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Synthesis of uniform porous NiO nanotetrahedra
and their excellent gas-sensing performance
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Porous tetrahedron-like NiO nanostructures composed of primary nanoparticles have been successfully
synthesized via a facile two-step method for the first time. The tetrahedron-like Ni(HCOs), precursor
was firstly prepared by a solvothermal reaction with the assistance of PVP using a mixture of ethylene
glycol and distilled water as the solvent. The porous NiO products were then obtained by annealing the
precursor at different temperatures. Some characterization including X-ray diffraction (XRD), scanning
electron microscopy (SEM), and transmission electron microscopy (TEM) was performed to obtain
structural and morphological information about the as-prepared NiO products. The NiO products
obtained by annealing at 400 °C and 500 °C were porous tetrahedron-like particles composed of

primary nanoparticles with size increasing with annealing temperature, while the NiO products obtained
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Accepted 5th November 2017 by annealing at 600 °C were collapsed into irregular nanoparticles. The gas-sensing properties of the

three NiO samples were evaluated and the sensors exhibit high sensitivity, good selectivity and stability
towards HCHO at 250 °C. The sensitivity of the three samples follows the sample sequence S500 >
S400 > S600 due to the combined effect of specific surface area, pore size and defects in the nanocrystals.
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1. Introduction

In recent years, the detection of harmful and toxic gases and
environmental evaluation have attracted considerable attention
because these harmful gases continue to threaten human
health. At present, several methods including electrochemical,
spectroscopic, chemiluminescent, gas-sensing, and colori-
metric detection methods have been developed.’® Among these
techniques, chemical sensing based on metal oxide
semiconductors is regarded as a highly efficient and economical
method for the detection of toxic gases due to the low produc-
tion cost, fast response, high sensitivity, and good stability of
the chemical sensors.*” Compared to n-type metal oxide semi-
conductors, the application of p-type metal oxide semi-
conductors as gas-sensing materials has received relatively little
attention owing to their low sensitivity. However, p-type metal
oxide-based gas sensors have unique advantages, such as low
humidity dependence and good catalytic effect, which might
promote selective oxidation of harmful and toxic gases.”®
Therefore, fabricating novel nanostructures of p-type metal
oxides and exploring their morphology-dependent applications
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in the gas-sensing fields have important scientific and practical
significance.

As an important p-type semiconductor with a wide band gap
of ~3.6 eV, NiO nanomaterials have been used in a variety of
fields, such as supercapacitors,’ catalysis,'® electrode materials
for lithium ion batteries,"'* and fuel cells."® Moreover, NiO has
been developed as one of the promising gas-sensing materials
due to their nontoxicity and high chemical stability.**** To
date, the morphology of NiO and its controlled synthesis has
attracted considerable attention for morphology and micro-
structure affected their performance greatly. Up to now,
different wet chemical methods such as hydrothermal or sol-
vothermal method, electrochemical method, electrospinning
route and sonochemical route were widely used to prepare
a variety of NiO nanostructures. The morphology of NiO nano-
structures were mainly focused on nanosheets,'®** flowerlike
microspheres,"*>* nanoparticles,'® nanotubes,'* nanowires,*
nanocrystalline thin films,***” and polyhedral
nanoparticles.”®?° From the viewpoint of gas sensor, nano-
structures with high specific surface area and porous structure
are advantageous for improving the gas-sensing performance.
To the best of our knowledge, although several NiO polyhedra
including sophisticated concave polyhedra,*® nanooctahedron
aggregates,* and hollow octahedral NiO* have been reported,
there have been no reports on the synthesis and properties
investigation of tetrahedral NiO nanoparticles. In addition, the
gas-sensing property investigation of p-type NiO nanomaterials

nanofibers,*”**
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was mainly focused on ethanol,** H,,”> CO," NO,,*'® NH3,"”
formaldehyde,” and acetone.** Although there were some
investigations on the sensing behaviours of NiO towards
formaldehyde, a notorious indoor air pollutants, the sensitivity
was relative low and the gas-sensing mechanism was still need
further investigation.'®6>7%*

In this article, we report an efficient and facile solvothermal
method for the preparation of tetrahedron-like Ni(HCOj3),
precursor nanoparticles, which can be thermally decomposed
to form porous NiO nanotetrahedra or aggregated irregular NiO
nanoparticles. Formaldehyde gas-sensing properties of these
NiO nanostructures were investigated. The results demon-
strated that the porous NiO nanotetrahedra with relative larger
pore size obtained by annealing the precursor at 500 °C
exhibited superior sensitivity to HCHO gas, indicating that
besides specific surface area and pore size, the defect in the
nanocrystals also affected the gas-sensing performance of the
sensing-materials significantly.

