (C,H,OH); and H, (C,H,COOH).

small amount of TiO, in the material. Furthermore, in
many experiments, besides the higher affinity of NH,
to TiO,, the presence of TiO, might be beneficial to
improve the sensitivity of the gas sensor [20].

Sensing properties of NiTiO,

NiTiO, is an n-type semiconductor mainly composed
of electrons as carriers, based on the modulation of the
loss layer by oxygen absorption (Fig. 8). Oxygen from
the atmosphere captures electrons from the NiTiO,
conduction band, and positive ions are left. These
immobile positive ions form a space charge layer near
the surface of the sensor and cause a bent band.
Below 147°C, oxygen is adsorbed as O,. Between
147 °C and 397 °C, which are mainly the working tem-
peratures of the gas sensors, oxygen is adsorbed as
O™. Above 397°C, O is formed. Take NH, as an

www.scienceasia.org

example, when NH, is contacted, O reacts with NH,
molecules, providing electrons to NiTiO,, reducing the
depletion layer width and resistance of the NiTiO,
sensor (Fig. 7). According to literature reports [21],
the possible gas-sensing mechanism is as follows:

€3]
(2

2NH, + 30, (ads) — 2H,0 + 2N, + 6e~
2NH, + 20; (ads) — H,0 +N,0 + 2¢~

CONCLUSION

In this study, amorphous phase NiTiO, was synthesized
at 200°C for 18 h using the hydrothermal method.
Morphology, microstructure, and gas sensing proper-
ties of the NiTiO, samples were then studied. XRD,
EDSiijNSEM and HR-TEM, Raman, and FT-IR analyses
showed that the NiTiO, samples have an amorphous
structure. Analysis of gas sensing performance showed
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that amorphous NiTiO, sensor has no gas sensitivity to
C,H,OH, C,;H,COOH, C,H,O, but has gas sensitivity to
NH,, C,;H,OH, HCHO, RH85%, and H,0,. The capac-
ity of NiTiO, for gas sensing could be attributed to the
anisotropy of amorphous phase. These results showed
that amorphous NiTiO, could be used to develop gas
sensors. This study provided an important guidance
for the synthesis of new amorphous materials and the
design of room temperature sensors.
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