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Abstract:

The application of novel core-shell nanostructure composed of Cu, Ag, Au/NiO
to improve the sensitivity of pure NiO to H,S gas sensors is demonstrated in this
study. The growth of Cu, Ag, Au/NiO core-shell nanostructure is performed by
chemical reaction of NiO on metal nanoparticle (Cu, Ag and Au) that prepared by
pulsed laser ablation (PLA) technique. This is to form the homogeneous structure of
the sensors investigated in this report to assess their sensitivity in terms of H,S
detection. These novel H,S gas sensors were evaluated at operating temperatures of
25 °C, 100 °C and at 150 °C. The result reveals the Cu, Ag, Au/NiO core-shell
nanostructure present a good sensitivity at low working temperatures compared by
pure NiO nanoparticles. These core-shell nanostructure sensors also possess the
highest response (<32 s) and recovery (<28 s) values with greater repeatability seen
for H,S sensors at low temperatures, unlike traditional sensors that only work
effectively at much higher temperatures. The data in this study indicates the newly-
developed Cu, Ag, AU/NiO core-shell nanostructure based sensors are highly
promising for industrial applications.

Keywords: NiO, Cu/NiO, Ag/NiO, Au/NiO; core shell; nanostructure; H,S; gas
sensor; sensitivity.
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1. Introduction

Due to an increase in atmospheric pollution, there is a need to fabricate sensitive devices to detect
and measure different hazardous gases. Currently, standard air pollution measurements are based on
expensive optical spectroscopy and gas chromatography techniques. These techniques are large,
expensive and slow in terms of reaction times [1, 2]. Therefore, there is an urgent need to design and
fabricate cheap gas sensor devices to detect diverse explosive and toxic gases.

Over the past decades, metal oxide semiconductors are interested to be used in gas sensors field.
Various types of metal oxide based sensors composed of TiO2, SnO2, ZnO, or WO3 have been used
extensively to detect toxic and pollutant gases, such as NOx, H2S, CI2, CO, SO2, and O3. Other
combustible gases, including H2, CH4 and flammable organic vapors are also detectable by these
compound based sensors [3-5].

Metal oxide thin films are fabricated by dry/wet techniques. The microstructure of fabricated thin
film is closely associated to the fabrication process. By altering deposition parameters, the
microstructure changes and the gas sensing performance of film changes respectively. Grain size and
porosity are two important parameters for metal oxide gas sensors [6,7]. Among the metal oxide
semiconductors, nickel oxide has drawn significant interest owing to its wide range of applications.
NiO is insulator in a stoichiometric ratio, and its non-stoichiometry semiconducting behavior
attributed to the percentage of Ni*? vacancies in NiO of the prepared sample [8]. There are few studies
on the gas sensing property of NiO. Nickel oxide is chemically and thermally stable p-type
semiconductor can be used in optical, electronic, catalytic and super-paramagnetic devices like
transparent conductor films, gas sensors, alkaline battery cathodes, dye-sensitized solar cells and solid
oxide fuel cells (SOFC)[9-16]. It is also noted that the use of semiconductor metal oxide materials for
gas sensing generally involves some chemical reaction with gas molecules on the oxide surface [17].
Hydrogen sulfide (H,S) is a colorless gas with the characteristic foul odor of rotten eggs; it is heavier
than air, very poisonous, corrosive, flammable, and explosive. An ideal sensor can be utilized in an
early warning system for environmental monitoring to detect the presence of H,S before a critical
condition occurs. The demand to produce ideal H,S sensors has propelled considerable research
activities in the relevant fields. It was well known that the sensor characteristics can be changed by
varying the crystal structure, dopants, preparation technology, operation temperature, etc[18,19].
Nowadays, also noble metals such as Au, Ag, Pt, Cu and Pd are used as active catalysts. These noble
metals enhance the reaction between target gas (especially reduced gases) and oxygen molecules [20].
Production of core-shell nanostructures is an attractive field to improve some properties such as
sensing behavior [21,22]. The structure of noble metal/NiO core-shell nanostructures uniquely consists
of a noble metal core (Ag, Au, Cu) and NiO shell. Its use in gas sensors has not been formally
reported, despite its advantageous characteristics. It is proposed in this study to apply noble metal/NiO
core-shell as a novel sensor for H,S detection. This research reports the manufacturing procedures and
its chemical sensing properties for H,S tracing. The addition of noble metals is also discussed.

