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ABSTRACT: NiO nanostructures can be used as materials for semiconductor gas sensors to detect
formaldehyde, an indoor pollutant gas, at low concentrations (< 1 ppm). In this paper, the effect of the
morphology of the synthesized NiO nanostructures on gas sensing properties is reported and discussed.
The NiO nanostructures were synthesized by thermal decomposition of precursors obtained by two
different chemical precipitation methods, a hydrothermal route and a sol-gel technique. Thick films (8-10
um) of the synthesized NiO nanostructures were deposited by spray coating on alumina substrates fitted
with gold interdigitated electrodes and a platinum heater. The gas sensing properties of these NiO layers
were studied for low concentrations of formaldehyde gas at different working temperatures. A clear
difference in response characteristics was observed between the samples prepared by the different
synthesis routes employed. These differences can be ascribed to the surface microstructure of materials.
Keywords: Chemical precipitation, formaldehyde sensor, hydrothermal, indoor pollution, nickel oxide,
sol-gel

I. INTRODUCTION

In Europe and the United States, formaldehyde is nowadays considered by the authorities as one of the
priority pollutants in indoor air because of its carcinogenic character and because of the plurality of its sources
in our closed environment: paper products, stiffeners, wrinkle resisters and water repellents, insulation,
varnishes, combustion devices, pressed-wood products, etc. The WHO guideline for indoor air formaldehyde
concentration is 80 ppb (0.1 mg/m?) [1].

It, therefore, seems necessary to measure the concentration of formaldehyde in closed environments
since this data is essential for preventive actions (choice of the materials/furniture treatment, ventilation or
indoor air purification). Several chemical and biochemical sensors (indicator tubes, electrochemical cells...)
have been subject of numerous studies [2-5]. However, these inexpensive and miniature sensors are lacking in
selectivity and due to relatively high detection limits, may not suitable for "indoor" monitoring with the useful
range being typically 10 ppb to 1 ppm.

Among the available gas sensing methods, the semiconducting metal oxide gas sensor devices have
several unique advantages such as low cost, small size, measurement simplicity, durability, ease of fabrication
and low detection limits [6].

Indeed, for the detection of formaldehyde, HCHO, various metal oxides have been studied including
particularly the n-type semiconducting oxides SnO,, ZnO, WO; and In,O;3 [7-11]. P-type metal oxide
semiconductors have also been studied as sensing materials for HCHO detection [12,13]. As an important p-type
semiconductor, nickel oxide (NiO) has been investigated due to its catalytic properties for the oxidation of
formaldehyde [14-16].

However, one of the critical issues currently limiting the wide use of these oxides is their lack of
selectivity towards formaldehyde [17].

To overcome the problem of cross-sensitivity and enhance the HCHO sensitivity, various ways have
been suggested in the literature, which include the addition of a noble catalytic metal (such as platinum and
gold) and the use of composite metal oxides. Indeed, various sensitive materials such as doped-SnO, [18-20],
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doped-ZnO [21,22], doped-CuO [13], CdO-mixed In,03 [23], LaFe,_Zn,O3 [24], La; «Pb,FeO; [17] and Cd-
doped TiO,-Sn0O, [25] have been reported to be selective and more sensitive to HCHO at ppm levels.

Nickel oxide (NiO), as a p-type wide-band gap (3.6-4.0 eV) semiconductor metal oxide, is a very
promising material. NiO-based nanostructures and thin films have been extensively applied as antiferromagnetic
materials [26], electrochromic films for smart windows [27], electrodes for batteries [28] and fuel cells [29] and
as catalysts [30]. As gas sensor, NiO films were investigated for H,, CH4;, NH; and high concentration
formaldehyde detection (detection limits 40 ppm and 100 ppm) [14,31, 32]. NiO thin film has already been
pointed out as a sensitive material for formaldehyde detection at low concentrations [12,15,33]. Because of its
applications in various fields, many synthesis routes for NiO nanopowders or films have been proposed [34].

In most applications, the quality and structure of the nanomaterials undoubtedly play a crucial role in
determining their performance. With the rising interest in engineering the morphology of NiO nanomaterials
during the past decade, it has been established that the performance of NiO nanomaterials is also deeply affected
by its morphology characteristics [35-37].

Controlling the morphology of nickel oxide nanostructures is crucial to obtain excellent physical and
chemical performances [38-39]. There are many techniques available to synthesize the NiO nanostructures with
different morphologies. Among them are the hydrothermal route [40], reflux method [41], thermal
decomposition [42], chemical precipitation [43], microwave-assisted route [44] and the electro-spinning method
[45].

