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Abstract:

Nowadays metal oxide nanoparticles and transition metal dichalcogenides play a vital role in
various areas like optical sensors, solar cells, energy storage devices, gas sensors and biomedical
applications. In the current research work, we synthesized ZrSe; nanoparticles by hydrothermal method.
The ZrSe; nanoparticles were synthesis using precursors such as ZrOCl,.8H,0 and Na,Se03.5H,0 in
the addition of surfactant cetyl trimethyl ammonia bromide CTAB and reductant hydrazine hydrate,
respectively. By using synthesized ZrSe, nanopowder thick films were developed on a glass substrate
using the screen printing method. The structural properties of ZrSe, powder were studied by X-ray
diffraction (XRD). The X-ray diffraction analysis revealed that the hexagonal crystal structure and
crystalline size were found to be 55.75 nm. The thick films of ZrSe, were characterized by field
emission scanning electron microscopy (FESEM) and energy dispersive X-ray analysis (EDAX). The
surface morphological analysis of ZrSe, nanostructured thick film shows hierarchical nanoparticles.
The energy band gap of synthesized powder was calculated using a Tauc plot from UV-visible
spectroscopy. The gas-sensing properties of ZrSe, thick films were studied. The developed ZrSe; thick
films show maximum sensitivity and selectivity towards the ammonia NH; gas at an operating
temperature of 120 °C and the gas concentration was 500 ppm. The developed thick films show fast

response and recovery time.
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Graphical abstract:

Zircontum oxychloride Sodium selenite pentahydrate
octahydrate :
N2,5¢05,5H,0 (3.172 gm)
Zr0Cl,.8H,0 (3.890 gm - - N

) Calcination
YA of obtained

compound

60 °C for
—— ) 10h
l Filtered
and
‘ Dissolved in 80 ml double distilled water ‘ washed by
l distilled Squeegee ?C:;:
water and l ek -
s B seeen
Mixture ethanol e / Backing board
p ’ maintained
= at 140°C for ST S ereen printing technique
; 13 hrs in the ‘
! autoclave
ZrSe, thick films
Structural Electrical BT
Magnetic stirrer (I-V, Electrical ( Sensitivity, Selectivity, LOD,
(SEM, EDAX, XRD, & UV) conductivity) Response and recovery time)

1. Introduction

For the last two or three decades environmental pollution has been a series problem when we
relate it to human health issues. Air pollution has been a critical issue in the metro cities where industrial
gases and automobile gases are released into the air and these gases are harmful to the human health.
Therefore most of the researchers focused on to work on the detection of hazardous gases by synthesis
of novel materials. Nowadays in material research, scientists focus on designing the material to detect
hazardous gases by fabricating the gas sensor [1].

Transition metal dichalcogenides (TMDCs) may be a kind of promising substance due to their
high surface-to-volume ratio and interesting band structures with tunable band gaps material that are
more beneficial to designing gas sensors. TMDCs can be used for toxic gas detection and adsorption
because of their high sensitivity to the environment [1, 2]. They are a class of layered materials made
up of a transition metal sandwiched between atoms of chalcogen by chemical bonding, producing X-
M-X layers that are kept together by weak van der Waals forces.[2]. TMDCs exhibit variable band gaps
from 0 to 3 eV, which can be tuned by defects, thickness, lattice point variations and morphology.
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Layer-dependent properties in conjunction with surface structure modification, and chemical doping
were investigated to improve the sensing performance of the TMDCs [3].

Zirconium selenide (ZrSey) is a group IV TMDC the famous semiconducting materials, metallic
and superconducting properties and its physical properties have been constantly investigated during
recent years. The ZrSe; crystallises in a hexagonal Cdl, layer structure [4]. ZrSe; is a class of TMDCs
with a moderate bandgap, semiconducting nature and good electrical characteristics. Zirconium
diselenide (ZrSe;) has attracted due to its unique optical, structural and electronic properties. The
structure is composed of sheets of Zr atoms coordinated octahedrally by Se atoms, where each Se atom
is bonded to three Zr atoms via van der Waals interaction. ZrSe; is an n-type semiconductor material
donating an electron to it increases the conductivity [5].