2. Experimental Procedure
2.1. Materials and Methods
A) Preparation of Ag, Au, Cu nanoparticles

Formation of Ag, Au, Cu Nanoparticles Silver, gold and copper NPs was fabricated using PLA in
distilled water, the metal target (silver, gold and cupper) with purity (99.98%) was immersed in liquid
media at room temperature. The volume of liquid is 5 ml. The container placed on the table. The target
was irradiated by using a Q-switched Nd:YAG laser beam which operate at (1064) nm wavelength and
10 ns pulse duration. The color of the colloidal suspensions is yellow, red, green for silver, gold,
copper respectively, indicates of nanoparticles production. Colloidal solution containing NPs is
obtained.

B) Preparation of Nickel Oxide nanoparticles

The chemicals used in this study nickel chloride (NiCl,) and sodium hydroxide (NaOH) as source
materials. Chemical precipitation synthesis of NiO nano-powder comprised the following stages: (a)
formation of NiCl, precursor by dissolving 0.1 M NiCl, in 100ml distilled water, and stirring on
magnetic stirrer for 30 min (b) dissolving 1M from NaOH in 50 ml distilled water (c) addition NaOH
by drop-wise to 0.1M NiCl, while vigorous stirring of the solution continued until the pH reached 11
(d) the product is filtered and washed several times with distilled water and finally with acetone to
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eliminate the residual byproducts (e) the precipitation was dried in oven at 150 °C for 5 hr (f) dried
green powder will be obtained .
C) core-shell preparation

Ag, Au and Cu nanoparticles have pre-prepared by pulse laser ablation technique separately. The
amount is 10ml from these noble metals nanoparticles, stirred on magnetic stirrer. Then repeating the
same procedures as in (B). Then the powders are characterized by XRD technique.
2.2.Preparation of substrates
A) Silicon wafer cleaning

n-type (111) oriented Si wafers were used as the substrates. They were initially cleaned by Radio
Corporation of America (RCA) standard clean process to remove organic contaminants, and then
rinsed under running distilled water. To thoroughly remove native oxide, the wafers were dipped into
48% HF solution for 10 seconds, and flushed by dry air. Then they will be ready to use.

B) Glass slide cleaning

Glass slide were cleaned by ethanol then in distilled water for 15 min in ultrasonic bath then dried
in oven at 50°C for 1 hr.
2.3.Sample preparation

(25mg) nano powders was dispersed in ethanol and dropped on the substrates to prepare thin films
by spin coating technique and dry in oven at 100°C for 2 min. This step is repeated for 10 times to
obtain the final thickness (100£10) nm.
2.4.Characterization technigues

In order to study the structural properties for prepared powders, the crystalline structure was
examined by X-ray diffraction using (Philips PW) X-ray diffractometer system. Morphological study
was carried out by scanning electron microscopy (S-4160 HITACHI) which is used to inspect the size
and topographies of nano powders under various core materials of specimens at high magnification.
The optical absorbance spectra of the samples within the wavelength ranging from (190 - 1100 nm) at
room temperature were measured using UV-Visible (SP — 8001 spectrophotometer. Gas sensor
characterizations of core/shell nanostructures have been done as H,S sensor. To characterize and
compare sensor performance, a set of parameters should be defined for each sensor, such as sensor
response. The sensor response in percentage, S, is defined as the ratio of resistance change by
introducing target gas in the air [23].

Rgas—Rai

S = (yRi) x 100
where, Rgas and Rair are the resistance values of the sensor during gas exposure and air, respectively.
Also, response and recovery times are two main characteristic parameters for different target gases.
Response time is time constant, which sensor needs to change to 90% of its original value. Similarly,
the recovery time is defined as the time required to recover to within 10% of the original baseline
when the flow of reducing or oxidizing gas is removed.
3. Results & discussion
3.1 XRD analysis

Figure-1(a-c) show the XRD patterns of Ag/NiO, Au/NiO, Cu/NiO core-shell respectively. The
peaks in XRD patterns refer to both core metal Ag, Au, Cu and shell metal oxide NiO as shown in
Tables-1,- 2,-3, and Figures-1(a, b, c). The crystallographic plane for NiO that its peak at 26 around
38° was observed for all samples and assigned to (111) of simple cubic NiO. Also the broadening of
xrd peaks points to nanosize of the prepared core-shell.

