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Abstract.

Recently, there have been many researchers who discussed screen printing techniques
(SPT) as a good approach to fabricate the thick films for gas sensor applications. In
this work, the SPTs were conducted to fabricate the thick films based on gadolinium
oxide-doped Fe,0;-LaFeO;-La,O; that were applied as ethanol gas sensors. The
crystal and morphological structures were investigated using x-ray diffraction and
scanning electron microscopy, respectively. It shows that there are three phases of the
crystal structure of gadolinium oxide-doped Fe,O;-LaFeO;-La,0; i.e., rhombohedral,
orthorhombic, and hexagonal. The morphological structure shows an average particle
size of about 0.61 pm. Furthermore, the electrical properties measurements were
explored to ensure the performance of thick films in detecting the ethanol gases. Th
measurements were conducted in the range of temperature of about 310 °C to 325
°C and in the various ethanol gas containing, it is O ppm, 100 ppm, 200 ppm, and
300 ppm. This result showed that the highest response of thick films in the existence
of ethanol gases (300 ppm) is 427 with an optimum temperature of 319 °C. It is also
confirmed that SPT has an excellent approach in thick film fabrication to produce gas
sensor devices with good performance.
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Screen Printing Technique (SPT) is one of the suitable method for thick film fabrication
that has been many used for several application, especially as sensing device [1].
Nowadays, some of researchers has been developed the sensing device which focused
on ethanol gasses detecting due to their disadvantages in daily life such as caused the
respiratory disease [2]. Both of them were reconcilable to the recent study that attracted
attention by some researchers, that is fabrication of the ethanol gas sensors in the form
of thick films. The sensor device in the form of thick films were afford to produce a good
performance [3]. Moreover, the ethanol gas sensors study also focused on choosing a

good materials that can detect the ethanol with a good response.

Metal oxide semiconductor (MOS) is considered to be one of the candidate materials
that has been many used for gas sensors due to their properties such as low cost,
easy to fabricate, and giving a high response on binding the targets [4]. For ethanol gas
sensors, several kind of MOS has been used are SnO,, ZnO, Fe,0;, Gd,0;, LaFeO;,
etc [5-9]. The characteristics of MOS that are suitable for gas sensor application are
their advantages on excellent response, large specific surface area, also stability in
thermal and chemical, and it can be found in LaFeO; [10]. Hence, this work developed
LaFeO; with some treatment such as using natural resources of yarosite minerals as
Fe,O; precursor and added Gd,O; doping. The utilization of yarosite minerals as Fe,0,
precursor for ethanol gas sensors caused by the higher contains of Fe,O; that reach
up to 91.30% and 8.70% others were impurities as shown in Table 1[11]. This utilization
has been conducted by Suhendi et al in 2021. Their experiment claimed that yarosite
mineral indicate a good response to ethanol and can be utilized as material sensing, it
also can be used as a solution to fabricate the ethanol gas sensor with saving a cost
[12].

TABLE 1: The impurities component contained in yarosite mineral extraction.

No. Compound Wt %
1 Fe,O, 91.30
2 Al,O, 3.30
3 Sio, 2.05
4 TiO, 3.02
5 CaO 0.16
6 MnO 0.17

Then, to obtain a good performance of ethanol gas sensors also can be conducted

by adding the doping to the MOS materials. The doping was convinced to increase the
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response of materials on binding the target detection, in this case was ethanol gasses.
It caused by the decreased grain size of the materials that exhibited a higher response.
It reveal by the previous study which claimed that the doping can decreased the grain
size of the materials. It found that the addition of MnO doping on LaFeO; decreased
the grain size from 0.61 pm to 0.36 pm [13]. Also, Rao et al in 2022 claimed that the
Gd doping was increase the electrical properties performance of Bi,Fe, O, [13]. These
findings become an important erudition to obtained the ethanol gas sensors device
with the higher response.

Based on the previously explained, this work developed the thick film technology
that is fabricated using SPT and applied as ethanol gas sensors. The selected material
was Fe,0;-LaFeO;-La,0; that used yarosite mineral extraction as Fe,O; precursor to
save the cost, and added the Gd doping to increase their performance on detecting the
ethanol gasses. Several characterizations were conducted to ensure their performance
including crystal characteristics, morphological structure, and electrical properties. This
proposed ethanol gas sensor was expected to bring up the benefits for the development

of gas sensor study, especially for ethanol gas sensors.