Dirksen et al have reported that the morphology and structural properties of NiO thin layer have an
influence on HCHO detection [14]. In addition, in one of our previous works [16], we showed with some first
results that the synthesis route for the NiO is of primary importance on HCHO sensing behaviours.

In this paper, we present the characteristics of thick layers of nickel oxide synthesized by three
different methods (chemical precipitation, sol-gel and hydrothermal) from four precursors and compare their
performances towards formaldehyde detection in the ppb range.

I1. EXPERIMENTAL METHODOLOGY
2.1 Synthesis of the Nickel Oxide powders
NiO powders were synthesized by three different methods: sol-gel from nickel chloride, precipitation methods
from nickel malonate and nickel sulfate precursors and hydrothermal route from nickel nitrate.

2.1.1By Sol-gel method [46]

NiCl,.6H,0 (1.5 g, 6.3 mmol) was dissolved in 70 ml of absolute ethanol at room temperature, leading
to a clear green coloured solution. In another beaker, NaOH (0.5 g, 12.5 mmol) was dissolved in 100 ml
absolute ethanol and the NaOH solution was added to the nickel chloride solution dropwise. The mixture was
stirred at room temperature for 2 h. During this time, the reaction mixture was found to form light green
coloured gel. After 2 h, the gel was filtered, washed thoroughly with distilled water and then finally with
ethanol. The precipitate was air dried, yielding a light green powder. TGA data showed that this green powder
decomposes at ~294 °C.

2.1.2By precipitation from nickel sulfate [46]

83 mmol (5 g) of urea was added to 5.2 mmol (1.37 g) of nickel sulphate dissolved in 80 ml of distilled
water and the mixture heated at 80 °C for 4 h. The green precipitate formed was filtered, washed with distilled
water several times to remove the unreacted nickel salt and urea and finally with absolute ethanol, and dried at
room temperature. TGA data showed that the green powder decomposes at ~369 °C.

2.1.3By precipitation from nickel malonate [47]

Here, the NiO was obtained via two experimental steps: the synthesis of the precursor by precipitation
in aqueous solution containing nickel ions using the malonate ligand as precipitating agent and its subsequent
decomposition. Using nickel malonate precursor, lithium malonate was first prepared in aqueous solution by
adding lithium hydroxide (10 mmol) to malonic acid (5 mmol) and the pH adjusted to 7. After 5 min, an
aqueous solution containing nickel chloride was poured drop by drop into the previously prepared solution of
lithium malonate with continuous stirring. The resulting green solution was then stirred for 3h at 90 °C under
reflux. The precipitate obtained was filtered, washed successively with distilled water, isopropanol and acetone,
to ensure the total removal of impurities, and dried in an oven at 70-80 °C resulting into a light green powder.
The as-prepared precursor powder was calcined in a ceramic crucible at 500 °C in a muffle oven (10 °C/min) for
1 h under airflow. The TGA data obtained showed that the green powder decomposes at ~343 °C.
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2.1.4By hydrothermal procedure from nickel nitrate [48]

0.7 g (2.4 mmol) of Ni(NO3),.6H,0 and 0.5 g PEG 6000 were dissolved completely under rigorous
magnetic agitation in 45 mL of distilled water and 2.5 mL of triethylamine N(C,Hs); added to the above system
dropwise and the stirring continued for 50 min. Finally, the mixture was transferred into a stainless steel
autoclave which was sealed and maintained at 140 °C for 12 h. After the autoclave was allowed to cool naturally
to room temperature, the resulting green precursor was filtered, washed several times with distilled water and
ethanol successively and dried in vacuum at 80 °C for 12 h. TGA data showed that the green powder
decomposes at ~337 °C.

2.2 Sensor preparation and gas sensing measurements

For gas sensing measurements, the synthetized powders were subjected to calcination at 400 °C for 1 h
and each coated on alumina substrates fitted with interdigitated gold electrodes and platinum heating element
(Fig. 1a) by simple spray-coating of the corresponding ink. The ink was prepared by mixing the metal oxide
powder with distilled water and the resulting solution (charged with 10 % of metal oxide) was placed for 24 h in
a TURBULA Shaker-Mixer to separate all the agglomerate particles. The thickness of the sensitive layers is ~8-
10 um (checked with an optical profiler). Finally, the NiO coatings were annealed at 400 °C for 1h in air before
their exposure to the gases.

