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Abstract 
Semiconductor-based gas sensors frequently encounter difficulties in attaining optimal performance 

due to challenges such as temporal stability and low sensitivity, stemming from their insulating properties 
at room temperature. To address these limitations, this study proposes a novel approach by preparing 
cobalt-doped LaFeO3 (LaFeO3-Co) using the co-precipitation method, with doping concentrations of 
2.5 mol% and 5.0 mol%. The acetone gas sensors were fabricated into thick films via the screen-printing 
technique, and their performance was thoroughly characterized. X-ray diffraction (XRD) analysis 
confirmed a cubic crystal structure, and the addition of 2.5 mol% cobalt was found to reduce the 
particle size of LaFeO3, enhancing its gas-sensing performance. Conversely, the addition of 5.0 mol% 
of cobalt led to an increase in particle size, which might have hindered sensor performance. Electrical 
characterization revealed that the LaFeO3-Co sensor with 2.5 mol% doping achieved the highest 
response of 13.30 at 330°C and 270 ppm of acetone gas. This study underscores the promise of Co-doped 
LaFeO3 in enhancing gas-sensing capabilities, marking a substantial advancement in the development 
of high-performance acetone gas sensors. However, further optimization and investigation are necessary 
to fully realize its potential for commercialization. 

1.  Introduction 
 
Acetone gas (C3H6O) has an advantage in several sectors, such as 

industries and medicine, and is mainly used as a biomarker for the 
respiratory diagnosis of diabetes [1]. However, acetone is also known 
as a toxic, flammable, and harmful gas. Apart from that, long-term 
exposure to acetone can cause damage to the eyes and nose [2]. 
Moreover, it was reported that exposure of acetone in humans to 
more than 173 parts per million (ppm) could cause fatigue, excessive 
headaches, and nervous system damage [3]. Hence, the World Health 
Organisation (WHO) has declared that an acetone concentration 
exceeding 180 ppm indicates an unhealthy environment for individuals 
[4]. In light of the potential consequences resulting from acetone 
exposure, it is imperative to develop a gas sensor capable of detecting 
even trace amounts of acetone gas measured in ppm. This is done as 
a preventive measure against potential negative events. 

Several researchers have focused on developing a gas sensor 
specifically for detecting acetone using metal oxide semiconductors 
(MOS). For now, MOS is the best material to apply as a gas sensor 
because it is small, low-cost, and easy to maintain [5]. Besides that, 
MOS has other advantages, i.e., high specific surface area and exposed 
crystal plane. These two things are the key factors showing the MOS’s 

ability to detect gas [6]. Zinc oxide (ZnO), tin oxide (SnO2), iron(III) 
oxide (Fe2O3), tungsten trioxide (WO3), and lanthanum iron oxide 
(LaFeO) are commonly employed as primary materials for acetone 
gas sensors [7-11]. LaFeO3 is currently a highly favoured material 
among researchers due to its excellent chemical stability [12]. Despite 
its potential for gas sensing applications, LaFeO3 is limited by its 
relatively large particle size [13]. According to a study conducted by 
Islam et al. (2019), the addition of a dopant can be used to decrease 
the size of the particles [14]. 

 According to the stated explanation, we presented the synthesis of 
LaFeO3 with Co-doping, which was prepared using the co-precipitation 
method and transformed into a thick film using the screen-printing 
technique. Subsequently, it was utilized as a gas sensor for acetone. 
In addition, Co-doped materials were chosen for their favourable 
characteristics in promoting the deformation of a stable doping 
structure [15]. Moreover, the incorporation of a Co-dopant in LaFeO3 
enhances its ability to detect acetone. Jing et al. (2022) demonstrated 
that the resistance of LaFeO3 was enhanced through Co-doping, 
resulting in improved gas sensor performance [16].  