2. Experimental section
2.1 Synthesis

All the reagents were of analytical grade and were used as
received without further purification. The NiO nanotetrahedra
were prepared by a solvothermal process combined with a post-
calcination process. Typically, 0.160 g of NiCl,-6H,0, 0.370 g of
urea, and 0.370 g of PVP K30 was dissolved into the mixture of
16.6 mL of ethylene glycol (EG) and 1.4 mL of distilled water
under vigorously stirring to form a green viscous solution,
which was transferred into a Teflon-lined autoclave of 25.0 mL
capacity and heated at 160 °C for 12 h in an electronic oven.
After completion of the reaction, the autoclave was cooled to
room temperature naturally. The as-obtained green Ni(HCOj),
precipitate was collected by centrifugation and washed several
times with distilled water and absolute ethanol and finally dried
at ambient temperature. The NiO products were obtained by
annealing the green Ni(HCO;), precipitate in a muffle furnace
at 400 °C, 500 °C, and 600 °C for 2 h, respectively, in air atmo-
sphere with a heating rate of 5 °C min~". In the following text,
the as-prepared green Ni(HCO;), precipitate was called
Ni(HCO3), precursor, while the NiO samples annealed at 400 °C,
500 °C, and 600 °C were respectively denoted as sample S400,
$500, and S600.

2.2 Characterization

A Bruker D8 ADVANCE diffractometer with Cu Ko radiation (A =
0.15418 nm) was used to identify the phase composition and
purity of the products in the range from 10° to 80°. The
morphologies and microstructures of the samples were char-
acterized by a field-emission scanning electron microscope
(SEM, FEI NOVA Nano SEM 230) and a high-resolution trans-
mission electron microscope (HRTEM, FEI, Tecnai G2 F20). The
thermogravimetry analysis (TG) was conducted on a Rigaku
Thermo plus EVO2 TG8121 analyser upon heating to 800 °C at
arate of 15 °C min~ " under air atmosphere. The specific surface
area and the pore size distribution were determined from N,
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adsorption-desorption isotherms at 77 K, obtained by a 3Flex
analyser. The specific surface area was calculated from multi-
point adsorption data of the N, adsorption isotherms by using
Brunauer-Emmett-Teller (BET) theory. Pore size distribution
was calculated from the analysis of the isotherm using the
Barrett-Joyner-Halenda (BJH) algorithm. X-ray photoelectron
spectroscopy (XPS) measurement was carried out on an ESCA-
LAB 250xi spectrometer (Thermon Scientific, USA) using Al Ko
radiation. The binding energies were referenced to the C 1s line
at 284.8 eV from adventitious carbon.

2.3 Gas-sensing performance testing

The gas-sensing property of the as-prepared NiO products
towards different volatile or toxic gases was evaluated using
a WS-30A sensor measurement system (WeiSheng Electronics
Co., Ltd., Henan, China). The structure, fabrication, and testing
procedure of the gas sensor based on NiO products were similar
to those of the sensor based on Co, Ni, Zn(u)-ferrite nanospheres
in our previous report.** The gas sensitivity of the sensor was
defined as the ratio of Rgag/Rair, Where Rg,s and Ry, are the
electrical resistance of the sensor measured in the test gas and
in air, respectively. The time taken by the resistance to reach
90% of its saturation after the gas in or out is defined as the
response time or recovery time.