2.1. Preparation of Gadolinium Oxide-doped Fe,O,-LaFeO;-La,0,
Powders And Thick Film Fabrication

The gadolinium oxide-doped Fe,0;-LaFeO;-La,O; powders were obtained by a copre-
cipitation method accordingly to the experiment that has been done by Suhendi et a/
in 2022 [14]. The preparation were processes by synthesis procedure that conducted
using three materials precursor, consist of 50 mol% Lanthanum Oxide (La,O3), 47 mol%
Ferric Oxide (Fe,0;) from yarosite mineral extraction, and 3 mol% Gadolinium Oxide
(Gd,0,), it briefly shown in Figure 1a. The first step, all the precursors that has been
mention above were respectively dissolve in Hydrochloric Acid (HCI) 5 M using magnetic
stirrer for about 3 hours. Then, the solutions were mixed and stirred for about an hour
or until the solution became homogeneous. Afterwards, Ammonia Hydroxide (NH,OH)
25% was added and left it for about a night to produce the precipitate. The precipitate
were dried at 100 °C for 6 hours and calcined at 600 °C for 3 hours. This step were
produce the rough powders of gadolinium oxide-doped Fe,0;-LaFeO;-La,0;. And the
last step, the rough powders were grinded and filtered to obtained the uniform grain

size.
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Furthermore, the gadolinium oxide-doped Fe,0;-LaFeO;-La,O; powders were fabri-
cated into thick film. These processes were conducted by the screen-printing techniques
(SPT). In this step, the gadolinium oxide-doped Fe,0;-LaFeO;-La,0; powders were
modified to be paste. It is conducted by mixing the gadolinium oxide-doped Fe,O;-
LaFeO,;-La,0; powders and organic vehicles in ratio 7:3 for about 2 hours. The organic
vehicle is the chemical compound that consists of ethyl cellulose and alpha-terpineol
in a ratio of 1:9. Then, for the SPT procedure to fabricate the thick film were illustrated
in Figure 1b. The alumina substrate with the size of 1 cm x 0.5 cm was prepared as
illustrated in Figure 1b(1). Then, the silver (Ag) paste were used as electrode. The Ag
silver were coat above of alumina substrate with the pattern that illustrated in Figure
1b(2) and fired at 600 °C for 10 minutes. Afterwards, the paste form of gadolinium oxide-
doped Fe,0;-LaFeO;-La, 0, that has been prepared in the previously also coat above

of Ag silver as illustrated in Figure 1b(3). The last, it fired at 800 °C for 2 hours.

Mixed
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Figure 1: (a) A coprecipitation method to produce the gadolinium oxide-doped
Fe,05-LaFe05-La, 05 (b) Thick film fabrication procedure.

2.2. Characterizations

To ensure the performance of gadolinium oxide-doped Fe,O;-LaFeO;-La,O; thick films,
some characterization were conducted i.e. x-ray diffraction (XRD) to analyzed the crystal

characteristics, scanning electron microscopy (SEM) to analyzed the morphological
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structures, and electrical properties to obtained the response of thick films based on

gadolinium oxide-doped Fe,O;-LaFeO;-La,O; on detecting the ethanol gasses.

2.3. X-ray Diffraction (XRD) and Scanning Electron Microscopy
(SEM)

The XRD characterization was used to analyze the crystal characteristics including
the crystal structures, lattice parameters, and crystallite size. These characteristics
were obtained from the analysis of the graphical pattern of intensity and the angle of
Bragg diffraction. The analysis was conducted by comparing the pattern with the Join
Committee of powder Diffraction Standard(JCPDS). Then, for the crystallite size were
obtained from the calculation using Debye-Scherrer equation that shown in Equation 1
below [15, 16].

0.89A
B cos ©

where A is a wavelength of the x-ray (Cu K,, = 1.5404 x 107'°m), B is the full width at

D = (1)

half-maximum (FWHM), and 8 is the angle of Bragg diffraction.

Then, SEM characterization obtain the image that has a certain magnification. From
the image, the analysis was conducted to confirm the grain size of gadolinium oxide-
doped Fe,0;-LaFeO;-La,0;.

Electrical Properties Characterizations
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Figure 2: The illustration of a gas chamber for electrical properties measurements.

This characterization was considered to investigate the gadolinium oxide-doped

Fe,0;-LaFeO;-La,0; performance as ethanol gas sensors. In this work, the various
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ethanol concentration were used (0 ppm, 100 ppm, 200 ppm, and 300 ppm). This char-
acterization were produce the resistance value of of gadolinium oxide-doped Fe,O;-
LaFeO;-La,0; thick film in various temperature (from room temperature up to 325
°C, starts to appear at 310 °C and recorded every 3 °C increase). These resistance
measurement were illustrated in Figure 3. Then, these resistance were calculate using
Equation 2 to confirmed the response of gadolinium oxide-doped Fe,0;-LaFeO;-La, 0,

thick film on detecting the ethanol gasses [17, 18].

R,
Response = z* 100%(2)

a

where R, is the resistance value of gas sensors in the ethanol gas containing and R,

is the resistance value at ambient condition (without ethanol gas).
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Figure 3: (a) XRD pattern and (b) SEM image of Gadolinium oxide-doped Fe,05-LaFeO5-La,05.