In the current work, we reported a novel synthesis method for the synthesis of the ZrSe;
nanoparticles using a hydrothermal method and then fabricated them using screen printing techniques
onto a glass substrate. The ZrSe, nanopowder materials were examined using X-ray diffraction (XRD)
and UV-visible spectroscopy (UV) for their structural and optical properties. The surface morphology
properties of the ZrSe, thick film were studied using scanning electron microscopy (FESEM). This
study discusses the ZrSe, thick film-based gas-sensing properties, including sensitivity, selectivity, gas
concentration, stability, response, and recovery time. The sensing response for different concentrations
of NHjs gas was investigated for the ZrSe;, thick film sensor. Also, the gas-sensing properties of ZrSe;
thick films for various gases such as NHs, NO,, LPG and C;HsO were tested.

2. Experimental details
2.1. Synthesis of ZrSe; nanoparticles using hydrothermal method

All the chemicals used in the experiments were of analytical grade and used without further
purification. In a typical synthesis, 3.890 g of ZrOCl,.8H;0, and 3.172 g Na,Se03.5H,0 were dissolved
in 80 ml of double distilled water under constant magnetic stirring at room temperature for 45 min.
Then an appropriate quantity of CTAB was added to the above solution. After stirring the solution for
15 min, 1 ml hydrazine was added drop-wise into the mixture and the colour of the solution became
peach precipitate, then the pH of the solution was 9. The resulting solution was transferred to a 200 ml
Teflon-lined stainless-steel autoclave, sealed tightly and maintained at 140 °C for 13 hrs, then cooled
down to room temperature naturally. The resulting black precipitates were filtered, washed with double
distilled water and absolute ethanol and then dried for 10 hrs at 60 °C. After that, the obtained precipitate
or compound was calcined at 200 °C for 3 Hrs and then grinded using mortar and pestle for 2 Hrs [6,7].
Finally, ZrSe, nanopowder was obtained. The ZrSe, nanopowder was further used to develop thick

films using the screen printing technique.
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2.2. Thick film preparation

The thick films of synthesized ZrSe, nanopowder were developed on a glass substrate using a
screen printing technique. All films were developed on a glass substrate. The 30% and 70% ratios of
organic and inorganic materials were used for the preparation of thick films. In organic material, ethyl
cellulose and butyl carbitol acetate were used to make thixotropic paste. After that thick films were
developed/prepared using a screen printing setup. After successfully preparing of films, prepared films
were dried under an IR lamp to remove contaminations. Then finally films were annealed at 200 °C for

2 hours using a muffle furnace [8, 9].

2.3. Characterization of synthesized ZrSe, powder

To confirm the nanostructure of synthesised particles or powder standard characterizations have
been adopted. In standard characterizations, XRD, FESEM, EDX and UV spectroscopy such types of
techniques were used. The X-ray powder diffractometer (XRD), Bruker Analytical Instruments Pvt.
Ltd., Germany, Model: D8 Advance) with Cu-Ka radiations having A = 1.5418 was used to record the
XRD pattern of the ZrSe, powder in the 20 range 10-80° in a step size range of 0.020%s. A FESEM
(JEOL/EO, JSM-6390) was used to capture the surface morphological micrograph of the thick film with
an operating acceleration voltage of 20 KV. Elemental analysis was done through energy-dispersive by
X-ray (OXFORD instrument). The UV-visible spectrum analysis was performed to determine the band
gap of the synthesized ZrSe, nanoparticles. Furthermore, the electrical characterization and electrical
conductivity carried out of thick films of ZrSe; by using the static electrical and gas sensing system [9].
The schematic of the static electrical and gas sensing system experimental setup is shown in Fig. 1.
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Fig. 1. Schematic of static electrical and gas sensing system.
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The static gas and electric system consists of a tightly closed glass chamber and two sample
holders. The film was placed in a glass chamber using sample holders. The heater coil is situated in the
glass chamber which is connected to the dimmer stat (230 VAC power supply) for controlling the coil
voltage. According to the provided power supply to the coil, the coil is heated and produces heat
(temperature) inside the glass chamber. The temperature inside the glass chamber or film surrounding
temperature was measured by a digital temperature indicator. In a digital temperature indicator, a
Chromium-Aluminum thermocouple is used to sense surrounding temperature. The influence of
temperature on the conductance of the films is measured using pico-ammeter [9, 10].