3. Results and discussion
3.1 Morphology and structure

The as-obtained green precipitate obtained after solvothermal
reaction was confirmed to be Ni(HCO;), by X-ray diffraction
technique (XRD). The corresponding XRD pattern was shown in
Fig. 1a and all the diffraction peaks can be indexed to the cubic
phase of nickel hydrogen carbonate (Ni(HCOj),, JCPDS no. 15-
0782). The thermal behaviour of the precursor in air was studied
to determine the appropriate thermal conversion temperature
of the Ni(HCOj3), precursor to NiO. As shown in Fig. 1b, there is
an obvious mass loss of 40.33% in the TG curve before 600 °C,
which was smaller than the theoretical value (57.0%) of the
decomposition of Ni(HCOj3), to form NiO, probably because
that there was already some NiO exists in the as-obtained
Ni(HCO;), precursor. However, the diffraction peaks of NiO
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Fig. 1 XRD pattern (a), TG curve (b), and SEM images (c, d, e) of the
Ni(HCO3), precursor.
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can be overlapped by those of Ni(HCO;),, thus the NiO phase
was hard to identify from the XRD pattern. Fig. 1c shows
a representative large area SEM image of the Ni(HCOj;),
precursor, indicating that the sample is uniform tetrahedron-
like nanoparticles. From the high magnification SEM images
as shown in Fig. 1d and e, the tetrahedron-like morphology can
be clearly observed. The side-length of these tetrahedron-like
nanoparticles was in the range of ca. 185-225 nm.

According to the TG result, the Ni(HCO;), precursor will
decompose to form NiO after calcination. To investigate the
effect of annealing temperature on the morphology, micro-
structure, and property of the products, the typical tetrahedron-
like Ni(HCO3), precursor was annealed in air atmosphere in
a muffle furnace at 400 °C, 500 °C, and 600 °C for 2 h, respec-
tively. The crystal structure of the annealed NiO nanostructures
was characterized by X-ray diffraction. As shown in Fig. 2, the
diffraction peaks can be perfectly indexed to diffraction of the
{111}, {200}, {220}, {311}, and {222} crystal planes of the cubic
phase bunsenite (NiO, JCPDS no. 71-1179). No other evident
peaks have been detected, indicating the high purity of the final
products. The results indicated that although a little weight loss
exists in the TG curve when above 400 °C, pure phase NiO can be
formed when the precursor was annealed at 400 °C or above.
Obviously, the diffraction peaks become stronger and sharper
from S400 to S500 and S600, indicating an enhancement of
crystallinity with the annealing temperature.

The morphologies of the NiO annealed at different temper-
atures in air were studied by SEM techniques. As shown in
Fig. 3a-d, the as-obtained S400 and S500 inherited the
tetrahedron-like morphology of the Ni(HCO;), precursor
primely. These nanotetrahedra are porous and are composed of
primary nanoparticles. Obviously, the pores are generated due
to the liberation of H,O and CO, gases during the decomposi-
tion of the precursor and the size of the pores increased with the
annealing temperature. However, after annealed at 600 °C for
2 h, almost all the nanotetrahedra ruptured to form irregular
particles with width in the range of ca. 25-70 nm (Fig. 3e and f).
It can be seen that the size of the primary NiO nanoparticles
increased with the annealing temperature due to the crystal
growth at higher temperature.
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Fig.2 XRD pattern of different NiO samples prepared by annealing the
precursor at 400 °C (sample S400), 500 °C (S500), and 600 °C (S600).
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Fig.3 SEMimages of different NiO samples prepared at 400 °C (S400,
a, b); 500 °C (S500, ¢, d); and 600 °C (5600, e, f).

To gain further insight into the morphology and structure
characteristics of the samples, TEM photographs, high resolu-
tion TEM photographs (HRTEM) and corresponding selected
area electron diffraction patterns (SAED) of the samples were
taken by TEM (Fig. 4). As shown in the low magnification TEM
images (Fig. 4a and d), uniform triangle-shaped nanoparticles
with side-length of ca. 105-250 nm and 115-190 nm can be
observed for sample S400 and S500. It can be imagined that the
triangle-shaped nanoparticles in the TEM images were the
projection of the tetrahedron-like nanoparticles, thus the TEM
results were consistent with the SEM results. Although sample