XRD dan SEM characterization were conducted to ensure the gadolinium oxide-
doped Fe,0;-LaFeO;-La,0; characteristics that consist of crystal and morphological
structures. Firstly, the XRD characterization that conducted to confirm the crystal struc-
tures and the characterization results were shown in Figure 4a. The analysis confirms
that the gadolinium oxide-doped Fe,0;-LaFeO;-La, 05 has three phases that consist of
Fe,0;, LaFeO;, and La,0;. They are respectively fitted with rhombohedral, orthorhom-
bic, and hexagonal crystal structures. It is known from the analysis using match 3! and
comparing with JCPDS No. 37-193, No. 33-0664, and No. 98-006-9880. The other
characteristics were known as shown in Table 2, it is lattice parameters and crystallite

size that obtained using Debye-Scherrer Equation as shown in Equation 1.
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TABLE 2: Crystal characteristics of gadolinium oxide-doped Fe,05-LaFeO5-La,05.

Phase Lattice Parameters (A) Crystallite Size
(nm)
a b c
Fe,0, 5.087 5.087 13.806 229
LaFeO, 5.507 7145 5.479 17.8
La,0, 4916 4916 8.077 21.4

Then, the XRD pattern that illustrated in Figure 4a also showed the other peaks.
These peaks were formed from the impurities contained in yarosite minerals.

The other characteristic that holds an important role in gas sensor performance is
grain size. The materials that have a small grain size were disposed a high response
on detecting the targets [19]. This characteristic was known by SEM characterization.

This work confirms that gadolinium oxide-doped Fe,0;-LaFeO;-La,O; has a grain size
of about 0.61 pm.

Furthermore, the electrical properties were analyzed to confirm the gadolinium
oxide-doped Fe,0;-LaFeO;-La,0; performance on detecting the ethanol gasses. The
electrical properties characterization were conducted by the resistance measurement
every temperature increase with the result that illustrated in Figure ??a. It shown that
the gadolinium oxide-doped Fe,0;-LaFeO;-La,O; belong to p-type semiconductors
because the resistance that produce in ambient condition were lower that the resistance

in ethanol gas containing [20].
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Figure 4: (a) Resistance and (b) Response of Gadolinium oxide-doped Fe,05-LaFeO;-La,0;.

Then, the resistance that obtained in Figure 4a was processes with the calculation
using Equation 2. This calculation were revealed the response of gadolinium oxide-
doped Fe,0;-LaFeO;-La,0; on detect the ethanol gasses. These calculation were

shown as the graphic relation between response and temperature. It confirm that the
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highest response of gadolinium oxide-doped Fe,0;-LaFeO;-La,O; was reach in 300
ppm, it is 427% with the operating temperature 319 °C.

The gadolinium oxide-doped Fe,0;-LaFeO;-La,O; response on detecting the
ethanol gasses were explained by sensing mechanism. The response appears caused
by the interaction between the ethanol gasses molecule and the thick film surface,
these interaction were shown as the reaction in Equation 3 below [21]:

C,H;0H (gas) + 60~ « 2CO, + 3H,0 + 6e™ (3)

In addition, the sensing mechanism also explained by the adsorption and desorption
of ethanol gasses molecules on the surface of thick films. This work claimed that the
operating temperature more than 300 °C, it involved the reaction occur were explained
as the reaction in Equation 4 to 7 below [22]:

0O, (gas) « O, (ads) (4)

O, (ads) + e™ (surface) « O, (ads) (< 100 °C) (5)

O, (ads) + e~ (surface) & 20~ (ads) (100 — 300 °C) (6)

O~ (ads) + e~ (surface) « O*~ (ads) (> 300 °C) (7)

The last, this work also comparing our result with the previously reported. It is
conducted to known the performance of the ethanol gas sensors that fabricated in
this work. The comparison were shown in Table 3 and confirmed that the operating
temperature of this work was higher. However it revealed the higher response than the

previously reported.

TABLE 3: The response comparison to the other works of LaFeO; based with doping.

Materials Doping Response (%) Operating Tem- Ref.
perature ('C)

LaFeO, Sr 305 300 (24)

LaFeO,/ Fe, 0, Mn 309 180 (15)

Fe,0;-LaFeO;-La,0, Gd 427 319 This work

SPT was successfully utilized in fabrication of thick film ceramics based on gadolinium
oxide-doped Fe,O;-LaFeO;-La, 0, that applied as ethanol gas sensors application. The
gas sensor shows a good performance in detecting the ethanol gasses, it is known from
the response value in ethanol containing about 300 ppm reaching 427 with optimum
temperature 319 °C. These performances were supported with the XRD and SEM

characterization results. The XRD characterization shown the three phase of gadolinium
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oxide-doped Fe,0;-LaFeO;-La,0;, these phase consist of Fe,0;, LaFeO;, and La,0;
with the crystal structure respectively rhombohedral, orthorhombic, and hexagonal.
Meanwhile, the SEM characterization informs that the average grain size of gadolinium
oxide-doped Fe,0;-LaFeO;-La,0is about 0.61 pm. These results indicated a good
performance of gas sensors. Hoping all the findings bringing up the contribution on

development of the ethanol gas sensors in the future.
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