The average crystallite size (D) of films can be calculated by Scherer formula for the preferred
plane (111) for NiO to be 2.3, 2.6, 3.4 nm for Cu/NiO, Ag/NiO, Au/NiO respectively. Therefore,
additional SEM measurements were used to analyze the grain size and surface morphology of the
samples.
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Figure 1- XRD patterns of a) Ag/NiO core-shell; b) Au/NiO core-shell; ¢) Cu/NiO core-shell powders

Table 1- Structure parameters of Ag/NiO

FWHM dhi Crystallite dh
20 (Deg.) (Deg.) Exp.(A) size (nm) hkl Std.(A) Phase Card No.
32.9996 1.1834 2.7122 7.0 (1112) 2.7239 Ag,0 96-101-0487
(111) 2.3520 NiO 96-101-0382
38.2185 3.2466 2.3530 2.6 (020) 53590 Ag:0 96-101-0487
43.6194 0.9000 2.0733 9.5 (200) 2.0850 NiO 96-101-0382
Table 2- Structure parameters of Au/NiO
FWHM dhki Crysta”ite dhi
20 (Deg.) (Deg) Exp.(A) size (nm) hkl Std.(A) Phase Card No.
38.0847 2.5788 2.3609 3.3 (111) 2.3520 NiO 96-101-0382
44.6120 0.6320 2.0295 13.6 (200) 2.0455 Au 96-901-3037
51.7277 4.0971 1.7658 2.2 (200) 1.7935 Ni 96-901-3032
Table 3-Structure parameters of Cu/NiO
FWHM dhkl Crystallite dhkl
20 (Deg.) (Deg.) Exp.(A) size (nm) hkl Std.(A) Phase Card No.
38.2318 3.5805 2.3522 2.3 (111) 2.3520 NiO 96-101-0382
59.0831 0.9705 1.5623 9.4 (202) 1.5724 CuO 96-900-8962
62.2294 1.5171 1.4907 6.1 (-113) 1.4986 Cu0 96-900-8962

3.2 SEM analysis
Figures-2, 3, 4, 5 show the SEM images of pure NiO and core-shell powders that prove the nano

size of prepared samples. It can be seen that the core-shell samples had a smaller grain size than pure
NiO and possessed more porosity especially for Au/NiO core-shell. As a result of smaller grain size
and higher porosity, the gas sensing property of the film could change significantly as it will be seen in

1735



Ali Iragi Journal of Science, 2016, Vol. 57, No.3A, pp:1732-1741

the gas sensing results. The grain size was decreased by making core shell structure because of the
small size of the core nanoparticles (Ag, Au, Cu) so the NiO is forced to be grown on the
nanoparticles of the core so it can be seen that the grain size can be tuned by selecting an appropriate
fabricating method and samples which had smaller grains were ideal for gas sensor applications. The
SEM images show the surface topography of the powders whereas the XRD patterns show the bulk
properties [24].

The surface to volume ratio (S/V) and the degree of porosity are two important parameters, which
play important roles in the gas permeability of H,S in nanomaterials. The high S/V ratio could be
obtained by simultaneously decreasing the size of the grains and incorporation more porosity into the
structure [25,26].

30.0kV X38.8K 1.80@0sm

X6@.08K  'S8@nm

30..8kV X6@.0K  'S8@0nm

Figure 4- The SEM images of Ag/NiO core-shell
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Figure 5- The SEM images of Cu/NiO core-shell

3.3 Optical Properties

Figure-6 shows the optical transmittance spectra of the core-shell films coated on the glass
substrates. The core-shell sample exhibited transmittance larger than 60% in the visible and near IR
range, while the pure NiO exhibits very low transmittance smaller than 10%. The optical gap of the
films was calculated in Table-4 which shows that energy gap increases with core-shell samples and
this result is in agreement with SEM results.
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Figure 6- Optical transmittance spectra of NiO, Au/NiO, Cu/NiO, Ag/NiO.
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Figure 7- Tauc plot of NiO, Au/NiO, Cu/NiO, Ag/NiO

n

Table 4- Values of energy gap
Sample NiO Au/NiO Cu/NiO Ag/NiO
E, (eV) 2.7 2.9 3.1 3.3

3.4 Gas sensing results

The gas sensing property of the sensor is measured by collecting a change in resistance over two
sensing electrodes under H,S gas. The change in the sensor resistance is attributed to ion adsorption of
gas molecules, surface reaction of target gas with adsorbed oxygen on the surface of metal oxide [27].
Adsorbed ions are responsible for a change in conductivity. The negative charged ions are responsible
for absorbing electrons and upward band bending around the edge of the grain. By absorbing oxygen
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molecules on the surface of metal oxide, they extract electrons from the conduction band E. and
electrons trap at the surface in form of ions. This mechanism causes a band bending and the electron
depleted region near the surface of each grain [28]. During the adsorption process at elevated
temperatures, different oxygen species are formed on the surface of NiO as 05 and 0~[29].