The BET (Brunauer-Emmett-Teller) method for analyzing specific surface area is conducted
using a specialized instrument designed to measure the gas adsorption characteristics of a material. This
instrument typically features a gas adsorption chamber where the sample is exposed to a specific gas,
often nitrogen or argon, at controlled temperatures. The chamber is equipped with a vacuum system to
degas the sample before the analysis, ensuring that any pre-existing adsorbates are removed. The gas
manifold system precisely controls the flow of gas and adjusts the pressure to measure the adsorption
isotherms. The data acquisition and analysis software processes these measurements to calculate the
specific surface area based on the BET equation. Additionally, the instrument includes a temperature
control system to maintain consistent conditions throughout the analysis, ensuring accurate and reliable
results. The schematic of the BET method apparatus with its working is illustrated in Fig. 2.

Nitrogen desorption and
calculation of pore size

(BJH method)

Nitrogen adsorption
to NP surface

5 1

1,

Nitrogen desorption and
calculation of surface area

(BET method)

Complete pore filling
with nitrogen
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covering whole NP surface

Fig. 2. Schematic of BET method apparatus

3. Results and discussion
3.1. Structural Characterizations
3.1.1. X-ray diffractometer

The XRD pattern of the ZrSe, powder is shown in Fig. 3 and the results indicate that the ZrSe,
material has a crystalline structure and grows with a hexagonal structure. The significant peaks for
ZrSe; were found to be at (002), (011), (012), (003), (111), (103), (112) and (004) which corresponds
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to 20 angles of 28.25 ©, 30.15 ©, 39.77 °, 43.70°, 50.30°, 51.95°, 56.83° and 59.67° respectively. The
obtained peaks of ZrSe, match with the JCPDS Card No. 03-065-3376 [11]. The higher peak
intensities in the XRD pattern indicate a greater crystallinity of the material. The preferred
orientation is along the (011) plane.

€0 11)f

Intensity (a.u.)

20 (degree)

Fig. 3. XRD pattern of ZrSe; thick films.

The presence of prominent peaks is important as it produces a large surface area for an effective
gas-sensing mechanism. From X-ray diffraction data, the crystallite size was calculated using Debye—
Scherrer formula in Eq. 1.

D=091/BCosb @
Where A is the wavelength of the CuKa target used, § is the full width at half maximum of the peak in
radians and 0 is Bragg’s diffraction angle at peak position in degrees [8]. From XRD the crystallite size

was found to be 55.75 nm.

3.1.2. UV-visible spectroscopy
The absorption versus wavelength spectrum of the ZrSe; thick films is shown in Fig.4. The range

of wavelength is varied from 250 nm to 900 nm.
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Fig.4.UV-visible absorbance spectra.

The absorption data was analyzed by using a classical relation Eq. 2.

a=A(hv —Eg)"/hv (2)
Where n = 2 & a = absorption coefficient in the order of 10* cm™? for direct allowing transition. The
band gap of the ZrSe, thick film was plotted by drawing an intercept of the plot between (ahv?) on the
y-axis and (hv) on the x-axis as shown in Fig.5. By using the Tauc plot method optical band gap was
calculated. The nature of the plots suggests a direct interband transition. The optical band gap of ZrSe;
thick film was found to be 3.75 eV [11].
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Fig.5. Plot of (ahv) ? versus (hv) for ZrSe; thick film.
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3.1.3. Field Emission Scanning Electron Microscopy

Fig. 6 (a-b) represents the SEM micrograph of the ZrSe; thick films. The results show that its
hierarchical nanoparticles formed viz. nanorods, and nanoflakes [11,12]. In the morphology of
nanoparticles homogenous and well-distributed surface was detected. The influence of precursor is
found in the SEM micrographs. The average particle diameter size observed in SEM images was 750
nm. The specific surface area is calculated by the BET method [8, 9] and it was found to be 26.86
m2/gm. The specific surface area plays an important role in the gas-sensing mechanism because if the

specific surface area of a nanoparticle increases the adsorption rate of oxygen vacancies increases on

the surface of particles during gas sensing reaction or process [9].

