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ABSTRACT
In this study, hematite (α-Fe2O3) were prepared using direct solution spin 
coating and the changes of some physical properties with annealing temperature 
(400, 500 and 600 °C) for 2 h were investigated. The sensors annealed at 400 °C, 
500 °C and 600°C are referred to as F400, F500 and F600 respectively. The X-ray 
diffraction patterns of the prepared samples confirm the polycrystalline nature of 
the rhombohedral crystal structure of hematite (α-Fe2O3). The surface roughness 
parameters (SA-SQ) of the α-Fe2O3 films decreased drastically with increasing 
annealing temperature from 400 to 600 °C (57.47–68.08/13.63–17.13). The direct 
optical band gap values were estimated from absorption measurements and 
ranged from 2.77 to 2.52 eV. The electrical resistivity measurement at room 
temperature of the samples decreased with increasing annealing temperature 
from 400 to 600 °C. The response of the CO sensor of F400, F500 and F600 was 
found at 180 °C. The response to 1 ppm CO gas was calculated to be 1.45%, 
8% and 10% for F400, F500 and F600 respectively. The wettability test of the 
samples showed a water contact angle (WCA) of less than 90°, demonstrating the 
hydrophilic surface especially for the samples annealed at 500 °C.

1 Introduction

Carbon monoxide (CO) is a colorless and odorless 
gas that causes headaches, nausea, weakness, fatigue 
and dizziness. It is a blood-poisoning gas. By block-
ing the enzyme cytochrome oxidase in the body, it 

significantly inhibits the blood’s ability to use and 
transport oxygen [1]. It prevents the transfer of oxy-
gen between cells and therefore has a negative effect on 
organs that require large amounts of oxygen, such as 
the brain, heart and liver. It leads to paralysis, respira-
tory arrest and cardiac arrest [2]. Research on sensors 
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with fast response and feedback time that can detect 
low concentrations of CO gas is accelerating.

Gas sensors are electronic devices capable of detect-
ing various substances in the environment in gaseous 
form (combustible or toxic gases, humidity, volatile 
organic substances) and calculating their concentra-
tions. Gas sensors are able to regulate the presence and 
concentration of gases in the environment and control 
their functions such as monitoring and measurement. 
Thanks to these characteristics, they have become one 
of the most fundamental and effective elements to 
prevent the damage that developing technology and 
industry is causing to nature and people. For this rea-
son, the importance of studies carried out specifically 
for gas sensors has increased and has been further 
accelerated by the integration of technological devel-
opments in this process. The sensitivity and selectivity 
of metal oxides for certain analytes can be increased by 
designing the material composition, adding additives 
or modifying their surface properties. Metal oxide 
semiconductors outperform other sensors in terms of 
performance due to their special structures and excep-
tional physical and chemical properties.

The oxygenated components of iron [ferrous oxide, 
FeO; ferric oxide, Fe2O3; and ferrosoferric oxide, or 
ferroferric oxide, Fe3O4] are remarkable due to their 
high chemical stability, highly developed magnetic 
structures, relatively low toxicity, and abundance in 
nature [3]. They primarily obtained from the miner-
als hematite (Fe2O3) and magnetite (Fe3O4). The min-
erals taconite, limonite (FeO(OH)·nH2O) and siderite 
(FeCO3) are other important sources. Latin ferrum. 
Among them, hematite exhibits a hexagonal corun-
dum structure in which the O2− ions are arranged in 
a hexagonal closed packing, while two-thirds of the 
octahedral sites between the oxygen ions are occu-
pied by Fe3+ ions [4]. Scientists investigated the mag-
netic properties of hematite structures for ultra-high 
magnetic storage and magneto-optical sensors due to 
the favourable interactions within and between the 
particles [5]. However, in recent years, hematite has 
served as an advanced material in many reports with 
its chemical stability compared to γ-Fe2O3, its nar-
row band gap (~ 2.1 eV for massive hematite) suitable 
for light absorption, its excellent sensitivity towards 
poisonous gases, its occurrence in nature, and its low 
toxicity [6, 7].