The sensors were exposed to HCHO in the ppb level in a Teflon chamber as shown in Fig. 1b. The
concentration of HCHO was controlled using a flow mass controller and measured by a HCHO-Analyzer
(Process Mass Spectrometer AirSense). The moist air was obtained by humidification of dry air through a water
bubbler maintained at 22 °C as presented in Fig. 1b.

I11. RESULTS AND DISCUSSION

In order to obtain information about the surface morphology and particle size of the samples, an FE-
SEM analysis was performed. Fig. 2 shows the FE-SEM images of four NiO layers synthetized via three
different methods.

It can be seen that the NiO layer obtained by the sol-gel method is present two kinds of spherical
particle (Fig. 2a). Small particles of about 30 nm and much larger particles (~100 nm) are visible (Fig. 2a). In
the sample obtained by precipitation from nickel malonate (Fig. 2b), NiO is composed of agglomerates of fine
particles. The sample synthesized from nickel nitrate precursor exhibits a geometrically sheet-like 2D structure
(Fig. 2¢) whereas in the case of the sulfate precursor (Fig. 2d), the particles possess an agglomerated hexagonal
sheet-like morphology forming 3D spherical structures.

The XRD patterns of calcined samples were recorded by mean of a Bruker D5000 theta-theta
diffractometer using Cu kal2 radiation and a back monochromator and are shown in Fig. 3. The XRD patterns
of powders prepared by precipitations from nickel malonate and nickel sulfate and by hydrothermal process
from nickel nitrate (Figs. 3b, 3c and 3d, respectively) revealed the formation of face-centered-cubic NiO
(JCPDS file N° 47-1049) [49]. The XRD pattern of the calcined sample prepared by sol-gel method from nickel
chloride, however, showed additional peaks (Fig. 3a) which were identified as to the hexagonal nickel oxide
Ni,O3; (JCPDS file N° 14-0481) [49-51]. The presence of this oxide is certainly due to the transformation of a
part of Ni(OH), to Ni,O3 enhanced in the presence of alkali metal cation Na* [51,52].

Crystals sizes were determined using Scherrer relation from the FWHM of the (111), (200) and (220)
diffraction peaks after subtraction of the k,, and of the instrumental contribution to the broadening. The sizes
obtained from the three peaks are close to each other, excepted for the sulfate powder (Table 1). For this later,
we assume a strong anisotropy of the crystals shape.

We also determined the crystals size of phase Ni,O5; from peaks (002), (200) and (202) (Fig. 3a). The
Ni, O3 crystals size obtained is about 130 nm. This could explain that the small particles observed for the sample
prepared from chloride (Fig. 2a) correspond to NiO phase while larger particles correspond to the Ni,O3 phase.

In order to compare the effect of the various NiO synthesis methods on the formaldehyde sensor
response, electrical resistances of sensing layers were recorded with formaldehyde diluted in humid clean air
(RH=50 %) at concentrations under 1 ppm at different operating temperatures (between 150 and 280 °C). The
setup for the exposure tests of sensors to formaldehyde is shown in Fig. 1.

Since NiO is a p-type semiconductor, the electric resistance of NiO sensor increases when
formaldehyde gas is introduced into the testing chamber. In fact, the HCHO molecules react with the adsorbed
oxygen which leads to a reduction in the density of holes (eq.1) [12].

HCHO gss) + 207 (a5 + 40" > COypga+ H:Opay (1)
The sensor response, R, described in this paper is defined according to the eq. 2:
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Where Ra and Rg are the resistances of sensor in clean air and after exposure to formaldehyde, respectively.

Figs. 4 to 6 show the dynamic response of the various NiO-based sensors operated at 150, 200 and 250
°C. It can be seen from these figures that at higher temperatures, the NiO sample prepared by precipitation from
malonate gives the best sensor response to formaldehyde (Fig. 6). At lower temperatures, however, the samples
fabricated by the sol-gel method from nickel chloride and the hydrothermal process from nickel nitrate give a
better response with good response times. On the other hand, the response of the NiO sample prepared by
precipitation from nickel sulfate is very small and slow at working temperatures less than 250 °C. It can also be
observed that for all temperatures, the response and recovery times of the sensors based on the nickel chloride
route are shorter.

The sensing characteristics of these NiO-films to formaldehyde are, therefore, strongly influenced by the surface
microstructure and the synthesis method.