20kV  X1,500 10pm 0095 12 31 SEI 20kVv  X3,500 5pm 0095 1231 SEI
Fig. 6. (a-b) SEM micrograph of ZrSe; thick film.
3.1.4. Energy Dispersive X-Ray Analysis

Energy dispersive X-ray (EDX) analysis was performed in addition to FESEM analysis to evaluate
the elemental composition of ZrSe, thick films under an acceleration voltage of 20 keV, as shown in
Fig.7. The atomic weight percentage for these elements shows a nonstoichiometric nature as shown in
Table 1.

Fig.7. EDX pattern of ZrSe; thick films.
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Table 1: Elemental analysis from EDX

Element At. % Wt.%
Se 34.42 31.24
Zr 65.58 68.76

3.2. Electrical properties

In gas sensors electrical parameters of the prepared films play a key role in gas sensing
mechanisms. The transition metal dichalcogenides have differentiated in 2D nanoparticles based on
their conductivity, chemical compositions and structural alignments, based on these properties of
TMDCs, they are classified into as metallic, semi-metallic, semiconducting, insulating, or
superconducting [12]. The electrical transfer characteristics of TMDCs are useful in many applications
like nanodevices, thin film transistors and others. The electrical properties of fabricated ZrSe; thick
films were studied using a static gas system.

3.2.1. 1V Characteristics of the ZrSe; thick films

The I-V characteristic of the ZrSe; thick film is illustrated in Fig. 8. It is found that the electric
current is directly proportional to the applied potential. -V characteristics of the ZrSe; thick film show
an ohmic behaviour for both —ve and +ve applied potential [13]. The thick film resistance is found to
be high, hence the current through the ZrSe; thick film is found in the pico ampere range. As an applied

voltage is changed the amount of current in pico ampere also changes.
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Fig. 8. I-V characteristics
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3.2.2. Electrical conductivity

The conductivity of the films is inversely proportional to the resistivity. The resistivity of the
film depends on the mobility of charge carriers present in the material. The resistance of the film
depends upon the surrounding temperature. The variation of electrical conductivity with the temperature
of ZrSe; thick film at constant potential. The conductivity of the thick film was calculated using Eq. 3.

g=1l/(Rbt) (3)

The electrical conductivity of ZrSe; thick films was determined by increasing the surrounding

temperature of the film. Fig.9 reveals the plot of the Log of conductivity Vs 1000/ T °K of ZrSe; thick

films.
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Fig.9. Variation of Log of conductivity Vs 1000/ T °K* of ZrSe; thick film

It is observed that, as the surrounding temperature raised the conductivity of the ZrSe; thick
films also raised. This electrical nature of ZrSe, thick films attributed semiconducting behaviours of
prepared films and films shows a negative temperature coefficient of resistance. As ambient temperature
increases then film resistance goes on decreases this phenomenon is attributed to the NTC of films
[13,14]. The observed increase in conductivity with temperature may be caused by the entrapped
electrons being thermally agitated as the temperature rises and the rate of oxygen ions being adsorbed

increasing, which releases the flow of electrons into the conduction band and enhances current [10, 15].