With the increasing demand and cost, the design 
of semiconductor materials suitable for many differ-
ent applications has become very important in recent 

years. As a promising functional material, hematite 
has been used in various applications such as gas 
sensors [8], photo-electrochemistry [PEC] [9], opto-
electronic devices [10], and photo-oxidation of water 
[11]. However, hematite still has some problems, 
such as low mobility and a tendency to agglomer-
ate [12]. On the other hand, solution-fabricated thin 
films with a thickness of several hundred nanom-
eters are usually outstanding, but some critical 
issues pose challenges for commercialization, such 
as stability and scalability, etc. [13]. Thick films are 
scalable by reducing interfacial tension and are suit-
able for large-scale coating fabrication. In addition, 
a thicker film with a lower surface-to-volume ratio 
tends to be more resistant to environmental factors 
such as moisture and oxygen, thus improving chemi-
cal robustness [14]. Unfortunately, even though these 
problems are reduced with a thicker micrometer-
scale film, the performance of the devices is lower 
with thick films than with thin films. Although the 
mechanism is difficult to understand, the main lim-
iting factor is the short carrier lifetime as a result 
of defect traps in the thick film [15, 16]. Annealing 
hematite films in an air environment is an approach 
that is very commonly used in the literature and can 
be summarized as follows: when the annealing tem-
perature is increased from 400 to 600 °C with a resi-
dence time of 4 h, for example, amorphous iron oxide 
is converted into hematite and the average particle 
size increases from 65 to 95 nm [17].

The enlargement of grains by the migration of sur-
face atoms, which contributes to the incorporation 
of iron and oxygen atoms into the lattice regions, 
has been demonstrated [18]. In another similar study 
on hematite thin films, a post-annealing process 
was carried out with three different heating rates at 
350 °C for 15 min, which induces oxygen vacancies 
and the formation of hydroxyl groups on the surface 
[19]. In this context, the main technological challenge 
is to control the physical properties, all of which 
affect the properties of the synthesized material and 
determine its field of application. In this work, the 
influence of annealing temperature on the physical 
properties and multifunctionality of hematite films 
were investigated. The hematite films were prepared 
by direct solution spin coating and the annealing 
temperature was set at 400, 500 and 600 °C for 2 h. 
These samples were annealed at different tempera-
tures and the effect of annealing on the gas detection 
effect was discussed.



J Mater Sci: Mater Electron (2025) 36:187	 Page 3 of 15 187

2 �Materials and methods

Fe2O3 films were prepared by direct solution spin coat-
ing. FTO (fluorine-doped tin oxide) material was used 
as a substrate, which was cut into 20 mm × 20 mm 
pieces. FTO glass is a metal oxide material used to 
fabricate for thin-film photovoltaics, organic photo-
voltaics, gas sensors, diodes, amorphous silicon, cad-
mium telluride, and hybrid perovskites. It was then 
cleaned in an ultrasonic bath with detergent, ethanol 
and n-hexane for 10 min. The cleaned substrates were 
dried in an oven at 80 °C. All solvents and chemicals 
are of analytical grade so that further purification is 
not required (≥ 99%). Ferrous sulfate heptahydrate, 
ethylene glycol, 2-proponal and HCl were used as pre-
cursor, solvent and stabilizer, respectively. First, 0.278 
g of iron precursor was dissolved in 2.5 ml of ethylene 
glycol and 2.5 ml of 2-proponal solution at room tem-
perature and HCl was added dropwise until the pH of 
the solution was 0.9 (in strongly acidic medium). The 
solution was then stirred in a magnetic heating mixer 
at a constant temperature of 55 °C for 2 h. The aged 
sol was spun at 2500 rpm for 20 s at a ramp rate of 50 
rpm/s onto FTO substrates. The coated films were air 
dried at 150 °C for 20 min. The coating-drying process 
was repeated 4 times. Finally, the synthesized films 
were annealed at 400, 500 and 600 °C for 2 h in an oven 
without gas emission. An adhesive tape test was car-
ried out on the synthesized films. It was found that the 
films did not detach from the substrate and adhered 
well to the substrate.

Powder XRD measurement of samples was 
performed using a Rigaku SmartLab diffractometer 
with CuKα (1.5406 Å) radiation operating at 40 mA 
and 45 kV between 2θ = 10°–80° range. 3-D surface 
topographies of the samples were studied in non-
contact mode with using an atomic force microscopy 
(Witec alpha 300 RA). Film thickness of the samples 
detected by OPT-S9000 spectroscopic ellipsometer 
along a 2000 μm line. The optical absorbance α(λ) 
of the samples were recorded by Schimadzu UV 
3100 double-beam spectrophotometer, between 
275 and 1100 nm range. With the help of a micro 
syringe, distilled water drops with a volume of 5 µl 
were measured using a contact angle goniometer. 
Screenshots of the drops were analyzed with standard 
software to calculate the contact angles.

