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Introduction

The importance of solid-state semiconductor gas 
sensors in gas analysis and safety applications has attracted 
substantial attention for more than two decades [1-3] recently, 
semiconductor nanotechnology has become more prevalent in 
sensor technology. Metal and semiconductor nanoparticles are 
basic components of gas-sensitive materials that were used 
in older and even recent years, and their size-dependents 
physical properties are very important both in theory and 
concentration [4- 6]. To protect the environment and human 
health, it is essential to detect and monitor toxic, hazardous 

gases [5]. There are many hazardous gases, but liquefi ed 
petroleum gas (LPG) is among them [7]. In recent years, gas 
sensors have gained attention in both research and industry 
due to the presence of various toxic gases in the air that are 
harmful to human health [8]. The effects of toxic, hazardous, 
and fl ammable gases can include asthma, skin burning, 
dizziness, cancer, lung issues, and even weight loss [9]. In 
the atmosphere, every gas has a Threshold Limit Value (TLV), 
which represents the maximum concentration of respective 
toxic gases that humans may breathe without harming them, 
expressed as parts per million (ppm) [10]. It is very important 
that living creatures, including humans, are safe, so there is a 

Abstract

Metal oxide-based sensors have been extensively used for environmental monitoring, health, and safety. This work focuses on synthesizing ɑ-Fe2O3 and doping it 
with Ruthenium (Ru) to study its gas-sensing properties over fl ammable and hazardous gases. An anomalous behavior was observed during the Liquefi ed Petroleum 
Gas (LPG). This Ru-doped ɑ-Fe2O3 showed a charge carrier switching transition from n- to p-type conductivity due to Ru doping and the sensor’s operating temperature. 
The switching behavior on the Ru-doped samples happened between 3,000 and 4,000 ppm of the LPG concentrations. However, the Ru doping content did not seem to 
be affecting this transition except to alter the LPG response. The sensors’ operating temperature did alter the switching transition from n- to p-type conductivity. The 
temperatures varied from 175 to 225 °C. Metal Oxide Semiconductor (MOS) based on α -Fe2O3 nanoparticle doped with ruthenium (Ru- α-Fe2O3) was more selective 
towards LPG with a gas response of 24.41.

Research Article

Operating temperature and 
ruthenium doping infl uence 
on the charge carriers type 
transition in the ɑ-Fe2O3 
sensors upon liquefi ed 
petroleum gases detection
Ntokozo G Cebekhulu1*, Sunday A Ogundipe1, 
Ceboliyazakha L Ndlangamandla1, Steven S Nkosi2 and 
Hendrik C Swart3

1Department of Physics, University of Zululand, Private Bag X1001, KwaDlangezwa ZA3886, South 
Africa

2Department of Physics, University of Limpopo, Private Bag X1106, Sovenga, ZA0727, South Africa

3Department of Physics, University of the Free State, Box 339, Bloemfontein, ZA9300, South Africa

Received: 28 February, 2024
Accepted: 18 March, 2024
Published: 19 March, 2024

*Corresponding author: Ntokozo G Cebekhulu, Depart-
ment of Physics, University of Zululand, Private Bag 
X1001, KwaDlangezwa ZA3886, South Africa, E-mail: 
ntokozongc200@gmail.com

ORCiD: https://orcid.org/0000-0002-7001-629X

Keywords: Gas sensing; Charger carrier transition; 
Dopant concertation; Alpha iron oxide-based sensor; 
Sensitivity

Copyright License: © 2024 Cebekhulu NG, et al. This 
is an open-access article distributed under the terms 
of the Creative Commons Attribution License, which 
permits unrestricted use, distribution, and reproduc-
tion in any medium, provided the original author and 
source are credited.

https://www.clinsurggroup.com



002

https://www.clinsurggroup.com/fps

Citation: Cebekhulu NG, Ogundipe SA, Ndlangamandla CL, Nkosi SS, Swart HC (2024) Operating temperature and ruthenium doping influence on the charge carriers 
type transition in the ɑ-Fe2O3 sensors upon liquefied petroleum gases detection. Forefronts Proteom Sci. 1(1): 001-010. DOI: https://dx.doi.org/10.17352/fps.000001