3.3. Gas-sensing properties
The gas sensing performance of ZrSe; thick films was studied by using a static gas sensing system

as shown in Fig. 1. The gas sensing system consists of the glass dome, gas supply valves, heating

10
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system, temperature controller, power supply and digital pico ammeter. A heater is fixed at the base
plate with the applied AC voltage to heat the gas sensor at the required operating temperatures. The
output of the thermocouple was used to indicate the temperature by the temperature indicator. A gas
inlet valve is also fitted at the base plates and injecting the gas at the required operating temperature.
The prepared ZrSe; thick films were tested for ammonia (NHs), nitrogen dioxide (NO-), liquefied
petroleum gas (LPG), and ethanol (C2HsO) gases. The films were tested at different gas concentrations
and different operating temperatures. The gas sensing study was carried out to determine the sensitivity,

selectivity, limit of detection, reusability, response and recovery time of the prepared ZrSe; thick films.

3.3.1 Sensitivity
The sensitivity of the film to a target gas is defined as the ratio of the change in conductance of a
film upon exposure of the gas to the original conductance in air, which can be calculated by Eq. 4.
Sensitivity (%) = (|Ig — Ia|/Ia) X 100 4)

Where, 1g- current/conductance in the presence of target gas and la- current in air.
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Fig. 10. Sensitivity versus operating temperature plot of ZrSe; thick films.

Fig.10 shows the sensitivity versus operating temperature graph of ZrSe; thick films. The ZrSe,
thick films show maximum sensitivity to NHs gas as compared to other selected gases. The Maximum
Sensitivity was found to be 78.19 % to ammonia gas at an operating temperature of 120 °C and the gas
concentration of NHs was 500 ppm. It is also observed from Fig.10, that initially, ZrSe; thick films
showed poor sensitivity to NH3 gas up to 80 °C then at 120 °C more sensitivity was recorded and after

80 °C again the sensitivity of the film declined. It could be 120 °C operating temperature is suitable for

11
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the adsorption rate of NH3z gas molecules. At 120 °C the maximum charge carriers are activated and
produce a fast response to the gas [14,16]. Because of the function of temperature adsorption-desorption
behaviour of gas on sensing materials, the sensing properties are significantly reliant on operating
temperature. Hence, to further investigate the properties of the ZrSe; thick film, the optimal operating
temperature of 120 °C gives maximum sensitivity. This is because there are a lot of charge carriers (e
), which causes the sensor resistance to fluctuate quickly. It is well recognized that oxygen adsorption
and desorption on the surface of the sensing materials play a major role in the variation in resistance for
film. The adsorbed oxygen may desorb above the optimal operating temperature or the oxygen species
may predominate at the film surface, which could elucidate the diminishing gas sensitivity at higher

temperatures [15,16].

3.3.2 Selectivity

Selectivity is the property of a sensor or thick film that allows it to detect one gas while
suppressing other targeted gases. Fig.11 shows the selectivity histogram of ZrSe; thick films to selected
gases. The selectivity of the film strongly depends on the sensitivity of the film. The maximum
selectivity was found to be NH; gas hence 100 % has been considered to be NH3 gas. Ethanol gas shows
poor selectivity because it has very little sensitivity to targeted gases. It is observed from Fig.11, that
the ZrSe; thick films give maximum response to NH; gas at an operating temperature of 120 °C and the
gas concentration of NHs was 500 ppm [17].
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Fig.11. Selectivity plot
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3.3.3. NH3gas PPM variation

The PPM variation is also considered an active region for the sensor. Fig.12 represents the
sensitivity versus NHs gas concentrations at different ppm variations of the ZrSe; thick film. It is clear
from the figure that the gas response goes on increasing linearly with gas concentration.

80
570- ~~o
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Fig.12. Graph of sensitivity versus NH3 gas concentrations (ppm).

It has been found that, as the NH3 gas concentrations in ppm increased the sensitivity of the
film also increased. It might be because the NH; gas molecules from that layer would reach the surface
active sites of the film hence the sensitivity of the film increased [12].