Gas sensor measurement system consists of 
Keithley 2400, a modified vacuum cell for gas meas-
urements, LakeShore temperature controller, MKS 

Flow Controllers (MFC), impedance measurement 
device, high purity dry air, CO gas and vacuum pump. 
Sensor cell consists of the sample holder, gas valves 
that provide inlet and outlet of the target gas, and 
BNC connectors for the sensor’s Keithley 2400 device. 
There are semiconductor sensor connection terminals 
to detect the temperature of the sensor, connection 
terminals of the Lakeshore 325 temperature control-
ler to heat the material when necessary, and also a 
sensor cell.

Gas detection measurements were made using the 
Keithley 2400 device. First, the sensors were placed in 
the measurement cell. Sensors placed in the cell using 
the Lekeshore 325 temperature controller were kept 
in the determined constant temperature environment. 
Gas flow to the sensor surface was achieved using 
(MKS) gas pressure and flow controllers. Using the 
flow controller, the desired target gas concentrations 
were adjusted and gas measurements were made. 
The samples were coded F400, F500 and F600 
for α-Fe2O3/400, α- e2O3/500 and α-Fe2O3/600, 
respectively.

3 �Results and discussion

Figure  1 shows the XRD patterns of the prepared 
samples. The XRD peaks have an expanding charac-
ter, revealing the nano-property of the samples. The 
crystal planes were determined using a standard PDF 
card. The prominent diffraction peaks (012), (104), 
(110), (113), (024), (116), (214) and (300) are assigned 
to the diffraction planes of the rhombohedral α-Fe2O3 
structure (JCPDS Card No.: 79-0007) [20]. No traces 

Fig. 1   The X-ray patterns of produced α-Fe2O3 samples
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of secondary phases such as FeOOH, Fe3O4 and FeO 
were detected. This indicates the purity of the synthe-
sized samples, which consist of a single α-Fe2O3 phase. 
the (104) indexed peak is the preferred orientation for 
all samples. With increasing annealing temperature 
from 400 to 600 °C, a slight shift of the 2θ angle of 
the (104) preferred orientation to the left was observed 
with the change of strain in the substrate/film layer 
and a strong shrinkage of the half-peak width. This 
indicates that the crystal quality is improved by the 
annealing process, which means that the transforma-
tion of the amorphous precursor films into hematite, 
assisted by annealing, was carried out in all thick-
nesses. Relative increase was observed in average 
grain size which measured by X-ray diffractometer 
with increasing annealing temperature from 400 to 
600 °C. With using cathodic electrodeposition method, 
nanostructured hematite thin films exhibited increas-
ing particle size with increasing annealing tempera-
ture from 400 to 600 °C, the results are consistent with 
literature [20]. Increasing annealing temperature from 
400 to 600 °C supports diffusion of atoms at the grain 
boundaries and growth of crystallites [21]. The crystal-
lize size which calculated by the Scherer equation [21] 

were calculated 31 nm, 85 nm and 110 nm for F400, 
F500 and F600, respectively.

Figures 2 and 3 give the Halder–Wagner and Wag-
ner–Aqua analyses of produced α-Fe2O3 samples, 
respectively. Halder–Wagner introduced an empirical 
model to calculate lattice strain εH–W and mean crystal-
lite size DH–W, as given in Eq. (1) [22];  

The Wagner–Agua method is also an analytical 
technique that can be used to simultaneously extract 
the mean crystallite size D(W–A) and lattice strain ε(W–A) 
of a sample, as illustrated in Eq. (2) [22];

Table 1 gives the Crystalline size and lattice strain of 
the produced samples which were analyzed from three 
different methods (Debye-Scherrer, Wagner–Agua and 
Halder–Wagner) [23–27]. If you examine the tables, 
you can see that the four methods harmonise with 
each other.
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Fig.2   Halder–Wagner analyses of produced α-Fe2O3 samples
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Figure 4 shows the topography of the α-Fe2O3 sur-
faces on the FTO substrate obtained from AFM meas-
urements in non-contact mode (0.9 × 0.9 μm). Islands 
separated by cracks were observed in annealed 
samples at 400 °C due to low precursor solubility in 
heavy acidic medium at relative low temperature of 
400 °C. The formation of tooth-like structures was 
observed during annealing at 500 °C, and the dimen-
sions of the tooth-like structures decreased during 
annealing at 600 °C. This is due to the nucleation 
and coalescence phenomena that occur during the 
annealing processes [28–31].