The doping of Co3+ into LaFeO3 exhibits significant promise for 
research purposes. The concentration of Co-doped plays a crucial role 
in enhancing the performance of the gas sensor. In 2017, Li et al. 
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conducted a study that examined the use of 3 mol% of Co-doped 
material and observed a positive response [17]. This discovery prompts 
further investigation into the effects of Co-doping on LaFeO3, 
specifically at concentrations of 2.5 mol% and 5.0 mol%. This study 
employed a margin of more than 3 mol% in the upper and lower ranges 
to examine the properties of LaFeO3 in detecting acetone gas, which 
is affected by Co-doping. If this study identifies favourable attributes 
of a gas sensor, LaFeO3 with Co-doping could be marketed as an 
acetone gas sensor to assist various industries in mitigating the harm 
caused by acetone. 

 
2. Experimental detail 

 
2.1 Chemicals 

 
This work utilized the following chemicals: lanthanum(III) oxide 

(La2O3), iron(III) oxide (Fe2O3), cobalt(II) oxide (CoO), hydrochloric 
acid (HCl) 2.0 M, ammonium hydroxide (NH4OH) 25%, and distilled 
water. The chemicals were utilized for synthesizing LaFeO3 with 
co-doping without undergoing the purification process. Subsequently, 
the materials were transformed into a dense film by utilizing an 
alumina substrate, silver (Ag) paste, and organic vehicles comprising 
ethyl cellulose and α-terpineol. In this study, acetone with a concentration 
of 97% was utilized for experimental purposes. 

 
2.2 Preparation of LaFeO3 with co-doped 

 
In this work, LaFeO3 with co-doped was synthesized using the 

co-precipitation method as follow the previous work [18], as illustrated 
in Figure 1. The synthesis processes were conducted simultaneously 
three (3) times under identical conditions but with varying concentrations 
of co-doped, as indicated in Table 1. In the initial stage, the chemicals 
comprising La2O3, Fe2O3, and CoO are dissolved individually in 20 mL 
of HCl 0.2 M solution with the assistance of a magnetic stirrer for 
approximately 2 h. The solutions are then combined and agitated using 
a magnetic stirrer for approximately one hour to achieve a uniform 
mixture. Subsequently, a 25% NH4OH solution is gradually introduced 
until the solution achieves a pH value of 7. Then, the solution is 
allowed to stand undisturbed for a duration of 24 h, resulting in the 
formation of the precipitate. The precipitate is filtered and rinsed 
three times with distilled water to remove impurities. The final step 
involves drying the precipitate at 100°C for 6 h, followed by calcination 
at 600°C for 3 h. The resulting product is Co-doped LaFeO₃ in the form 
of a brown powder. 

 
2.3 Thick film preparation and acetone gas characterizations 

 
The thick film preparation and gas characterization are conducted 

in accordance with the step-by-step procedure previously outlined [18]. 

This step began with making a gel from an organic vehicle containing 
10 wt% ethyl cellulose and 90 wt% terpineol. The compounds were 
gradually mixed gradually for approximately one hour using a hand 
spatula or by manual stirring. Once a gel was formed, it remained 
undisturbed for one hour. The previously prepared LaFeO3 powder, 
which had been doped with cobalt, was mixed with a gel in a 7:3 ratio 
using manual stirring until a uniform mixture was achieved. Then, 
the thick film was prepared using the screen-printing method, with 
the detailed procedure illustrated in Figure 2. The aforementioned 
procedures were conducted on the alumina substrate with dimensions 
of 1.0 cm × 0.5 cm × 0.5 mm, as depicted in Figure 2.  The screen-printing 
techniques were employed for their advantageous properties, including 
the ability to create a smooth and flat surface with a thick film, which 
can enhance the performance of gas sensors [19]. 
 

 

Figure 1. Illustration of the preparation of LaFeO3 with Co-doped by co-
precipitation method. 

 

 

Figure 2. Thick film preparation (a) a size of alumina substrate, (b) silver 
(Ag) paste coating, (c) a gel of LaFeO3 with Co-doped coating. 