Fig. 4 TEM images, HRTEM images, SAED patterns of different NiO
samples prepared at 400 °C (5400, a, b, c); 500 °C (S500, d, e, f); and
600 °C (5600, g, h, ).
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S400 and S500 inherited the exterior morphology of the
Ni(HCO3), precursor, the size of the products decreased slightly
with the annealing temperature due to the decomposition of the
precursor to liberate gases and the growth of component
nanoparticles. For the sample obtained by annealing at 600 °C
(S600, Fig. 4g), the products were aggregated irregular nano-
particles of ca. 25-70 nm in width. Fig. 4b, e, and h were high
magnification TEM images of several nanoparticles for the
three samples, respectively. It can be seen clearly that the
triangle-shaped nanoparticles (Fig. 4b and e) had porous
structure and were composed of a large number of primary
nanoparticles. The primary nanoparticles were ca. 7-10 nm and
12-23 nm for sample S400 and S500, respectively. The corre-
sponding SAED pattern of a single NiO nanotetrahedron of
sample S400 was shown in the top-left inset of Fig. 4b. The
presence of electron diffraction rings indicated the poly-
crystalline structure of the nanotetrahedron. The SAED patterns
of sample S500 and S600 were presented in the top-left inset of
Fig. 4e and h, respectively. The presence of ED spots indicates
that all the two samples have a quasi-single crystalline struc-
ture. The two SAED patterns show similar characteristics, and
the diffraction spots can be indexed to (220), (202), (022) planes
and their equivalent planes. Fig. 4c, f and i show the high-
resolution TEM (HRTEM) images recorded on the correspond-
ing section marked with white rectangles in Fig. 4b, e and h.
Clear lattice fringes could be observed, indicating the good
crystallinity of the products. The interplanar distances in the
HRTEM image of sample S400 (Fig. 4c) were measured to be
0.24 nm and 0.21 nm, corresponding to the (111) and (200)
planes of the cubic phase NiO, respectively. The interplanar
distances of 0.24 nm observed in Fig. 4f of sample S500 can be
indexed to the (111) plane of the NiO. For sample S600 (Fig. 4i),
clear lattice fringes with the interplanar distance of 0.21 nm can
be observed, which corresponded to (200) planes of NiO.

The nitrogen adsorption-desorption isotherms and the BJH
pore-size distribution of the three NiO samples obtained by
annealing at 400 °C, 500 °C, and 600 °C were shown in Fig. 5. It
can be seen that all the three annealed samples showed IUPAC
type IV isotherms and type H3 hysteresis loops in the range of
0.6-1.0 P/P,, indicating the mesoporous structure of the
samples and the presence of slit-shaped pores in the samples.
As listed in Table 1, the specific BET surface areas of the three
samples are 114.8, 52.6, and 22.4 m”> g ', respectively. The
average BJH pore sizes of S400 and S500 are 7.5 and 18.9 nm,
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Fig. 5 N, adsorption—desorption isotherm (a) and corresponding
pore size distribution (b) of the three NiO samples prepared at different
annealing temperatures.
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Table 1 Specific surface area and BJH pore size of different NiO
samples

sample 5400 S500 S600
Surface area (m”> g™ ') 114.8 52.6 22.4
Average pore size (nm) 7.5 18.9 —

respectively, while no obvious pores are detected for sample
S600. The mesopores are actually the void space generated by
the thermal evaporation of water and CO, molecules. With
increasing the annealing temperature, the small pores tend to
grow and combine with each other to form the larger ones,
while the primary NiO nanocrystals grow simultaneously to
form larger ones as demonstrated by the TEM results. At the
higher annealing temperature (sample S600), the tetrahedron-
like structure ruptured to form relative larger nanocrystals (ca.
25-70 nm in width) and the pores disappeared. Thus, the
specific surface areas decreased with the increasing of the
annealing temperature.