great demand for gas sensors for detecting toxic and hazardous 
substances. Among the major causes of global warming and 
climate change are toxic and fl ammable gases such as CO, NH3, 
LPG, and H2 [11-14] These fl ammable and hazardous gases are 
important to detect properly using sensors that will be able 
to comprehend their dynamic behaviors. Globally, household 
and outdoor pollution caused about 7 million deaths in 2016, 
making it the 4th leading cause of death [9,15]. According to 
World Health Organization (WHO) data, air pollution alone 
caused 4.2 million deaths in 2016, while household air pollution 
contributed to 3.6 million deaths. Among all environmental 
risks to human health, air pollution ranks highest in 2019 
[13,16]. Because humans spend most of their time indoors, 
such as in our homes, hospitals, schools, etc., where most 
fl ammable and toxic gases including CO2, CO, Benzene, and 
toluene are present, indoor air quality is equally important. As 
a result, air pollution indoors and outdoors must be controlled 
[16-18]. Humans and other living organisms worldwide must 
live in a clean and safe environment [19-22]. Any leakage of 
toxic gases into the atmosphere or environment would pose 
a health risk to humans [5,23,24]. Gas sensors are classifi ed 
according to their working principle: infrared IR sensors, metal 
oxide semiconductor sensors, electrochemical sensors, and 
optical sensors.

Globally, chemical and gas sensors are attracting increased 
interest due to the increasing need to monitor gaseous 
molecules in various applications [25]. A chemo-resistive 
gas sensor is potentially attractive because of its ease of 
fabrication, low cost, low detection level (ppm), and simplicity 
of operation. They are based on measuring the change in 
electrical resistance and whenever a sensor is exposed to the 
environment, the electrical resistance changes. In recent years, 
Metal Oxide Semiconductors (MOS) such as TiO2, SnO2, WO2, 
and Fe2O3 have attracted great attention due to their wide range 
of applications [19,24,26,27]. A good gas sensor is classifi ed 
by the following parameters that determine the quality of a 
gas sensor: sensitivity, selectivity, operating temperature, and 
reproducibility. Alpha iron oxide (- Fe2O3) has been used as 
a catalyst, pigment, and gas sensor because of its low cost, 
corrosion resistance, and environment-friendly properties. It 
is one of the most stable phases with n-type semiconducting 
properties (e.g. 2.1 eV) [11,26,28,29]. -Fe2O3 has a rhombohedral 
crystallizer structure, with lattice parameters of a = 0.5035 
nm and C = 1.37489 nm [30], And it has been utilized as a 
material for sensing a variety of gases, including CO, ethanol, 
acetone, hydrogen, formaldehyde, acetic acids, and ammonia 
[29,31]. -Fe2O3 particles have been synthesized using a 
variety of techniques, including the sol-gel approach [32,33], 
Hydrothermal techniques [34-37], chemical vapor depositions 
[34], and Co-precipitation methods [11,34]. In those synthesis 
methods, factors including reactant concentration, reaction 
time, temperature relations, and the material’s iron salt 
control the size and shape of the products. Additionally, the 
advantages of chemical precipitation procedures include quick 
preparation times, high purity, high homogeneity, low costs, 
well-crystallized products, and relatively low reaction rates 
[34,38]. However, in this work, we report on the synthesis of 
-Fe2O3 and Ru- -Fe2O3 with a different percentage of Ru to 

validate the transition of n-type to p-type of the material at 
different operating temperatures of the material. The sensors 
were fabricated by drop casting method in the laboratory. In 
this work we are reporting on the switching transition of the 
chemo- resistive sensors surface majority charge carries from 
n-to-p types or vice versa of - Fe2O3 and Ru- -Fe2O3.

To date, most n-type/p-type switching transitions can only 
happen for both oxidizing and reducing environments of the 
various sensors through the temperature variations of the gas 
concentration variation in the presence of humidity [23,31]. 
The n-type to p-type is only observed when the is temperature 
variation and gas concentration variation. Specifi cally, the 
switching of n-type to p-types of -Fe2O3 pure and Ru-- Fe2O3 
occurs at the different concentrations at a fi xed temperature of 
225 °C. While the LPG concentration varied from 1000 to 2000 
ppm n-type is observed material, and the transition normal 
started at 3000 ppm, and the p-type was observed from 4000 
to 1000 ppm of the LPG concentration. Similar ways were 
used for the Ru--Fe2O3 with 0.05 wt% at the fi xed operating 
temperature of 225 °C to observe the switching transition 
material. The addition of Ru also affects the occurrence of the 
transition in the material. For the Ru--Fe2O3 sample with 0.05 
wt%, an n-type transition occurs when the LPG concentration 
varies from 1000 to 3000 ppm, and the transition normally 
starts from 4000 ppm of LPG concentration while the p-type 
was observed while the LPG concentration was varied from 5000 
to 10000 ppm. Further, an increase in the percentage of Ru to 
0.10 wt% affects the position of the switching of the transition 
of the material from n-type to p-type. It was observed that 
while the LPG concentration varies from 1000 to 2000 ppm it 
shows n-type, the switching of the transition occurs at 3000 
ppm and the p-type was observed while the concentration 
varies from 5000 to 10000 ppm of LPG. This simply means that 
the switching of n-type to p-types depends on the operating 
temperature and the concentration of the target gas.