 
Table 1. The concentrations of Co-doped in LaFeO3. 
 
Samples Composition [mol%] 
 La2O3 Fe2O3 CoO 
LaFeO3 50.0 50.0 0 
LaFeO3-Co-1 50.0 47.5 2.5 
LaFeO3-Co-2 50.0 45.0 5.0 
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Initially, the Ag paste was applied onto the alumina substrate as 
electrodes, following the pattern depicted in Figure 2(b), and then 
dried at a temperature of 600°C for 10 min. In the second step, a layer 
of Co-doped LaFeO3 gel was applied onto the Ag silver as depicted 
in Figure 2(c), and then subjected it to a firing process at a temperature 
of 600℃ for 2 h. Subsequently, the thick film is successfully produced 
once it meets the specified criteria, as depicted in Figure 3. It demonstrates 
the “OL” value in resistance measurements.  

Furthermore, several characterizations were also carried out to 
verify the performance of thick film as acetone gas sensors, including 
crystal structure, morphological structure, and electrical properties. 
The crystal structure characterization was carried out using an X-ray 
diffractometer (XRD) with PANalytical X’Pert Pro Series PW3040/x0 
to analyse the successful synthesis of LaFeO3 with Co-doped. To 
determine the average crystallite size of LaFeO3 with Co-doped, the 
Debye-Scherrer formula in Equation (1) was used [20-24]. These 
crystallite sizes were analysed for their effect on the performance of 
co-doped LaFeO3 in binding acetone gas as the target [25].  

 

 

Figure 3. Checking the feasibility process of the fabricated thick film. 
 

 

Figure 4. Illustration of electrical properties characterization processes. 
 

 

Figure 5. XRD pattern of (a) LaFeO3; (b) LaFeO3-Co-1; and (c) LaFeO3-Co-2. 

D  =  Kλ
B cos θ

  (1) 

 
where D indicates the crystallite size (nm), K is the Scherrer number 

within the range of 0.9 to 1.0, respectively [26]. Sanjana states that 
the commonly used Scherrer number for analysing crystallite size is 
0.9 [27]. In this study, a wavelength of 1.5406 Å was used for X-ray 
characterization. B represents the full width at half-maximum (FWHM), 
and θ represents the angle of Bragg’s diffraction. 

The morphological structure characterizations were analysed using 
the scanning electron microscopy (SEM) technique, specifically with 
the JEOL JSM-6360LA instrument. The purpose of this study was 
to analyse the properties of LaFeO3 with Co-doped, focusing on the 
distribution of particles and the size of the grains. The variables were 
analysed for their impact on the performance of LaFeO3 with Co-doped 
in binding acetone gas as the target [28]. Subsequently, analyses of 
electrical properties were performed to evaluate the effectiveness of 
Co-doped LaFeO3 in binding acetone gas, particularly examining its 
responses to varying concentrations: 90 ppm, 180 ppm, and 270 ppm. 
This assessment utilized a gas chamber tool, as depicted in Figure 4. 
Characterization involved measuring the resistance of Co-doped LaFeO₃ 
in thick film form at 5 min intervals, incrementally raising the temperature 
from room temperature to 330°C. Additionally, the resistances are 
calculated using Equation (2) to determine the reactions of LaFeO3 
with co-doped when exposed to acetone gas [29-34]. 

 

Response  =  Rg

Ra
  (2) 

 
where Rg is the resistance value in the room containing acetone gas 

and Ra is the resistance value in the room with ambient conditions 
without acetone gas. The conditions were tested on a thick film based on 
LaFeO3 with co-doping, respectively. 

