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Abstract

In this work, Ag and Ag@Cr nanoparticles were fabricated utilizing the plasma jet
and chemical spray deposition approach to produce thin films of Ag and Ag@Cr.
The optimal gas-detecting properties can be achieved by varying the ratios of
Ag@Cr (4:6, 2:8, 3:7) ml and 10 ml Ag. XRD, transmission electron microscopy
(TEM), and UV-Vis spectroscopy were used to characterize the Ag and Ag@Cr thin
films. Additionally, an absorption peak appears at 422 nm for Ag, and the absorption
peaks for Ag@Cr are at 408, 413, and 410 nm, with a polycrystalline character as
seen from the XRD pattern. The gas NO: was used to check how sensitive,
responsive, and quickly recoverable the Ag and Ag@Cr nanocomposite thin films
are. According to the findings, at 150 °C, the optimal Ag@Cr ratio was 3:7 with
26% sensitivity. At 150 °C, pure silver's sensitivity was 32%, and it was concluded
that chromium has low sensitivity. The results of the Hall effect test indicated that
the material is p-type at all ratios.
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1. Introduction

Nitrogen dioxide (NO), a combustible gas with a strong odor, is one of the
poisonous gases that can harm both humans and the environment [1-4]. With a straight
band gap of 1.2 eV, silver dioxide (Ag20) is a p-type semiconductor highly recommended
for use in gas sensors due to its stability, non-toxicity, affordability, and sensitivity to
gases [5-9]. Chromium (Cr) (V1) is recognized as a substance that causes cancer, is highly
poisonous, and is not biodegradable. In soil, surface water, and groundwater, Cr is
discovered to be a pollutant. People who inhale Cr may get dermatitis and lung and
nasopharyngeal carcinoma, among other illnesses [10]. Among the many types of
multicomponent  heterostructure  nanosystems, metal-semiconductor  core-shell
nanoparticle systems are significant. Localized Surface Plasmon Resonance (LSPR)
creates a combination property from distinct components; even greater and new
characteristics will develop because of the nanoscale interactions between the various
core and shell components [11-13].

A gas sensor is a device that detects gases present in an area, especially those that
could be dangerous to people or animals. In recent years, the development of gas sensor
technology has drawn a lot of attention to monitoring environmental contamination. It is
commonly known that the characteristics of the sensing materials utilized significantly
impact on the performance attributes of chemical gas sensors, including sensitivity,
selectivity, temporal response, stability, durability, repeatability, and reversibility [14]. A
change in the electrical property of the detecting material upon exposure to the gas is the
fundamental idea underpinning gas detection [15]. Thin films with various silver and
chromium percentages used as the detecting elements were examined in this
investigation. The reaction time and recovery time of the manufactured Ag@Cr gas
sensors were examined at a varied temperature in addition to sensitivity for gas sensor
NO..
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2. Experimental

In this study, chromium nitrate (99% purity) of (400.15 g/mol wt.) and silver nitrate
AgNOs (169.872 g/mole) partial weight Ag, 100 ml pure water, 2 mM chromium nitrate,
and 1 mM silver nitrate were used. The required weight (0.0169 Ag,0.0809 Cr) was
calculated using the following Eqg. (1)

Concentration (mole) = (mass (g)) / (Molecular weight (g / mol) x volume (liter)) (1)