In this work, the target gas was found to be LPG since it 
shows a higher response compared to other gases being used 
in the work. The operating temperature of pristine -Fe2O3 
and Ru--Fe2O3 was decreased to 200 °C to further study the 
charge carrier switching from n-type to p-type. While the 
LPG concentration varied from 1000 to 6000 ppm n-types 
were observed, and the transition started to occur at a high 
concentration of LPG starting from 7000 ppm, the p-type 
transition was observed when LPG concentrations varied 
from 8000 to 10000 ppm. Reducing the operating temperature 
further to 175 °C causes the delay in switching transition from 
n- to p-type. The switching transition takes place when the 
operating temperature of the sensor is reduced.

Experimental procedure

Synthesis: Chemical precipitation has been identifi ed as the 
desired route to prepare the samples of -Fe2O3 and Ru-Fe2O3 
with different percentages. Iron (⦀) chloride hex hydrate (FeCl3 
.6H2O) is the precursor while the ammonia solution (NH2OH) is 
the precipitating agent. The sample was washed with ethanol, 
and all the solutions were prepared with distilled water. In a 
beaker, 100 ml of deoxygenated distilled water was mixed with 
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Iron (III) Chloride hex hydrate (FeCl3.6H2O). The magnetic 
stirrer was used to stir the solution for 30 minutes while 
the temperature was fi xed to 80 0C to obtain 0.01 M which is 
the concentration of the solution. To determine the effect of 
concentration on the size of the material, a similar method was 
used to obtain (0.1 M) for the other solutions of Ru- -Fe2O3. 
Ammonia hydroxide (NH4OH) was used as a precipitating 
agent, added drop by drop gradually until pH 11 was reached. 
Under constant magnetic stirring, the solution was heated for 3 
hours. The precipitated product was collected by centrifugation 
(6000 rpm) machine. The product was washed several times 
with ethanol and distilled water. After that, the product was 
dried for 3 hours at 80 °C in an oven. The product was calcined 
in the open air for 4 hours at 700 °C to convert FeOOH to obtain 
-Fe2O3.

Characterization of hematite and Ru dope hematite: The 
crystal structure of those powders was characterized by X-ray 
diffraction (XRD), by using a German Bruker D8 instrument 
with Cu/K as a radiation source with wavelength ( = 1.5418 
Å), and data were collected in the range of 10 0C to 80 0C at 
a scanning speed of 0.5, which equivalent to 45 minutes per 
samples. An image of the surface morphology and particle size 
of the powder was captured by scanning electron microscopy 
(SEM, ZEISS Sigma VP-03-07). The high-resolution transition 
electron microscopy (HR-TEM) of the samples was done using 
the JEOL 1400 instrument. The thermal behavior was evaluated 
by Thermo gravimetric (TGA) and differential thermal analysis 
(DTA) in the air by using TGA Q500 TA systems or instruments. 
The chemical state of the samples was examined by using A 
PHI5400 Versaprabe X-ray Photoelectron Spectroscopy (XPS) 
with monochromatic Al K (1486.7eV) X-ray at a pressure less 
than 10-8mbar. The surface area and pore size were determined 
by a nitrogen adsorption /desorption isotherms analyzer. 
Nitrogen adsorption/desorption Isotherms of the adsorbent 
samples were carried out on a 77 k Micrometrics TRISTAR  
3020 volumetric adsorption analyzer.