 
3. Results and discussions 

 
The crystal structure of LaFeO3 with co-doping is well-documented, 

as it plays a crucial role in the performance of acetone gas. The XRD 
pattern obtained from the characterization is analysed and depicted 
in Figure 5. The XRD peaks validate that the co-doped LaFeO3 possesses 
cubic structures, as evidenced by the lattice parameters provided in 
Table 2. The comparison is based on the Crystallography Open 
Database (COD) number 96-154-2033 [35]. Furthermore, it has been 
verified that two distinct phases have been identified based on the XRD 
peaks, namely LaFeO3 and aluminium oxide (Al2O3). The formation 
of the Al2O3 phase on the substrate is a result of insufficient thickness 
of the LaFeO3 layer with co-doping that is applied to the substrate. 
Nevertheless, this is not a concern as there are no additional phases 
observed in the XRD patterns, suggesting the successful synthesis of 
co-doped LaFeO3 without any impurities. Subsequently, the cobalt 
phase becomes undetectable in XRD peaks as a result of the complete 
replacement of Co3+ ions with Fe3+ ions in the LaFeO3 lattice [36]. 
The occurrence can be attributed to the smaller ionic radius of Co3+ 
(61.0 Å) compared to Fe3+ (64.5 Å), which facilitates the substitution 
process [37]. 
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From the analysis, it is known that the LaFeO3 with co-doped 
were identified from the highest peaks of diffraction that appears at 
2θ = 32.35° (101), 2θ = 32.12° (101), and 2θ = 32.38° (101), respectively 
for LaFeO3, LaFeO3-Co-1, and LaFeO3-Co-2 which matches to COD 
number of 96-154-2033. Then, the crystallite size is also calculated 
using Debye-Scherrer formula that is presented in Equation (1) with 
the results as shown in Table 2. Crystallite size plays a vital role in 
the gas sensor performances. According to Njoroge et al. (2022), the 
smaller crystallite size will increase the performances of gas sensors 
that consist of responses or sensitivity [38]. The smaller crystallite 
size will generate a high band gap of materials and cause electron 
transfer to occur with more barriers of electrons [39,40]. However, 
this phenomenon creates more active sites that are useful for the 
sensing processes and will increase the performances of gas sensors 
[41,42]. In this study, it was observed that there was a decrease in 
crystallite size after the addition of 2.5 mol% co-dopant. This decline 
in crystallite size can be attributed to the lattice distortion effect caused 

by the substitution of Co3+ ions, which possess a smaller ionic radius 
compared to Fe3+ as previously outlined. This distortion leads to the 
generation of internal stress within the LaFeO3 lattice, thereby 
impeding the growth of crystallites and consequently resulting in 
reduced crystallite sizes. Conversely, at elevated dopant concentrations, 
specifically 5.0 mol% co-dopant, the crystallite size exhibits an 
increase. This phenomenon is attributed to the surplus of Co3+ ions, 
which induce agglomeration or grain growth due to their influence 
on lower surface energy. Consequently, this allows the crystallites 
to expand in size. Moreover, at elevated dopant concentrations, the 
distortion effect on the lattice is mitigated, thereby enabling the growth 
of crystallites. This condition relates to the morphological structural 
characterization conducted using SEM, which is informed by the 
smaller particle size, which also increases the performance of gas 
sensors [43]. The results are displayed as images with a specific 
magnification, as shown in Figure 6. 

 

 

Figure 6. SEM image and particle size distribution of (a) LaFeO3 (b) LaFeO3-Co-1 (c) LaFeO3-Co-2. 
 

Table 2. Lattice parameters and crystallite size of LaFeO3 with Co-doped. 
 
Samples Lattice parameters (a=b=c) 

[Å] 
Crystallite size  
[nm] 

LaFeO3 3.9260 67.29 
LaFeO3-Co-1 3.9208 43.53 
LaFeO3-Co-2 3.9319 62.46 
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The analysis shows that the particle size of LaFeO3 decreases 
when the co-doped has been added as much as 2.5 mol%. However, 
the particle size increased again when the co-doped addition exceeded 
2.5 mol%, specifically reaching approximately 5.0 mol%. Thus, it is 
possible that LaFeO3 with a 2.5 mol% concentration of co-doping 
exhibits superior gas sensing capabilities for detecting acetone gas. 

