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ABSTRACT

This study aims to establish the effects of MnO doping in comparison on the yarosite mineral
properties to determine its performance in the gas sensor applications. LaFeOs doped MnO
was synthesized using coprecipitation method to be applied as ethanol gas sensors. The gas
sensors were fabricated into thick ceramic film using screen printing techniques and
analyzed using several characterizations such as XRD, SEM and electrical properties. The
XRD data showed that the materials had a cubic structure and confirmed that the crystallite
size had decreased from 49.83 nm to 43.20 nm. The SEM data showed that the materials had
a grained morphology with the grain size of 0.61 um and 0.36 um, respectively. The electrical
properties showed that the materials used had a sensitivity to ethanol gases; this was
established from the resistances that appeared. It could be concluded that MnO doping
caused the operating temperature of LaFeOs to become lower, decreasing from 272 °C to
268 °C. It was proven that the MnO (0.17 wt%) doping positively contributed to making the
gas sensor’s properties better. Thus, the yarosite mineral that contains 0.17 wt% of MnO as
impurities can be applied as the main material in gas sensor studies.
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1. INTRODUCTION

A gas sensor is an electronic device that produces electrical signals in response to the chemical
interaction with gases [1]. One of the materials that can be used as a gas sensor is Metal Oxide
Semiconductor (MOS) and it has been applied in the field of the solid-state sensing device,
industrial fields, medical diagnostics and environmental monitoring [2]. LaFeO3 is one of the
metal oxide types which has an ABOs structure and can be used in various applications such as
catalysts [3,4], electrodes [5], fuel cells [6] and gas sensors [7,8]. LaFeOs has good selectivity and
a high response to gas sensors [9-11]. Ethanol gas sensors studies based on LaFeO3 has been
reported by Cao et al. to have the sensitivity of a gas sensor within the range between 30 to 50
with the operating temperature 110 °C to 135 °C [12-14]. However, LaFeO3; has some
disadvantages, which include a high resistance and it can be diminished with the additions of
some dopant [15,16] as reported by Liu et al. [17], Sun et al. [18], Cyza, et al. [19], Koonsaeng, et
al. [20] and Xiang, et al. [21]. The findings concluded that dopant has an essential effect on gas
sensors performances. Their studies indicated that it had a sensitivity to the presence of ethanol
gases. Most of the earliest studies were obtained using precursor Fe;03 from pure materials.
Indonesia is one of the countries in the world that has abundant minerals resources and
one of them that is widely available is yarosite mineral [22]. Yarosite mineral contains 91.30 wt%
Fe;03 and several other minerals, namely 3.30 wt% of Al,03, 2.05 wt% of Si02, 3.02 wt% of
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TiO2, 0.16 wt% of CaO and 0.17 wt% of MnO [23]. The aim of this study is to examine the MnO
component of the yarosite minerals in order to determine the effect it has on the ethanol gas
sensor. In this paper, we analyzed the effect of MnO doping on LaFeO;
thick film ceramic and compared it with yarosite mineral properties in order to establish any
differences in the performance of ethanol gas sensor. MnO is one of the oxide transition metals
that has room temperature ferromagnetic properties and if MnO is inserted into LaFeOs3, it can
improve the sensor’s performance [24]. The composition of MnO doping added to this work is
0.17 wt%, which is based on the MnO composition of yarosite minerals. The crystal structure,
morphology and electrical properties, including an operating temperature of thick film ceramic
based on LaFeOs; doped MnO, were analyzed. If MnO doping generated a good characteristic that
can decrease an operating temperature and increase the sensitivity of gas sensors, MnO in
yarosite mineral should not be removed in the Fe;03 purification process. This will conclude
whether Fe;03 from the yarosite mineral can be applied as the main material of ethanol gas
Sensors.

2. EXPERIMENTAL DETAILS

In this work, LaCl3.7H20 (2.013 g) and Fe;03 (0.987 g) were used to make LaFeO3z powders and
LaCl3.7H20 (2.323 g); Fe203 (0.952 g) and MnO (0.01 g) were used to make LaFeO3; doped MnO
powders. It was made using the coprecipitation method, as shown in Figure 1. All the materials
are dissolved in the solvent using a magnetic stirrer where the Fe;03; and MnO are dissolved in
HCI while LaCl3.7H0 is dissolved in aqua dest. Then, all the solutions are mixed using a magnetic
stirrer and heated to 80 °C. The aim of the process is to make a homogeneous solution. After that,
each solution is added to NH4OH to precipitate the solution. The precipitate is dried at 100 °C and
then calcined at 800 °C for 2 hours. After being calcined, the precipitate is ground and strained to
produce uniform nano-sized powders.
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Figure 1. The synthesis process of LaFeO3; powders