Sensor fabrication and measurement: To investigate the 
gas sensing properties of -Fe2O3 and Ru-Fe2O3, the powder 
samples were sonicated for 2 hr in the ultra-sonicate bath, 
after the drop-casting method was used to drop the samples on 
alumina substrate screen-printed with a gold electrode on the 
top. The sensor was allowed to dry to remove the organic residual 
at the temperature of 120 °C. The gas sensing measurement 
was conducted by using a KS026K16 (KENOSISTES model of 
the 2016 year). Sensors were placed inside the gas testing 
chamber equipped with electrical and gas feeds for sensing 
measurement. The measurement was conducted at various 
operating temperatures (225 °C, 200 °C, and 175 °C). The voltage 
on the system was set to 5.0 V throughout the measurements. 
Inside the chamber, the concentration of the target gases was 
controlled by the fl ow of the dry air (79% N2 and 21% O2). LPG, 
NH3, ethanol, propanol, and hydrogen sulfi de (H2S) were the 
target gases. Dry air was used as a carrier gas to dilute the 
target gases. Dry air was fi rst introduced into the chamber 
for 30 minutes for the sensor to attain an equilibrium state, 
and then after that, each concentration of a target gas was 
introduced into the chamber for 10 minutes. Then dry air was 

introduced in the chamber again for 10 minutes for the sensor 
to recover. This was done for all gas-sensing measurements. 
The Keithley 6487/E pico ammeter /Voltage source was used to 
quantify the current of the sensor, and the electrical response 
(S) of the sensor was calculated by the following equation: 
where Ig and Ia represented the current in the target gas and 
the current in the air respectively as shown in the equation.

1
I g

S
Ia

                  (1)

Where Ig and Ia represented the current in the target gas 
and the current in the air respectively.

Results and discussion

X-ray diffraction and surface morphology

Figure 1a shows the XRD pattern of -Fe2O3 and Ru--Fe2O3 
samples. Only nine peaks were observed on the XRD pattern, 
however, only fi ve peaks have high intensity; these include the 
peaks located at (012), (104), (110), (116), and (300). Two of 
the peaks, i.e., the one situated at (113) and (204) show lower 
intensity. It implies the formation of the hematite having a 
rhombohedral structure with the lattice parameter a = 0.5036 
nm, and c = 1.3749 nm. In ruthenium-doped samples (Ru-- 
Fe2O3), the peak located at the plane (104) began to decrease in 
intensity upon the addition of ruthenium until 0.15 wt% Ru and 
increased thereafter. Similarly, the peak is located at the plane 
(110). As the percentage of Ru increased the secondary phase 
(RuO2) was formed and observed at 2 = 28.267. The formation 
of the secondary phase (RuO2) at an early Ru loading can be 
attributed to the fact that Ru has much bigger atomic radii 
(2.8222 Å) than that of Fe with 2.0885 Å. The average crystallite 
size of pristine -Fe2O3 and Ruthenium doped -Fe2O3 was 
calculated by using the Debye-Scherrer equation. Pristine 
-Fe2O3 has a bigger crystallite size than Ru- Fe2O3 Samples 
(Figure 1b). Alpha iron oxide (Hematite) exhibits a wide variety 
of properties including excellent chemical stability surface 
activity and semiconductor properties. It is the most stable iron 
oxide with a bandgap of (E.g. 2.2 eV) It is also widely used as 
a gas sensing material for toxic and harmful gases since it is a 
promising material in gas sensing. Under ambient conduction, 
hematite is easy to synthesize due to its magnetic properties 
such as corrosion resistance, low cost, and low toxicity.

The crystallite size calculated using Scherrer’s equation 
in Figure 1b shows a decrease with the Ru loading onto the 
-Fe2O3 matrices until 0.10 Ru. Thereafter it begins to increase.

Figure 1c-1e shows the surface morphology obtained 
by using the SEM of -Fe2O3 and Ru-Fe2O3. The surface 
morphology on (c) is for the pure -Fe2O3. While (d-e) is the 
surface morphology of Ru-Fe2O3. With Ru = 0.05 wt % and Ru = 
0.20 wt %. The image of the surface morphology indicates the 
formation of the material with small spherical particles (Figure 
1c-1e). It can be seen in Figure 1c-1e that increasing the Ru 
concentration creates pores on the -Fe2O3 surfaces and less 
agglomeration.
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The insects of Figure 2 show the selected area electron 
diffractions (SEAD) patterns corresponding to the HRTEM 
images of -Fe2O3 and Ru--Fe2O3 samples. The interplanar 
distance or d-spacing was calculated from the diffraction ring 
of the samples and the values of 0.256 nm were found on the 
most prominent rings indexed (110) crystalline plane of -Fe2O3 
nanoparticles. The bright rings in the SAED patterns (Figure 2) 
confi rm the crystallinity of alpha iron oxide (-Fe2O3) samples. 
This is consistent with the data analysis of XRD (Figure 1a). 
To confi rm the growth pattern of the crystallites and also to 
verify the distribution of the crystallites, the average particle 
size of the as-prepared powder was measured using the HR-
TEM. Figure 2 shows the results of that experiment. Since the 
majority of the nuclei in the nanoparticles are attached to large 
Meso-Fe2O3 crystals, HR-TEM images were used to confi rm 
their identifi cation.