3.2 Gas-sensing properties

The NiO have been demonstrated to be an interesting sensing
material for chemical sensors because the sensing performance
of NiO can be influenced by many factors such as crystalline
structure, size, morphology, defects, and etc. To gain further
insights into the gas-sensing properties, we conducted gas-
sensing experiments on the three different NiO samples
towards formaldehyde systematically. On the account of the fact
that the operating temperature has a prominent effect on the
gas-sensing property, the gas-sensing response was examined as
a function of temperature upon exposure to 50 ppm of form-
aldehyde. The response sensitivity was defined as the resistance
ratio Rgae/Rair, Where Ry and Ry, were the electrical resistance
of the sensors in air and in target gas, respectively. As shown in
Fig. 6a, the response curves of the three sensors exhibit the
same variation trend in the testing temperature range of 180-
300 °C. When the working temperature was 180 °C, the sensor
prepared with S600 has little response (2.5) to formaldehyde gas
while the S400 and the S500 sensor show higher response with
the sensitivity of 6.0 and 7.3, respectively. Then, as the working
temperature increasing, the response sensitivities were initially
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Fig. 6 Gas sensitivities of three NiO samples measured at different
operating temperatures to 50 ppm of formaldehyde (a), and selectivity
of the three samples sensor on successive exposure to 50 ppm of eight
different gases at 250 °C (b).
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increased, then peaked at 250 °C and finally decreased with
a further increasing in the temperature. As is known, the gas-
sensing of oxide semiconductors is essentially based on the
change in resistance of sensing materials in different gas
surroundings, which is primarily caused by the adsorption and
desorption of gas molecules and their reaction with the oxygen
species on the surface of the sensing material.%” At a low
temperature, the formaldehyde molecules cannot be activated
effectively to react with the surface absorbed oxygen species
sufficiently, thus a relative low response was observed.**?* Then
when the operating temperature increased, the formaldehyde
molecules can obtain sufficient energy to react with the surface
absorbed oxygen species, leading to a higher response.
However, the adsorption of formaldehyde molecules on the
sensing materials became more difficult on further increasing
the temperature, thus resulting in a lower response. The highest
sensitivity of the sensors to 50 ppm of formaldehyde was
measured at 250 °C, which was 8.8, 11.6 and 4.8 for sample
$400, S500, and S600, respectively. Thus, 250 °C was chosen as
the optimum working temperature to proceed with subsequent
experiments. Fig. 6b illustrates the gas response of the three
sensors at 250 °C to 50 ppm of various combustible or toxic
gases, including formaldehyde, acetone, acetic acid, ethanol,
ammonia, acetaldehyde, carbon disulfide, and benzene. Obvi-
ously, the sensitivity of the three sensors follow the same
sequence of samples S500 > S400 > S600 no matter the testing
temperature and the kind of the gases. In addition, it can be
seen that although all the sensors showed little response to
ethanol, ammonia, acetaldehyde, carbon disulfide, and
benzene (the sensitivity was all smaller than 4.2), the sensors
show relative high response to acetone, acetic acid, and form-
aldehyde, indicating that the selectivity of the sensors was still
need further improvement. The sensors show the highest
response to formaldehyde, and thus formaldehyde was chosen
as the target gas to investigate the gas-sensing properties of the
as-obtained NiO nanostructures.

The dynamic response-recovery curves of the three sensors
prepared with the NiO samples annealed at different tempera-
tures against formaldehyde concentration (1-200 ppm) at
250 °C are shown in Fig. 7a. The curves recorded the sensor
resistance and it can be seen clearly that the sensor resistance
increased dramatically when the gas was in and gradually
approached steady and then decreased immediately to recover
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Fig.7 Dynamic response curves of the three sensors to formaldehyde
with concentration ranging from 1 to 200 ppm at 250 °C (a), and
relationships between the sensitivities of the three sensors and
formaldehyde concentration (b).
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its initial value when the gas was out, indicating the rapid
switching dynamics of the sensors to formaldehyde. The
response and recovery time of the sensor based on sample S500
toward 50 ppm of formaldehyde at 250 °C was calculated to be
10 s and 18 s, respectively according to the response-recovery
curves shown in Fig. 7a. Fig. 7b shows the corresponding rela-
tionship between the sensor response and the concentration of
formaldehyde gas. It can be seen that the response of all the
three sensors increased sharply with the increase of gas
concentration indicating the wide detection range of all the
NiO-based sensors to formaldehyde ranging from 1 to 200 ppm.
For the sensor based on sample S500, the sensitivity was about
2.3 at a low concentration of 1 ppm of formaldehyde, while the
response was up to 22.7 to 200 ppm formaldehyde. Compared
with those NiO based HCHO sensors reported previously
(Table 2), the formaldehyde sensing performance of the pre-
sented sensor based on the porous NiO nanotetrahedra (espe-
cially S500) possessed a considerable advantage in gas-sensing
response. In practical applications, the repeatability of the
sensor device is one of the most important parameters. Fig. 8a
presents the five cycle gas response and recovery curves of the
three sensors to 50 ppm of formaldehyde at 250 °C. The gas
response and recovery were nearly constant after 5 continuous
cyclic tests, suggesting the good repeatability properties of the
sensor. Moreover, to verify the stability of the as-prepared sensor
sensors, the response to 50 ppm of HCHO was measured every
ten days after the previous measurement under the fixed
experimental condition. As shown in Fig. 8b, the response values
show little change over more than fifty days, indicating that the
NiO sensing nanomaterials possessed good long-term stability.