The same process is carried out to produce the LaFeOs; doped MnO. The difference is the
addition of the MnO solution when creating the mixed solution. LaFeO3; and LaFeO3z doped MnO
powders are made in thick ceramic film, as shown in Figure 2. To make thick films, both material
powders are mixed with Organic Vehicle (OV) in the ratio of 70 wt% and 30 wt%, so that the

material powders will turn to a paste. The paste is then coated on an alumina substrate coated
with silver using the screen-printing method and fired at 500 °C for 2 hours.
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LaFeOs3 and LaFeOs; doped MnO thick-filmed ceramics were characterized using X-Ray
Diffraction (XRD) PRO Series A = 1.540598 A PAN to identify the crystal structure. A Scanning
Electron Microscopy (SEM) JEOL-6360LA is used to identify the morphological structure and a
set of gas chamber tools is used to establish the electrical properties, as shown in Figure 3.
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Figure 2. [llustration of thick ceramic film layers based LaFeO3z and LaFeO3z doped MnO: (a)
alumina substrate (b) silver (c) materials paste
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Figure 3. Illustration of gas chamber tools to recognize the electrical properties

The measurement of the electrical properties was done by heating the thick ceramic film
from room temperature to 350 °C. During the measurement process, the resistance values were
recorded at 2 °C temperature change. It was done on the ambient state (without gases) and with
the addition of ethanol gases at a concentration of 100 ppm, 200 ppm, and 300 ppm.

2. RESULTS AND DISCUSSION

The result of the characterization of the crystal structure is presented in Figure 4. It is presented
in the form of peaks that indicate the presence of the crystalline phases. These results were
matched to the peak at the diffraction data standard COD (Crystallography Open Database) using
Match 3 software. This characterization covers crystal structure, index miller values, lattice
parameter and crystallite size. The referring data suggested that the formed crystal structure was
cubic. It can be seen from the index miller values (hkl) of the data that each diffraction angle 26
produces a peak, as shown in Table 1. The lattice parameter of LaFeO3z and LaFeO3; doped MnO
area =b =c =3.9361 A and a = b = ¢ = 3.9373 A, respectively and it shows that the lattice
parameter of both thick ceramic film is not significantly different and it did not change the crystal
structure. The average crystallite size was obtained using the Debye-Scherrer Equation as shown
in Equation (1) [25]:

D = 0.89A/Bcos6 (1)

where D is the average of crystallite size (nm), 0.89 is the Scherrer constant which has a value
between the range 0.8 - 1.0 and 0.89 is assumed to be the best value in this present work, A is the
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wavelength of X-rays that used in this work (1.540598A), B is the full width at half maximum
(FWHM) and 6 is the Bragg diffraction angle. The calculation found that the average crystallite
size of LaFeO3 and LaFeO3z doped MnO are 49.83 nm and 43.20 nm, respectively. Based on these
results, the addition of MnO doping can reduce the crystallite size and it means that La3+ has been
successfully substituted by Mn?* in LaFeOs. It also informs that the MnO containing yarosite
mineral provides a positive contribution to the crystal structures.

The result of morphological structure characterization is shown in Figure 5. The
differences are observed in the morphological scale and it looks like the grain size of LaFeOs thick
film ceramic is larger than the LaFeO3z doped MnO thick film ceramic. They are 0.61 um and 0.36
um, respectively. MnO doping can reduce the grain size. It may cause MnO doping to hinder the
movement of the grain boundaries once it serves as a deterrent to irregular grain growth. The
sensitivity will be sharply increased if the grain size is decreased. It was similar to the claims
made by Xiaoshui [3]. The decreasing grain size when MnO is added to LaFeOs will make the
sensitivity of LaFeOs; doped with MnO increase higher than the LaFeOs3 sensitivity.

+ + LaFeOs

Alumina Substrate
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Figure 4. Pattern of (a) LaFeOs (b) MnO doped LaFeO3
Table 1. Index miller values (hkl)
LaFeO3 LaFeo.90Mno.0103
No. Crystallite Size: 49.83 nm 43.20 nm
26 hkl 20 hkl
1 22.47 100 22.38 100
2 32.08 110 32.06 110
3 39.60 111 39.57 111
4 46.07 200 46.05 200
5 57.34 211 51.90 210
6 67.28 220 57.36 211
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7 71.99 221 67.25 220
8 76.63 310 76.75 310
9 85.50 222 94.29 321
10 94.29 321 - -
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Figure 5. Morphology structure of (a) LaFeOz (b) MnO doped LaFeO3

Electrical properties characteristics of LaFeOs3 thick film ceramic without doping and with