To determine whether sample surfaces are meso- or macro-
porous, nitrogen adsorption-desorption measurements were 
conducted. Figure 3 shows nitrogen adsorption-desorption 
isotherm curves of the pristine -Fe2O3 and Ru- Fe2O3. Nitrogen 
adsorption-desorption isotherms measure the specifi c surface 
area and pore size of sample samples. Isotherm curves have 
been observed for the samples in the range 0.85 to 1.0 p/

po. with H4 hysteresis loops. Inset Figure 3. Shows the pore 
size distribution of the material calculated from desorption 
isotherms by using the Barrect- Joyner-Halenda model (BJH). 
And, it shows that the material mainly contains a 50-nm 
meso-pore [39].

X-ray photoelectron measurements were carried out better 
to understand the material’s surface and chemical makeup. 
The PHI 5000 Scanning (ESCA) microprobe system was used.

The sample of -Fe2O3 and Ru--Fe2O3 were measured for 
XPS and underwent survey scans. In particular, the survey 
demonstrates the elements found in the materials depicted in 
(Figures 4,5). But most importantly it confi rmed the presence 
of Fe, O, and Ru in the materials. The narrow scan was done on 
both samples, pure and doped. Figure 4 XPS result for -Fe2O3. 
The survey scan shows three elements present in the sample of 
-Fe2O3, namely, O1s, Fe2p, and Ru3d as shown in Figure 4a, 
Then each element was further investigated by XPS to confi rm 
the binding energy of each presented in Figure 4b-4d. The 
Fe2p scan in Figure 4b shows only three peaks that correspond 
to the following binding energy, respectively 710.1 eV, 711.5 eV, 
and 725.1 eV. The high peaks occur when the binding energy is 
lower, at 710.1 eV. The scan for O1s and Ru3d is shown in Figure 
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Figure 1: (a) The XRD patterns of pristine (α-Fe2O3) and (Ru- α -Fe2O3) samples (b) Crystallite sizes estimated from the (104) and (110) dominant peaks. SEM images of 
α-Fe2O3 pure and Ru-Fe2O3 samples with (c) Ru = 0.05 wt. %, (d) Ru = 0.10 wt.%, and (e) Ru= 0.20 wt.%.
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4c-4d shows only two peaks, but for the O1s high peaks occur 
at the lower binding energy of 530.0 eV. The lower energy peak 
530.5 eV is the lattice oxygen (OL) while the high energy peak 
532.5 eV is chemisorbed oxygen species (Oc). For the Ru3d the 
high peak occurs when the binding energy is high, at 285.1 eV.

Figure 5 Represent the result of XPS for Ru--Fe2O3 (0.05 
wt %). The survey scan for all samples doped with Ru is given 
in Figure 5a. Ru--Fe2O3 (0.05 wt %) shows only three scans, 
which are Fe2p, O1s, and Ru3d. This is presented in Figure 
5b-5d. The scan Fe2p of Ru--Fe2O3 shows only three peaks, 
corresponding to binding energy 712.1 eV, 715.0 eV, and 725.1 
eV. The high peaks occur at the lower binding energy of 712.1 
eV, this is presented in Figure 5b. Comparing this with the 
Fe2p for - Fe2O3 shows that by increasing the concertation 
of Ru the position of the peaks and broadening of the peaks is 
affected. The O1s scan shows only two peaks, which correspond 
to binding energy 529.4 eV and 532.5 eV (Figure 5c). The lower 
energy peak 529.4 eV is the lattice oxygen (OL) while the high 
energy peak 532.5 eV is chemisorbed oxygen species (Oc).
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Figure 2: HRTEM images of α-Fe2O3 and Ru-Fe2O3 nanostructure (a) Ru= 0.0 wt % (b) Ru = 0.05 wt%, (c) Ru = 0.10 wt.%, (d) Ru = 0.15 wt % and (e) Ru = 0.20 wt %. The insets 
are the corresponding selected area electron diffraction patterns.
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Figure 3: N2 adsorption-desorption isotherm of the pristine alpha iron oxide 
nanoparticles. The inset corresponds to the pore size distribution.
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The Ru3d scan for Ru--Fe2O3 shows only three peaks, 
corresponding to the following binding energy: 292.4 eV, 285.2 
eV, and 283.3 eV. By comparing it to - Fe2O3 Ru3d it shows 
that if the binding energy is 285.2 eV there is a development 
of the new peak wish due addition of Ru this is represented in 
Figure 5d.