Subsequently, an analysis was performed to characterise the electrical 
properties. The study revealed that LaFeO3 with co-doping exhibits 
p-type gas sensor properties. The resistance measurements for different 
concentrations of acetone gas (specifically 90 ppm, 180 ppm, and 
270 ppm) are depicted in Figure 7(a). A p-type gas sensor exhibits an 
increase in resistance when exposed to a specific target gas (in this case, 
acetone) [18,44]. This phenomenon can be attributed to the properties 
of p-type semiconductors, which possess holes as the predominant 
charge carriers due to the presence of cation vacancies in their crystal 
structure [45]. The interaction of acetone with adsorbed oxygen ions on 
the sensor’s surface leads to the generation of electrons through chemical 
reactions, which subsequently combine with holes, thereby reducing 
the number of available holes. This decline in holes, in turn, results in 
a reduction in sensor conductivity, consequently increasing resistance 
[46]. As the target gas concentration increases, the number of electrons 
produced rises, leading to enhanced recombination with holes and 
subsequent increase in resistance [47]. Concurrently, at elevated 
temperatures, the resistance exhibits a tendency to decrease. This 
phenomenon can be attributed to the increased thermal energy, which 
facilitates the transition of electrons from the valence band to the 
conduction band, thereby creating additional holes in the valence band. 
The enhancement of hole concentration, in turn, promotes an increase 
in conductivity, consequently leading to a reduction in resistance. 
Additionally, the desorption of gas molecules from the semiconductor 
surface at elevated temperatures may also reduce the impact of the 
target gas on resistance [48]. The resistance was computed using 
Equation (2) and yielded the response value of LaFeO3 with co-doped 
to the acetone gas, as depicted in Figure 7(b). At a concentration of 
90 ppm, the sensor response exhibited an increase in comparison 
with the 180 ppm concentration. This finding suggests that, at low 
concentrations, acetone molecules are optimally adsorbed on the sensor 
surface, resulting in an even distribution of molecules that facilitates 
efficient interaction between the target gas and the active site of the  
sensor. This interaction leads to a reasonably high response. Conversely, 
at 180 ppm, the response diminished due to partial saturation or 
a blocking effect, where an excessive number of acetone molecules on 
the sensor surface restricts the access of new molecules to the active 
sites, leading to a reduced response. In contrast, at 270 ppm, the response 
exhibited a significant increase, reaching its maximum value. At this 
concentration, the maximum number of acetone molecules are adsorbed 
without causing excessive saturation, so the surface chemical reaction 
occurs optimally. The intensive interaction between the gas molecules 
and the sensor material results in a much higher response than the 
previous concentration is non-linear, influenced by adsorpsion conditions 
and surface reaction kinetics. 

The highest response of LaFeO3 with Co-doped is reached by 
LaFeO3-Co-1 in 270 ppm, which is about 13.30 at the working 
temperature of 330°C. It means that the dopant also plays an important 
role in the gas sensor performance. According to Hu et al. (2017), the 
dopant increased the response of gas sensors due to their characteristics 

that help the main materials (LaFeO3) on the binding of the O atom 
[49]. However, the addition of dopants in too high a concentration will 
decrease the gas sensor’s performance due to their effect on reducing 
the active sites on the surface of materials (LaFeO3). This condition 
will also reduce the surface interaction with the O atom, which has 
an effect on the decrease of sensor response [50]. This phenomenon 
was noticed on the gas sensors based on LaFeO3-Co-2 due to their 
decreasing responses to the acetone gas compared to the LaFeO3-Co-1. 
It might be possible that the co-dopant with a concentration of as much 
as 5.0 mol%, which is too high for LaFeO3.The obtained outcome 
demonstrated a strong sensitivity of the gas sensor in detecting the 
specific gas target, namely acetone, in this study. The recognition of 
acetone as the target was achieved through the response of co-doped 
LaFeO3, which reached 13.30 at a concentration of 270 ppm. This value 
is significantly higher than the previous study conducted on LaFeO3 
with various dopants under different reducing gases, as indicated in 
Table 3. Despite the elevated working temperature, further investigation 
is required to develop a gas sensor based on LaFeO3 for this study. 