MnO doping can be seen in Figure 6. Figure 6 presents the graph of resistance to temperature.
Apart from that, it shows that the resistance of thick films has decreased exponentially when the
temperature is increased, which is one of the characteristics of semiconductor [26]. It is caused
by a number of electrons in the valence band excited reaction to the conduction band. In the
higher temperature, more electrons would be excited. The electrons that have been excited to the
conduction band will be the delocalized electrons. It is easier for the thick ceramic film to conduct
the electric current if more electrons move to the conduction band and the resistance values are

smaller.
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Figure 6. The graph of resistance to the temperature of (a) LaFeO3 (b) MnO doped LaFeO3
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The resistance increases with the increasing ethanol gas concentration at the same
temperature, as shown in Figure 6. It causes the ethanol gas to be the reducing gas and this
indicates that the semiconductor is p-type, which has the charge of the majority carriers in the
form of holes. The p-type semiconductor will decrease the conductivity value (major resistance)
when it interacts with the reducing gases [27].

Sensitivity is the response of the material to gas indicated by a change in resistance due
to gas absorption in accordance with Equation (2) [28]:

S = (Re-Ro) /R, (2)

where S is the sensitivity of the gas sensor based on the thick film, R, is the resistance of the gas
sensor based on the thick film in the gas chamber containing ethanol gas and R, is the resistance
of the gas sensor based on the thick film in the gas chamber without ethanol gases. Thus,
sensitivity according to Equation (2) is a comparison of the difference in the resistance of the gas
sensor before and after the presence of ethanol gas and the resistance before the presence of
ethanol gas.

The graph of temperature sensitivity is shown in Figure 7. It can be seen that the operating
temperature of LaFeOs3 thick film ceramic without doping and LaFeOs3 thick film ceramic with MnO
doping are 272°C and 268°C, respectively.
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Figure 7. Graph of sensitivity to temperature of thick film ceramic based on (a) LaFeO3 (b) MnO
doped LaFeOs3;

The sensitivity will be greater when the gas concentration is higher. It happens because
when the gas sensor based on the thick film ceramic is heated in the ambient condition (absence
of ethanol gases), the surface of the thick film will absorb the O, gases and it will create a reaction
on the surface of the thick film. The reaction will change the O, gases to O- or 02- ion. One of the
ions will become more dominant, which is caused by the type of material employed and the
presence of reducing gas. When the thick film ceramic is in an environment and it consists of gas
molecules of ethanol, the ethanol gas molecules will react with oxygen gas molecules that have
been ionized (0-and 0%) to form CO and H:0 [27,29]. As a p-type semiconductor material, the
population of holes is greater than the electron. Thus, the holes attract new electron and become
annihilated. The number of charge carriers (holes) in the valence band will be reduced resulting
in the increase in electric resistance, as shown by the increase of activation energy in Table 2. The
activation energy is calculated using Arrhenius relation as shown in Equation (3) [30]:

o = oy exp(—E,/kT) (3)
where gy is the frequency factor, E, is the activation energy, k is the Boltzmann constant and T is

the absolute temperature in kelvin (K) [31, 32]. If the activation energy is high, the sensitivity will
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increase. For the undoped sensors, activation energy is needed to adsorb oxygen and ethanol
reaction because of the optimal temperature of a high doped sensor. As for doped sensors, a low
activation energy value can provide a reaction pathway. Therefore, the sensor can provide a
maximum response at low temperatures [33].

Table 2. Energy Gap of thick films ceramics

Ethanol Gas concentration Activation

Doping MnO (wt%) (ppm) energy (eV) Sensitivity

0 0.69 -

0 100 0.92 3.94

200 0.93 5.86

300 1.12 6.98
0 0.15 -

0.17 100 0.87 9.28

200 1.01 14.83

300 1.38 23.89

3. CONCLUSIONS

LaFeOs; doped by MnO is successfully prepared using the coprecipitation method and is then
compared to yarosite mineral properties to determine its effectiveness on ethanol gas sensor
performances in the form of thick ceramics film. In this research, the thick ceramics films are
made using screen printing techniques. Based on the findings, it is established that the material
has a cubic structure with crystallite sized 49.83 nm and 43.20 nm and the grain size of 0.61 um
and 0.36 um, respectively. Apart from that, this study also establishes that the ethanol gas sensor
made possesses a greater sensitivity and lower operating temperatures; it is 272 °C for LaFeO3
and 268 °C for LaFeO3 doped MnO. It can be concluded that MnO doping has an effect on gas
sensor performance, such as decreasing the size of the crystallite, the grain size and the operating
temperature. It can be concluded that MnO doping has a positive contribution and should not be
removed in the purification process of yarosite minerals. It means that the yarosite mineral that
contains 0.17 wt% MnO as impurities can be applied as a main material in gas sensor studies.
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