UV–vis absorption study of films synthesized at 
various annealing temperatures shown in Fig. 5. With 
increasing annealing temperature, the absorption edge 
has shifted to lower wavelengths which implies to blue 
shift. Strong absorption edge of the samples is located 
at 424 nm (2.92 eV), 365 nm (3.39 eV) and 351 nm (3.51 
eV) for annealing at 400, 500 and 600 °C, respectively. 
In Fig. 5c, there are two absorption edges, as strong 
and weak, observed for annealed samples at 600 °C. 
Weak absorption peak at ~ 530 nm (2.33 eV) attributed 
to ligand-field (LF) d–d transitions by reorientation of 
electrons from one Fe 3d orbital to another on the same 

Fig. 3   Wagner–Aqua analyses of produced α-Fe2O3 samples

Table 1   The Crystalline 
size and lattice strain of the 
produced samples which 
were analyzed from three 
different methods (Debye–
Scherrer, Wagner–Agua and 
Halder–Wagner)

Samples Crystalline Size (nm) Lattice Strain

Debye–
Scherrer

Wagner–
Aqua

Halder–
Wagner

Debye–Scherrer Wagner–Aqua Halder–Wagner

F400 77 96 95 0.0015 0.00078 0.0008
F500 66 81 83 0.0018 0.00095 0.0009
F600 46 57 65 0.0027 0.00115 0.0017
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Fe site or due to simultaneous LF transitions on adja-
cent Fe sites [32, 33]. The observed optical absorption 
edges of nanostructured hematite films may be due to 
the variations of annealing temperature.

Band gap is one of the basic parameters of a semi-
conductor, and its correct determination is essential 
to optimize its performance in various applications. 
In general, the optical band gap energy values were 
obtained using the Tauc plot, as shown by Eq.3. [34];

where α is the absorption coefficient (cm−1), h is the 
photon energy (eV), A is the material-dependent 

(3)((�h�)
1

n = A(h� − E
g
)),

constant, Eg stands for optical band gap energy, and n 
takes 0.5 and 2.0 values, corresponding to direct and 
indirect transitions, respectively. The intercepts of the 
extrapolated linear portions of these plots to hν = 0 rep-
resent Eg Values of the films. It has been determined 
that the obtained optical band values are 2.77 eV, 2.52 
eV and 2.71 eV for annealed samples at 400, 500 and 
600 °C, respectively, as seen in Fig. 6. Band gap of pro-
duced thick films are higher than the hematite thin 
film studies (~ 2.1–2.3 eV) in the literature which may 
be due to the various lattice-associated atomic inter-
action phenomena that come into play from its ionic 
crystalline lattice nature [35].

Fig. 4   3-D and 2-D AFM 
images of F400 (a), F500 (b) 
and F600 (c)
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In addition, the reason for the small decrease in the 
Eg value at 500 °C can be associated with the extent 
of non-stoichiometry of the deposited layers. In addi-
tion, when it comes to the investigation of the opti-
mum annealing temperature, it is seen that 600 °C is 
the optimum annealing temperature. The band gap 
variation differs entirely in thin films compared to 
thick material. In the investigation of the thick films, 
the band gap values are completely different from the 
thin films. A perturbation is seen in the energy gap. 
This situation can be associated with the Madelung 
energy due to charge–charge interactions in the sys-
tem, the delocalization energy due to electron shar-
ing between atoms and the internal energy due to the 
filling of atomic orbital/intra-atomic electron–elec-
tron interactions [36]. However, as shown in Fig. 6, 
since the definition of the baseline is usually not well 
defined, a straight line from the lowest value in the 
Tauc graph or a linear alignment to the low-energy 

part of the Tauc graph is preferred and causes devia-
tion for device applications, as explained by Zhong 
et al. [37].

Figure  7 exhibited the resistance values for 
α-Fe2O3 films for different annealing tempera-
tures. The resistances were calculated as 2198, 902 
and 386 kΩ for F400, F500 and F600, respectively. 
High resistivity (~  102  Ω) values can be used as 
an indicator of the purity of hematite films and 
increased with annealing (~  105 Ω), as explained 
by Glasscock et al. [38]. The results obtained show 
that the mobility is due to the structural defects of 
the ionized iron atoms and the scattering at these 
defects as well as the scattering at the grain bounda-
ries. According to the literature, the performance 
of hematite thin films can be enhanced by various 
treatments such as optics, light, humidity and pres-
sure to improve the conductivity properties [39]. 
According to Chakraborty et al., annealing process 
decreased the ionization energy of impurity conduc-
tion due to decreased trap levels and increased con-
ductivity with increased width of necked particles 

Fig. 5   UV–Vis spectrum of α-Fe2O3 films for F400 (a), F500 (b) and F600 (c)
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respectively followed by increase in charge trans-
portation for hematite thin films with necked parti-
cle size ranging from 17 to 23 nm [40].