Plasma, which was used to synthesize the silver nanoparticles, was formed by
applying a high voltage of about 17 kV between the filament and the aqueous solution of
AgNOs under a pressure of 3 L/min; The exposure time of 6 minutes was chosen for the
(10 ml) volume. After a few minutes of starting the discharge, the solution starts to turn
yellow, which is evidence of the formation of silver nanoparticles. Using chromium
nitrate as the Cr source, Cr solution (8, 7, and 6 mL) was added to the silver nanoparticles
solution (2, 3 and 4 mL), and the solution was stirred for 5 minutes. Then the prepared
glass beaker was placed on the metal holder, and the metal tube with a diameter of 0.6
mm was fixed vertically. The metal tube's mouth on the beaker was rounded to create a 1
mm space between the liquid's surface and the nozzle. This is how Ag-Cr nanocomposites
were made using the plasma process. Gradually increasing the voltage applied to the
system, a plasma formed between the liquid's surface and the tube. The reduction of ions
to basic silver and chromium shell was shown by the solution's gradual transformation to
walnut hue. Then, the thin films were generated according to the setup shown in Fig. 1 of
the homemade pyrolysis system to create a thin layer of silver nanoparticles with a shell
and core that varied in the Ag@Cr ratio. The 2.5 x 2.5 cm glass substrates were cleaned
using distilled water for 10 minutes, followed by acetone and ethanol for 20 minutes each
in a Virionic digital cleaning machine. They were then dried for 10 minutes at 80°C. After
the glass substrate was heated to 250 °C on a hot plate, the spray cell was filled with 35
mL of the nanoparticle silver and chrome solution. The nozzle used for spraying was 0.1
mm in diameter and was positioned on the glass substrate in a vertical orientation. For
thin films, the spray time was 5 seconds and the pressure was 3.5 bar per layer; these
parameters were then repeated for the other thin films.
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Figure 1: Homemade Spray Pyrolysis System for Nanoparticles Thin Films Preparation.
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Sensor testing procedure: the test chamber was opened and the sensor was mounted
on the heater. The pin feed and the sensor were electrically connected with conductive
aluminum sheet; the test chamber was then closed. A bias voltage of six volts was set
between the two sides of the linked electrodes; the test chamber was vacuumed to about
1 mbar with a rotary pump, and a temperature controller was used to set the sensor to the
required working temperature. Fig. 2 shows a schematic diagram of the electrical circuit
for gas sensing measurements. The flow rate of air and tested gas was adjusted using the
needle valves, and a volumetric concentration of 5% test gas was added to air. A UNI-
UT81B digital multimeter with a PC interface was used to measure current fluctuations.

The digital millimeter first measured the biasing current of air flow, then the testing
gas (NO.) was turned on, and after a few seconds, the current has little variation, the test
gas was turned off to measure the recovery time.

Vasuum gage

Il i | Test gas in Auxiliary inlet
r—_ )
o 5 q;i
e T Gas
y contalng
\

! ﬁ Exhaust

VNacuum Pump

Figure 2: Diagram of Gas sensor set up [16].

3. Results and Discussion

The absorption behavior of the pure Ag NPs (10 mL) and Ag@Cr core-shell NPs
of (2:8, 3:7, and 4:6) ratios were investigated by UV-visible spectroscopy. Fig. 3 displays
the normalized absorption spectra of Ag and Ag@Cr nanocomposites obtained at room
temperature within the 300-800 nm wavelength range. The absorption edge wavelengths
for pure Ag was 424nm. This indicates the formation of Ag NPs due to the surface
plasmon resonance (SPR) of Ag nanoparticles. The absorption edge wavelengths of
Ag@Cr core-shell of different Ag:Cr ratios were 408, 413, and 410 nm. The absorption
peaks increased with decreasing the wavelength [17-19].

Fig. 4 shows the XRD patterns of the as-synthesized Ag and Ag@Cr. According to
JCPDS No. 04-0783, two peaks at 26=38.15° and 44.26° corresponding to the cubic Ag
lattice planes (111) and (200), respectively, were noted, with a lattice constant of a=4.086
A [20-22]. Additionally, every additional reflection peak is precisely aligned with the
cubic phase of Cr (a= 5.24150 A), thereby validating the standard card (JCPDS No. 00-
006-0694). The strongest peak among these was at 26=58.34° and 64.58, which agrees
well with the Cr crystalline planes (113) and (110). The crystallite size of all deposited
films was calculated by the well-known Debye-Scherrer Eq. (2) [23, 24]
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Figure 3: UV-visible spectra of Ag and Ag@Cr core-shell NPs.
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Figure 4: XRD of sputtered Ag@Cr thin films.
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Transmission Electron Microscopy (TEM) revealed that the silver nanoparticles
were of rounded-shape phases and core-shell (Ag/Cr) structures, as shown in Fig. 5. The
particle size of the pure Ag particles was with a diameter of 34 nm [25]. Particle sizes of
(Ag/Cr) core-shell samples were measured ranging between 40 nm to 70 nm. The core
and shell can be seen in the TEM images; the silver appears in black, surrounded by the
chrome appearing in white.

The sensitivity of the prepared films against NO. gas was examined at three distinct
operating temperatures (150, 200, and 250 °C). Figs. 6, 7, 8,9 and 10 (a, b and c) illustrate
how the resistance of pure Ag and Ag@Cr films varied over time on exposure to NO>
gas; the green and red arrows denoting gas-on and gas-off, respectively. The resistance
of metal oxide semiconductor thin films increases with time after gas-off and decreases
with time after gas-on, as seen in the figures. The sensitivity (S) was calculated using the
following Eq (3)

S%=(Ron(€)-Rofr (€2))/Ron(€2)x100% (3)
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(d)Ag@Cr(4:6).