The sensing mechanism of metal oxide gas sensors can be explained by the adsorption of oxygen
on the surface of metal oxide grains and its reaction with H,S gas molecules. By introducing H,S gas
molecules, the electrical conductivity of film changes due to the surface reactions at the grains. The
reaction summary can be expressed by:

- H,S Sensing Electrode Reaction:  H,S + 4H,0 ——> H,S0, + 8H" + 8e~
- H,S Counter Electrode Reaction: 8H*+ 20, —> 4H,0

Figures-8(a, b, ¢) show gas sensing behavior for NiO where there is weak response.
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Figure 8-Weak sensing response of NiO to H,S gas

R (kQ)
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The gas sensing property of the film was improved significantly due to the catalyst effect of Au,
Ag, Cu nanoparticles in the structure of metal oxide. These new core-shell structures increased sensing
property of nickel oxide by decreasing the energy needed for splitting H, or O, molecules on the
surface of metal oxide.

The key advantages are: 1) power consumption is minimal because the actual sensing chemical
reaction creates the base sensing signal (i.e. each molecule of H,S produces 8 electrons of signal) and
2) the working electrode reaction regenerates the exact amount of water (H,0) which was used on the
sensing electrode to react with the target gas H,S, it refills itself.

When oxygen species are adsorbed on the surface of NiO grains, they act as a surface acceptor and
force electrons to be removed from the lattice. Further reaction of these adsorbed oxygen ions with
reducing gas causes a decrease in band bending and changes the conductivity of grain.

The H* react with adsorbed oxygen ions and form water vapor, and as a result of this reaction,
electron transfer back to the film according to the reaction [30]. Therefore, the transfer of electrons to
the conduction band of semiconductor changes the conductivity of the film. For p-type semiconductor,
the transfer of electrons to the conduction band makes the semiconductor less p-type, and the film
resistance increases. On the other hand, for n-type semiconductor material, the resistance decreases
with increasing the number of electrons in the film. As described in the previous section, metal oxide
gas sensors show a change in a resistance in contact with H,S target gas at different operating
temperatures. To improve sensor performance, noble metals such as Au, Ag and Cu are used as active
catalysts. These noble metals enhance the reaction between target gas (especially reduced gases) and
oxygen molecules [31]. Spill over is a term, which is used to describe the diffusion of adsorbed
species from an active site (noble metal) to a non-active site. These sites enhance the speed of
molecule dissociation [32]. It has been reported that noble atoms decrease the energy needed to split
H, or O, atoms on the surface of metal oxide thin films [33]. Repeatability determines suitability of the
gas sensor for practical applications [34, 35].
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Figure-9 (a-i) show the repeatability of the NiO sample for H,S gas at different operating
temperatures. It was found that the response and recovery times were almost constant for each cycle.
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Figure 9- Repeatability of the core-shell structures for H,S gas at different operating temperatures; (a-c) for
Cu/NiO, (d-f) for Ag/NiO, (g-i) for Au/NiO

Table 5- Sensitivity, response and recovery times of core-shell structures at different operating temperatures

core/shell Ag/NiO Cu/NiO AU/NiO
Temperature °C RT 100 150 RT 100 150 RT 100 | 150
Sensitivity % 53 11 58 12 15 9 12 88 54
Response Time (s) 5 7 11 12 6 7 32 7 11
Recovery Time (s) 22 17 8 8 28 23 11 2 22

From Figure-9h and the results of Table-5, we have highest sensitivity with Au/NiO core-shell at
working temperature 100°C, also very fast recovery time that means the sensor need ~2s to return to
its initial value and be ready to the following signal for entering gas. This result is illustrated in

Figure-10.
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Figure 10- Repeatability, response, recovery times of Au/NiO core-shell structures for H,S gas at 100°C
working temperature
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4. Conclusion

This investigation reports on the growth of noble metal/NiO core-shell nanostructures and the

fabrication of the H,S gas sensors based on these core-shell hanostructures. These new structures
demonstrate good sensitivity and stable repeatability with time. The H,S gas detection of the (Ag, Au,
Cu) /NiO core-shell sensors present its best response (<32 s) and recovery period (<28 s) with greater
repeatability at low operating temperature. The results indicate that the developed noble metal/NiO
core-shell nanowires based sensors are highly promising for industrial applications.
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