The more favourable microstructure, in terms of sensitivity and response time, corresponds to that of
the NiO sample obtained by the sol-gel method from nickel chloride. A possible reason for that is the
morphology of the layers that show very fine particles in a highly porous stacking. The influence of the presence
of Ni,O3 phase cannot be excluded and must be investigated to better understand.

For this sensor, the effect of change in humidity of wet air from 10% RH to 80% RH is shown in Fig.
7. The results demonstrate that at working temperatures above 150 °C, NiO sensors have a good stability of
operating parameters with respect to air humidity between 30% RH and 80% RH.

Studies have shown that alcohols and aromatic hydrocarbons are among the most important VOC
compounds identified in indoor air [53].

That is why the different sensors were then studied with respect to several potential interfering gases
belonging to these categories: ethanol, methanol, benzene and toluene. No response was observed at 5 ppm of
toluene and benzene.

The results of ethanol and methanol tests are summarized in Table 2. Table 2 shows the response to 5
ppm of the gases for the different synthesis methods expressed in equivalent concentrations of formaldehyde
(tests performed at the maximum sensitivity temperature, 200 °C).

This table shows that the chloride route leads to more selective sensors towards alcohols.

IV. CONCLUSIONS

NiO nanostructures were synthesized following different routes to compare the gas sensing
performances of NiO coatings used as metal oxide sensors. The different synthesis routes led to various
morphologies and this study demonstrated its strong influence on the gas sensing performance towards
formaldehyde. The results showed that NiO is able to detect very low concentration of formaldehyde (<1 ppm)
with good performance (good response, weak influence of humidity and good selectivity towards other VOC’s).
These results are promising for the development of simple and inexpensive devices allowing for monitoring in
real time of formaldehyde in parts per billion (ppb) in indoor air.
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Figure 1: Substrate used for sensing measurement (a) and the setup used for formaldehyde sensing
measurements (b).
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Figure 2: FE-SEM images of layers of NiO obtained from precursors prepared by (a) sol-gel from nickel
chloride, (b) precipitation from nickel malonate, (c) hydrothermal route from nickel nitrate and (d) precipitation
from nickel sulfate.
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Figure 3: XRD patterns of NiO nanoparticles synthetized by sol-gel method from nickel chloride (a), by
precipitation from nickel malonate (b), by hydrothermal process from nickel nitrate (c) and precipitation from
nickel sulfate (d).
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Figure 4: Dynamic response (a) and sensor response (b) of various NiO exposed to different concentrations of
formaldehyde at T=150 °C.
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Figure 5: Dynamic response (a) and sensor response
concentrations of formaldehyde at T=200 °C.
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Figure 6: Dynamic response (a) and sensor response (b) of various NiO exposed to different concentrations of

formaldehyde at T=250 °C.
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Figure 7: Influence of air humidity on baseline resistance (a) and on sensor response to 40 ppb (b) of sensor

based on NiO from nickel chloride.

Table 1: Crystals sizes data of different NiO and Ni,O3 samples collected by XRD of powders.

Diffraction Measured Instrument Sample Crystal
angle
Sample Lattice FWHM FWHM FWHM size
plans
2-Theta °© 2-Theta ° 2-Theta ° 2-Theta ° nm
NiO-Chloride (111) 37.10 0.308 0.131 0.281 33
NiO-Chloride (200) 43.13 0.313 0.132 0.280 34
NiO-Chloride (220) 62.69 0.391 0.135 0.366 28
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Ni;Os-Chloride (002) 31.62 0.149 0.130 0.072 126
Ni;Os-Chloride (200) 45.36 0.155 0.132 0.081 118
Ni;Os-Chloride (202) 56.36 0.147 0.134 0.060 165
NiO-Malonate (111) 37.16 0.310 0.131 0.281 33
NiO-Malonate (200) 43.21 0.262 0.132 0.226 42
NiO-Malonate (220) 62.77 0.282 0.135 0.247 41
NiO-Nitrate (111) 37.16 0.941 0.131 0.931 10
NiO-Nitrate (200) 43.24 1.192 0.132 1.183 8
NiO-Nitrate (220) 62.73 1.101 0.135 1.092 9
NiO-Sulfate (111) 36.71 2.873 0.131 2.867 3
NiO-Sulfate (200) 42.96 3.069 0.132 3.067 3
NiO-Sulfate (220) 62.27 1.270 0.135 1.263 8

Table 2: Interference by methanol and ethanol.

NiO-chloride (ppb) NiO-nitrate (ppb) NiO-malonate (ppb)
Methanol 5 ppm 95 130 310
Ethanol 5 ppm 80 105 470
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