The sensing mechanisms responsible for detecting acetone gas  
have been explained through the reaction of LaFeO3 with Co-doping. 
These are gas sensors that function as p-type. LaFeO3 exhibits a 
sensing mechanism that alters its resistance when exposed to air and 
acetone during the measurement processes. Wang (2019) proposed that 
this mechanism elucidates how the materials generate charge-carrier 
holes. Subsequently, the oxygen that the surface of the particle has 
absorbed undergoes ionization, transitioning from Oads- to O2ads-, 
as a result of the capture of free electron particles [53]. The chemical 
reaction for the adsorption of oxygen is represented by Equations (3) 
to 6 below [54]: 

 
 O2 (gas) → O2 (ads) (3) 
 
 O2 (ads) + e‒ → O2‒ (ads) (T < 100 °C) (4) 

 
 O2‒ (ads) + e‒ → 2O‒ (ads) (100 °C < T < 300 °C) (5) 

 
 O- (ads) + e‒ → O2‒ (ads) (T > 300°C) (6) 
 

Furthermore, when the acetone is exposed to the sensor, the reaction 
will occur on the surface between the gas molecule and chemisorbed 
oxygen based on the reaction in Equation (7) to Equation (10) 
below [55]: 

 
 CH3COCH3 (gas) → CH3COCH3 (ads) (7) 

 
 CH3COCH3 (ads) + O‒ (ads) → CH3CO+ + CH3O‒ + e‒ (8) 

 
 CH3CO+ → CH3+ + CO (ads) (9) 

 
 CO (ads) + O (ads) → CO2 + e‒  (10) 
 

Based on the explanation of sensing mechanisms, the acetone 
gas sensor based on LaFeO3 with Co-doped that has been fabricated 
belongs to the gas sensor with a high working temperature. According 
to Mirzaei et al., the reaction process of the gas sensor in detecting the 
acetone gas is limited by the diffusion rate of gas molecules [56]
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Figure 7. Electrical properties characterization (a) resistance of (i) LaFeO3 (ii) LaFeO3-Co-1 (iii) LaFeO3-Co-2, (b) response to the acetone gas of (i) 
LaFeO3 (ii) LaFeO3-Co-1 (iii) LaFeO3-Co-2. 

 
Table 3. The comparison of LaFeO3 response as gas sensors. 
 
Samples Gases Response Working Temperature 

[°C] 
Ref. 

LaFeO3 with 2.5 mol% of Co-doped Acetone 13.30 330 This work 
LaFeO3/Fe2O3 with 0.5 mol% of ZnO-doping Ethanol 3.09 180 [18] 
LaFeO3/Fe2O3 with Ca-and-Co-doped Ethanol 3.65 190 [51] 
LaFeO3 with SrO doping Ethanol 3.05 300 [52] 

4. Conclusions 
 
In summary, LaFeO3 with Co-doped has been successfully 

synthesized by the co-precipitation method and fabricated into 
a thick film using a screen-printing technique. The result shows that 
the co-doped plays an important role in improving the performance 
of LaFeO3 gas sensors in detecting acetone gas. This work found that 
the addition of Co-dopant to LaFeO3 at a concentration of about 
2.5 mol% produced the highest response, which was 13.30 at the 

working temperature of 330°C and 270 ppm. However, the excess 
dopant reduced the gas sensor performance, as evidenced by the 
decreased response to 12.20 when 5.0 mol% of Co-dopant was added. 
Based on these findings, further study of dopant is required for the 
development of gas sensors based on semiconductors, especially the 
addition of co-dopant on LaFeO3. Therefore, these conditions indicate 
that the commercializing acetone gas sensors based on Co-doped 
LaFeO3 still requires more investigation to achieve better performances 
in the future. 
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