Gas sensing part

Figure 6a shows the gas-sensing characteristics of 
semiconducting metal oxides when exposed to fl ammable 
and toxic gases at an optimum operating temperature. The 
selectivity plot of the different fl ammable gases is shown in 
(Figure 6b). The 3D plot in (Figure 6b) shows the sensors’ 
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Figure 4: XPS results for α-Fe2O3 sample, (a) Survey scan, (b) Fe2p scan, (c) O1s scan, and (d) Ru 3d scan.
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response (S) of pristine -Fe2O3 and Ru-Fe2O3 samples. 
Ammonia (1000 ppm) was substantially detected by the 
pristine -Fe2O3- based sensor, with a response of 24.410 
at 225 °C operating temperature. However, the sensor’s 
response towards ammonia (NH3) decreases upon the addition 
of ruthenium, and the selectivity shifts towards Liquefi ed 
Petroleum Gas (LPG).

The infl uence of the operating temperature and gas 
concentration on the occurrence of charge carrier transition 
was observed. -Fe2O3 is an n-type semiconductor based 
on the existing study. In this work, we are reporting on the 

switching of n-type -to-p- type that occurs at different 
operating temperatures. Figure 7 shows the sensor response 
patterns of the -Fe2O3 and Ru-Fe2O3 samples at the fi xed 
operating temperature of 225 °C. By further reducing the 
operation temperature to 200 °C and 175 °C it caused the delay 
in the transition of the n-p type’s material. In Figure 7b from 
1000 ppm and 5000 pm n-types semiconductor was observed 
and the switching of the material starting from 6000 ppm 
to 7000 ppm and from 8000 ppm to 10000 ppm p-types was 
observed. While the operating temperature was 175 °C in Figure 
7c from 1000 ppm to 9000 ppm only n-types were observed 
and the transition of switching started at a later stage with the 

 

 

 

 

 

 
 
 
 
 

(a) (b) 

Figure 6: (a) Sensors’ response towards LPG and NH3 at the operating temperature of 225 °C, and (b) Selectivity 3D plot of n-type α-Fe2O3 and Ru-Fe2O3 toward various 
fl ammable gases (ethanol, propanol, ammonia, hydrogen sulfi de, and liquefi ed petroleum gas (LPG)) at 225 °C operating temperature.
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Figure 7: Response pattern of the pristine α-Fe2O3 at an operating temperature of (a) 225 °C, (b) 200 °C, and (c) 175 °C. (d) Response/operating temperature relation plot 
of the pristine α-Fe2O3.
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concentration of LPG was 10 000 ppm this due to decreasing in 
the operating temperature. In Figure 7a, -Fe2O3 oxide shows 
n-type behavior while the concentration of the LPG varied from 
1000 to 3000 ppm, the transition or switching started when 
the concentration was 4000 ppm and -Fe2O3 exhibited p-type 
characteristic from LPG concentrations of 5000 to 10 000 ppm. 
Further increase in Ru percentage affected the position of the 
transitions and it caused the delay in the Transition of the 
material from n-p types also the gas sensing response was 
decreased upon the addition of the ruthenium in the alpha iron 
oxide (Figure7b-7c). Figure7b shows that while the operating 
temperature was set up at 225 °C the gas sensing response was 
much better compared to 200 °C and 175 °C. This simply means 
that the sensor was stable at high temperatures as all materials 
have the unique operating temperature.

Sensing mechanism of alpha iron oxide doped with 
ruthenium

Normally, gas sensing takes place only at the surface of 
the semiconducting material that contains the oxygen being 
chemically adsorbed by the reaction. However, the chemisorbed 
oxygen on the surface of -Fe2O3 is normally ionized by 
capturing the free electron from the conduction band, which 
increases the resistance in the air by creating the depletion 
layers [40]. The atmospheric oxygen captures the free electrons 
on the sensor material to become O2-, O-, or O-2 depending on 
the operating temperature [23].