3.3 Gas-sensing mechanism

For the p-type semiconductor with hole carriers, for example
NiO, the adsorption of the oxygen molecules from the ambient
atmosphere results in the accumulation of holes near the
surface by extracting electrons to form oxidizing oxygen species
including Oj(ags) , 20(ds) , and 20(gs)’ 2% As shown in
Fig. 9a, this process would promote the formation of a hole-rich
layer on the surface of the sensing material and thus the sensor
device shows a relatively low resistance in air ambient. Then,
when formaldehyde or a similar reducing gas was injected into
the test chamber, these gas molecules will adsorb on the surface
of the gas-sensing materials and react with the adsorbed oxygen
species on the surface of NiO, which will release the trapped
electrons back into NiO and neutralizes the hole carriers in the
surface layer by electron-hole recombination (Fig. 9b). There-
fore, the measured resistance of the sensor increases in the
presence of reducing gases.

Usually, the sensitivity of the semiconductor oxide gas
sensor can be empirically represented as:*3%%°

Sy =aCy + 1 1)

where a and b are constant depending on the sensor material
and the type of gas sensor. The constant component b has an
ideal value of either 0.5 or 1, depending on the charge of the
surface oxygen ion species and the stoichiometry of the

This journal is © The Royal Society of Chemistry 2017
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Table 2 Comparison of the gas-sensing performances of different NiO nanostructures based sensors toward formaldehyde
Sensor materials Concentration (ppm) Temperature (°C) Sensitivity References
NiO nanotetrahedra (S500) 5 250 3.7 This work
50 250 11.6
200 250 22.7
NiO thin film 5 340 2.2 26 and 27
Porous NiO nanosheets 50 240 2.1 18
Hierarchical NiO hollow microspheres 100 350 1.3 21
Flower-like NiO hierarchical microspheres 100 250 2.8 22
Nanoparticles-assembled chain-like NiO architectures 50 210 3.7 32
Curly porous NiO nanosheets 50 240 3.5 35
Mesoporous NiO 380 300 20.6 36
= According to the above discussion, the gas-sensing mecha-
1.84 —_
16] « b ;zm] nism of the NiO sensor to HCHO can be expressed by the
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Fig. 8 Response and recovery curves of the sensor to 50 ppm of
formaldehyde after 5 cycles of gas on and off at 250 °C (a), and stability
of the three sensors to 50 ppm of formaldehyde at 250 °C (b).
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Fig. 9 Schematic illustration of the sensing mechanism of NiO
nanotetrahedra based sensor to HCHO: in air (a) and in HCHO (b),
respectively.

elementary reactions on the exterior. Normally, the value of
b was of around 0.5 for 0>~ and 1 for O".*** Thus, the oxygen
ion species on the surface of the NiO sensor can be speculated
by obtaining the value of constant b. Eqn (1) can be written as:

log(Sy — 1) =loga + blog C, (2)

Obviously, log(S; — 1) has a linear relation with log Cg, while
the slope equals to the value of constant b. Fig. 10 shows the
plot of log (S, — 1) and log C, for the three NiO sensors tested at
250 °C under HCHO atmosphere. The fitted equations and
corresponding b values for the three NiO sensors are summa-
rized in Table 3. Interestingly, the b values for all the three
sensors were around 0.5, suggesting that the oxygen ion at the
surface of NiO at 250 °C is O*". The deviation from ideal value of
0.5 was probably due to the effect of element randomness in the
NiO nanostructures.*