where Ron and Rofr are the electrical resistance of the films in the existence of gas (gas-
on) and in the air (gas-off), respectively [26, 27]. These figures explain why the resistance
decreases with time after gas-on and increases with time after gas-off. The target gas
interacts with the metal film's surface (usually through surface adsorbed oxygen ions),
changing the material's concentration of charge carriers. The material's conductivity, also
known as resistivity, is influenced by this shift in the concentration of charge carriers. An
increase in conductivity and a decrease in resistivity are observed in P-type
semiconductors, where the majority of charge carriers are holes. The reason for this is
that when an oxidizing gas, such as NOg, is introduced, the oxygen ion extracts electrons
from metal oxide, causing a decrease in resistance for all the samples under consideration.
NO: is one type of oxidizing gas that reacts with the oxygen ion and keeps the electrons
at the surface, increasing the concentration of holes inside. This indicates that after being
exposed to NOg, the conductance of p-type metal oxide semiconductor would rise [28].
The interaction of a gas sensor with the molecules of the target gas determines the gas
sensor's performance towards a given gas. Table 1 lists the sensitivity, response time, and
recovery time for pure Ag, Ag@Cr films. Fig. 6 shows the sensitivity of the samples. It
was noted that the sensitivity (Ag/Cr) core-shell films was lower than that of pure silver.
The best sensitivity occurs at 150 K for all ratios, and the best sensitivity was for the core-
shell (Ag/Cr) of 3:7 ratio. The best results for (Ag/Cr) of 3:7 ratio showed that the
sensitivity at 150 K of operating temperature is 26.32% higher than other, with response
time (24.3 sec), recovery time (45.9sec). This is owing to its porous nature, which
increases the number of active sites and surface area for gas diffusion ratios and shows
an improved gas response due to the high catalytic activity of the presence of spherical
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silver nanoparticles. The sensitivity of pure silver at 150 K was 32.42%, with recovery
time (46.8 sec), response time (20.7sec).
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Figure 6: NO; gas sensitivity at different operating temperatures for
the (Ag and Ag@Cr).

Table 1: Sensitivity, response and recovery time for (Ag, Ag@Cr) films at different operating
temperatures for the detection of NO2 gas.

Samples | Operating temp (°C) | S% | Response time (s) | Recover time (s)
150 324 20.7 46.8
Ag10 200 5.40 19.8 46.8
250 9.06 21.6 48.6
150 8.28 20.7 50.4
Ag2Cr8 200 3.10 27 45
250 3.08 29.7 42.3
150 26.32 24.3 45.9
Ag3Cr7 200 5.44 29.7 38.7
250 15.36 34.2 35.1
150 17.25 144 57.6
Ag4Cr6 200 5.78 19.8 52.2
250 21.95 21.6 48.6
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Figure 7: Changes in Ag thin film resistance to NO; gas at different operating temperatures
of (a) 150, b) 200 and c) 250°C).
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Figure 8: Changes in Ag@Cr(2:8) film resistance to NO, gas at different operating
temperatures of (a) 150, b) 200 and c) 250°C).
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Figure 9: Changes in Ag@Cr(3:7) film resistance to NO; gas at different operating
temperatures of (a) 150, b) 200 and c) 250°C).
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Figure 10: Changes in Ag@Cr(4:6) film resistance to NO; gas at different operating
temperatures of (a) 150, b) 200 and c) 250°C).

Hall measurements revealed that the Ag@Cr deposited as a thin coating on the glass
substrate was p-type semiconductor. The p-type films' Hall parameters included electrical

conductivity (o), Hall coefficient (RH), carrier concentration (nH), and mobility (uH) are
shown in Table 2.

Table 2: The Hall effect parameters for Ag@Cr.

Ag@Cr | o (Q.cm™) RH n(cm?3) | type | pH (ecm?/Vv.sec)
10:0 | 2.304E-05 | 1.946 E+06 | 3.208 E+7 P 44.83
2:8 2.049E-05 |6.05 E+03 |1.031E+10 |P 13.90
3.7 2 E-05 1.13 E+03 5545 E+15 | P 1.95E+3
4.6 2 E-05 7.06 E+02 |8.840E+15 |p 2.07E+3

4. Conclusions

A dependable and adaptable method for creating Ag@Cr thin film gas sensors was
the Spray Pyrolysis System. Silver to chromium had a significant impact on the prepared
films' properties. Ag@Cr films were of tetragonal polycrystalline structure. At
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temperatures (<150°C), the Ag@Cr thin film gas sensors performed better. Ag@Cr films
produced in this work had a maximum gas sensitivity of about 26% at 150°C operating
temperature. Using NO2 gas resulted in shorter reaction and recovery times as the
operating temperature rose.
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