Whenever n-type semiconductors like hematite and 
graphite are exposed to a target gas, the previously created 
electron-depletion layers when the sensor is in the air become 
thin, and electrons return to the conduction band. In the 
beginning, the oxygen molecules from the air pass through 
the surface of the hematite and are adsorbed to the surface. 
Following this, the oxygen-free electrons form oxygen ions on 
the hematite surface with trapped electrons, as indicated in the 
following chemical reactions [19,23,41,42].

O2 (gas) → O2 (ads).                 (2.1)

O2 (ads) + e- → 𝑂− (ads) (T< 100 °C),              (2.2)

O2 (ads)+ e-→ 2O- (ads) (100°C < T<300 °C),               (2.3)

O-(ads) + e- → O2- (ads) (T> 300 °C).                 (2.4)

In this work, the optimal operating temperature was 225 °C, 

hence the dominant chemisorbed oxygen species were ( )adsO 

(See Eq. 2.3). During the chemical gas Sensing measurements, 
-Fe2O3 oxide-based sense was exposed to LPG (a reducing 
gas) at an operating temperature of 225 °C. Since this sensor is 

an n-type, the LPG reacts with the adsorbed oxygen ( )adsO  to 

transfer electrons back to the alpha-iron Conduction band. The 
material exhibited p-type characteristics under various LPG 
concentrations, and this caused some delay in the formation 
of the n-to-p-type transition of the material. (Eq. 2.5-2.7) 
explain how the LPG interacts with the oxygen inside the 
chamber. When the LPG is introduced into the chamber, the 
reducing gas reacts with the adsorbed oxygen species (anions), 

a series of complex reactions take place, and ultimately LPG 
gets oxidized.

These reactions (Eqs. 2.5–2.7) cause a signifi cant amount 
of free electrons to be released, increasing the sensor current.

Conclusion

The -Fe2O3 and Ru--Fe2O3 based sensors were fabricated, 
with various percentages of Ruthenium, in this study. Testing 
was done on different fl ammable gases, including LPG, propane, 
ammonia, ethanol, and hydrogen sulfi de (H2S) for both -Fe2O3 
and Ru--Fe2O3 samples. In this experiment, -Fe2O3 exhibited 
a switching n-p transition at the operating temperature of 225 
°C upon LPG detection. The results of the experiment showed 
that ammonia exhibited high sensitivity and selectivity. 
However, upon the addition of Ru in alpha iron oxide, the 
selectivity, and sensitivity shifted to Liquefi ed petroleum gas 
(LPG) (Figure7a). The operating temperature of the system was 
controlled to study the occurring anomalous n-p switching 
transition. By further decreasing the operating temperature of 
the system to 200 °C and 175 °C it was observed that the n-p 
switching transition depends on the operating temperature. As 
shown (in Figure7b-7c)) n-p switching transition was delayed 
at a lower operating temperature of 200 °C and only fi ve cycles 
showed n-types material while the switching transition of 
starting between the concentration of 6000 to 7000 ppm of 
LPG, and it was further observed that only three cycles show 
p-types material from 8000 to 1000 ppm. This suggests that a 
further decrease in operating temperature will lead to further 
delay in the occurrence of the n-p type carrier transition, 
though the sensor’s response might reduce, and is shown in 
Figure 7c. In addition, increasing the concentration of the LPG 
caused a delay in the formation of the transition of the material 
this is shown in Figure7b.

Finally, it was discovered that ruthenium is unsuitable for 
use as a dopant material because it reduces the gas-sensing 
response. It was discovered that the pure alpha iron oxide phase 
reacted with ammonia more favorably. The selectivity changed 
in Favor of Liquefi ed Petroleum Gas (LPG) as ruthenium 
concentration increased. This is due to the fact the atomic 
radii of Ru have the biggest atomic radii of 2.8222 while the Fe 
shows the smallest atomic radii. This results in the decrease 
of the gas response of the material while the concentration of 
the ruthenium increases. Each material has a unique operation 
temperature, hence in the study, the better result was observed 
when the operating temperature of the system was high at 
225 °C. At the lower temperatures of 200 °C and 175 °C it was 
observed that the gas sensing response was also decreasing 
with the temperature this is presented in Figure 7d. 
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