This journal is © The Royal Society of Chemistry 2017

following equations:***

In Air:
Os(gas)y = Onqads) 3)
Oy + € = Ozgaas) (4)
Osaas)” + € = 20qas) (5)
Owds)” + € = Ogas) (6)

In HCHO gas atmosphere:

HCHO + 204>~ — CO, + H,0 + de™ 7)

144

log (,s

Fig. 10 Linear correlation between the log (Sq — 1) and the log Cg for
the three NiO samples to HCHO gas.

Table 3 Linear equations relating log(Sg — 1) and log C, for the three
NiO samples to HCHO gas

b value
Sample Linear relationship eqn (charge parameter)
$400 y = 0.53269x + 0.1107 0.53269
S500 y = 0.56646x — 0.13397 0.56646
S600 y = 0.53082x — 0.42086 0.53082
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The gas-sensing is a surface-related reaction procedure and
the gas-sensing performance of sensor depends largely on the
surface structure of the sensing materials, including their
surface area, pore size, exposed facets of the materials, and
crystallinity or defects in the crystal structure. Both a large
specific surface area and a large pore size can be benefit for
enhancing the gas response. A larger specific surface area can
normally promote the adsorption/desorption interaction
between the gas molecules and the semiconductor surface.*»** A
larger pore size means a higher diffusion rate of both oxygen
and detected gas molecules in the materials, which would
enable gas molecules to reach deeper region of the gas-sensing
material and increase the effective surface area for gas-sensing
reaction.*>*® However, the surface area and pore size are not the
unique influencing parameter but an increasing tendency for
the sensitivity. Except for surface area and pore size, exposed
facets, crystallinity or defects in the crystal structure also have
important effects on the sensitivity of the products.®**” Herein, it
should be noted that to a definite concentration of HCHO the
sensitivity of the three sensors follows a sequence of sample
S500 > S400 > S600, which is not exactly proportional to their
surface areas. For example, the response of sample S500 with
a medium specific surface area of 52.6 m> g~ ' and larger average
pore size of 18.9 nm exhibits a higher response (22.7 to 200 ppm
HCHO) than sample $400 with a much higher specific surface
area of 114.8 m® g~ ' and smaller average pore size of 7.5 nm (the
response is 14.7 to 200 ppm HCHO). Thus, other factors may be
responsible for the gas sensitivity of the NiO samples. As for the
p-type metal oxide semiconductors, the p-type characteristics
are usually attributed to the cation vacancies. The gas sensitivity
of p-type metal oxide semiconductors is believed to depend
largely on the concentration of the cation defects related
vacancy, because the abundant numbers of cation vacancies can
act as the dominative active sites participating in the gas—solid
reaction and enhance the gas response.*® As is known, NiO is
nonstoichiometry, in which vacancies occur in cation sites and
according to the defect formation energy, the nickel vacancy is
preferred to form when the NiO is annealed in air.** To gain
further insights into the gas-sensing mechanism of the NiO
products, X-ray photoelectron spectroscopy (XPS) technique was
used to identify the surface compositions and chemical states of
the NiO samples. Fig. 11a-c show the Ni 2pj;,, core level signal of
the three samples, respectively. The Ni 2p;, signal can be
deconvoluted into three peaks centered at about 854 eV, 856 eV,
and 861 eV. The Ni 2p;,, peak at about 854 eV can be assigned to
the Ni(u) ions in the NiO samples, which is matched well with
the value of pure NiO (854.2 eV). The peak at about 856 eV can
be attributed to the Ni** species on the NiO surface, indicating
the presence of nickel vacancy in the sample.*® In addition, the
presence of nickel vacancy can be reflected in the O 1s spectra
due to a larger difference of Ni** and Ni** chemical bonds.™
Fig. 11b-d show the O 1s XPS peaks of the three samples, which
can be deconvoluted into three Gaussian components centered
at about 529 eV (Op), 531 eV (Oy), and 532 eV (Og), respec-
tively.**°>* The Oy component is attributed to O*~ ions binding
with Ni*" in the NiO lattice, while the Oy and O¢ components
are assosiated with O®>  ions binding with Ni** (deficient
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Fig. 11 Ni2ps,» XPS spectra (a, b, c) and O 1s XPS spectra (d, e, f) of the
three samples: (a, d) S400, (b, e) S500, (c, f) S600.