3.3.4. Response and Recovery Time

The response time is the amount of time it takes for the sensor to change its conductance by

90% of its maximum after being exposed to the test gas. The recovery time is the amount of time it

takes the sensor to regain 90% of the initial conductance.
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Fig.13. Response and recovery time.
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Fig.13 shows the response and recovery time of ZrSe; thick film to NH3 gas concentration of
500 ppm at the operating temperature of 120 °C. The response was rapid (~ 10 Sec) to 500 ppm of NH3
gas, whereas the recovery was rapid (~ 34 Sec). Rapid gas oxidation may be the cause of the speedy
response. Its rapid reactivity and rapid return to its desired chemical state are explained by the slight
amount of the surface side reaction and its volatility [18].

3.3.5. Reusability

The reusability is also one of the important properties of the gas sensor. It indicates the
repeatability as well as the durability of the sensor [19]. The reusability of ZrSe; thick film was studied
to NHs gas concentration of 500 ppm at the operating temperature of 120 °C. The sensitivity of the film
was tested or examined over one month and after 5 days. Fig.14 shows the sensitivity versus number of

days.
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Fig.14.Reusability of ZrSe; thick film.

3.4. Gas sensing mechanism:

The variations in electrical resistance are caused by the chemical interactions between the gas
molecules and the sensing materials. The processes of adsorption and desorption are all related to the
gas interaction with the surface of the nanostructured ZrSe; thick film sensor [20, 21, 22]. The ZrSe; is
an n-type semiconductor material [5].

Initially, oxygen molecules (O- (gas)) in the air are adsorbed physically (O (ads)) on the surface
of grains (Eq.5). As the temperature rises, ZrSe, chemically adsorbed oxygen molecules, which ionised
to form adsorbed oxygen species, such as 0, 0%~ and 0, (Eq.6). The selection of the operating

temperature affects the formation of various oxygen species. During this process, electrons are trapped

14
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from the conduction band of ZrSe,, and a depletion layer is formed on the surface of the ZrSe; grain,
increasing the resistance for ZrSe, sensors as shown in Fig.15 (a). The reaction is shown as follows,
02(gas) = 0y(ads) (%)
0,(ads) + e = 0, (ads) (T < 200 °C) (6)

As the sensor is exposed to ammonia gas, the adsorbed ammonia molecules react with the initially
adsorbed oxygen ions (05 ) on the surface, releasing electrons back to the sensing material and
reducing the width of the depletion layer (Eq. 7). This increases the electrical conductivity as shown in
Fig.15 (b) [21]. The reaction is shown as follows,

4NH; + 505 — 4NO + 6H,0 + 5e~ (7)

Conduction
band electrons

Depletio
@-=0, molecul

’= NH, gas
‘ = 02' i

(a) In air ads. (b) In gas environment

Fig.15. Schematic representation of the gas sensing mechanism (a) in air and (b) in NH3 gas
Environment

The hierarchical nanostructure of the ZrSe, materials is responsible for the sensor's
excellent sensing abilities. This structure offered many exposed active sites and grain boundaries, which
improved the interaction between NHz gas and ZrSe. nanostructure. However, no relevant research on
the use of ZrSe, nanostructured thick films for NH3 gas detection at various operating temperatures has
been found. The current work focuses on the systematic enhancement of ZrSe, nanostructure thick film
for gas sensitivity. The ZrSe; thick film demonstrates a good sensor response and selectivity for NHs
gas and shows a fast response and recovery time at 120 °C. According to the author's knowledge, this

is the first study on the use of ZrSe, nanostructure for NH; gas detection by hydrothermal method.
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Conclusion

In this study, successfully synthesized ZrSe, nanoparticles by hydrothermal method. XRD analysis
confirmed that hexagonal Wurtzite-type structure. The SEM analysis revealed the hierarchical
nanoparticles surface morphology. The specific surface area is calculated by the BET method and it
was found to be 26.86 m?/gm. The optical band gap of 3.75 eV is revealed by the UV-visible absorption
spectra. The ZrSe, nanoparticles revealed excellent sensitivity, selectivity and good response and
recovery properties towards ammonia gas at low operating temperatures. The film shows fast response
and recovery time to 500 ppm of NHs gas, which is ~ 10 Sec, and ~ 34 sec respectively. ZrSe;

nanoparticles appear to be a potential option for ammonia gas sensing applications, based on the results.
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