regions) and chemisorbed oxygen species or OH, respectively.
Therefore, we can estimate the relative amount of nickel
vacancy in the NiO annealed at different temperatures and the
oxygen-chemisorbed ability of the three samples according to
the intensity of Oy and O¢ components in the O 1s XPS peak.
The relative percentages of the Or, Oy and Oc for the three NiO
samples are calculated and listed in Table 4. Apparently, the
relative percentage of O¢ follows the sequence of S400 >> S500
> S600, which is consistent with the sequence of the BET
specific surface area, while the relative percentage of Oy
component follows the sequence of S500 > S600 > S400,
indicating that the relative amount of nickel vacancies in the
sample S500 and S600 was larger than S400. For the three
different samples, the relative percentages of the O, and O,
components are about 50.39% (5400), 51.56% (S500), and
45.18% (S600), respectively, matched well with the sequence of
gas-sensing performance of the three samples. From the above
analysis, it can be concluded that both the specific surface area
and the concentration of nickel vacancy concentration
contribute to the gas-sensing performance of the NiO. The
specific surface area of the NiO decreases significantly with the
increasing of the annealing temperature, while the amount of
the nickel vacancies in the NiO increases with the annealing
temperature. Then, the gas-sensing superiority of sample S500
over sample S400 and S600 can be understood, because relative
larger specific surface area (52.6 m> g~ ') and relative higher
nickel vacancies concentration can offer more effective active
sites for formaldehyde adsorption. Meanwhile, relative larger
pore size (18.9 nm) for sample S500 would provide an efficient

This journal is © The Royal Society of Chemistry 2017
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Table 4 Fitting results of O 1s XPS spectra of the three NiO samples

View Article Online
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Sample Oxygen species Binding energy (eV) Relative percentage (%)
5400 Oy, (Ni-0) 529.61 49.61
O, (vacancy) 530.92 16.48
O¢ (chemisorbed) and -OH 532.10 33.91
S$500 Oy, (Ni-O) 529.77 48.44
O, (vacancy) 531.28 37.75
Oc (chemisorbed) and -OH 532.73 13.81
S600 Oy, (Ni-0) 530.01 54.82
O, (vacancy) 531.74 33.78
O¢ (chemisorbed) and -OH 532.69 11.40

transport pathway for gas molecules to the interior surface of
the NiO sensor, which is also beneficial for gas-sensing prop-
erties.*® Although having lower nickel vacancies concentration,
the specific surface area of sample S400 (114.8 m”> g~ ') was
much larger than that of sample S600 (22.4 m”> g~ '), thus the
sensitivity of S400 was higher than that of S600, because the gas-
sensing process is first based on the adsorption and desorption
of testing gas on the surface of the NiO material, and a larger
surface area can provide more surface sites for gas adsorption,
desorption and reaction.

4. Conclusions

In summary, NiO nanostructures have been successfully
synthesized via annealing the tetrahedron-like Ni(HCOj3),
precursor under air atmosphere, which was prepared by
a convenient and environmental friendly solvothermal route
using the mixture of ethylene glycol and distilled water as
solvent. The porous NiO products obtained by annealing at
lower temperature (400 °C and 500 °C) inherited the
tetrahedron-like morphology of the precursor and were
composed of primary NiO nanoparticles with size increasing
with annealing temperature. The gas-sensing characteristics of
the NiO nanostructures obtained by annealing at different
temperatures were investigated, revealing that NiO products
exhibited high sensitivity and stability towards HCHO at 250 °C,
which may have great potential in practical applications.
Among the three samples, the NiO tetrahedra with larger pore
size (sample S500) showed the best gas-sensing performance,
demonstrating that the gas-sensing performance varied
depending on the defects in the nanocrystals and pore size of
the samples rather than on the specific surface area itself.
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