CO is a toxic, odorless and colorless gas type. 
Improving the gas sensing sensitivity and lowering 
the working temperature are the critical issues for the 

Fig. 6   Tauc plots for α-Fe2O3/400 (a), α-Fe2O3/500 (b) and α-Fe2O3/600 (c) samples (The effect of localized defect absorption around 
the bandgap and ( (�h�)2 are designated by (1) and (2))

Fig. 7   The resistance values for α-Fe2O3 films for different 
annealing temperatures 400 °C, 500 °C and 600 °C Fig. 8   The gas sensing measurements as a function of operating 

temperature
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practical application of gas sensors. The operating 
temperature was found to be 180 °C. However, the 
F600 sensor exhibited a 5% response to CO gas at room 
temperature. It is seen as an acceptable response when 
investigating the literature studies [41–43]. As seen 
from Fig. 8, an increase in response was observed as 
the temperature increased. Later, when the operating 
temperature of 180 °C was exceeded, decreases in sen-
sor sensitivities began to be observed. The relationship 
between response and temperature can be explained 
by its dependence on the amount of adsorbed oxygen 
atoms.

However, surface content, factors that accelerate 
adsorption, chemical decomposition and other reac-
tions also change depending on temperature [44]. 
With the increase in temperature, the electrons in the 
structure gain energy and current conduction occurs. 
Therefore, an increase in response is observed as the 
temperature increases. The main reason for the lack 
of response below a certain temperature is electri-
cal instability. The reason for electrical instability 
is the mixed oxide phases in the environment and, 
accordingly, the number of carrier electrons on the 
surface is changed by the molecular oxygen type 

that is chemically adsorbed under the effect of the 
operating temperature. The instability disappears 
with the increase in temperature and the decrease 
in the mixed oxide phases [45, 46]. However, if the 
temperature is too high, the reaction may occur too 
quickly and the diffusion of gas molecules to the sur-
face will not be sufficient. This is because the reac-
tion decreases when the desorption rate exceeds the 
adsorption rate of the gas molecules from the sensor 
surface at high temperatures.

After the operating temperature was set at 180 °C, 
dynamic gas standard measurements were made 
from 1 ppm to 9 ppm with a step of 2 ppm at this 
operating temperature. Fig. 9 gives the dynamic CO 
gas sensing for F400 (a), F500 (b) and F600 (c). Exami-
nation of the graph revealed that samples F500 and 
F600 had acceptable sensitivity at a gas concentration 
of 1 ppm. Small shifts in the sensors’ standard base-
line values were observed due to the low operating 
temperature [47]. These values become fixed when 
higher temperatures are reached. However, since our 
goal is to obtain sensor materials that work at lower 
temperatures, this small shift is acceptable.

Fig. 9   The dynamic CO gas sensing for F400 (a), F500 (b) and F600 (c)
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In order to see and compare the sensor responses 
more clearly, the response-time graphs are given col-
lectively in Fig. 10. Sensing response is calculated 
below Eq. (4) [48];

which is represented Igas measured in air and Iair 
measured in air gas value. Fig. 10 show the CO sens-
ing response of F400, F500 and F600 at 180 °C. The 
response of the 1 ppm CO gas sensing was calculated 
as 1.45%, 8% and 10% for F400, F500 and F600, respec-
tively. The grain size of the material is therefore one 
of the key factors to control the gas sensing properties 
of the material [49]. Above 600 °C, the relative resist-
ance of the device decreased rapidly with increasing 
annealing temperatures. In the literature, there are a 
lot of studies about pure or doped hematite structures 
which exhibited rapid response and high sensitivity 
towards different gases [H2] [50], acetone [51] and 
n-butanol [52].

Gas sensors made of metal oxide (SnO2, ZnO, In2O3, 
TiO2, etc.) have a high electrical resistance due to the 
potential barrier created by the adhesion of oxygen 
to the material surface [53, 54]. The detection mecha-
nism of metal oxides can be explained by the presence 
of oxygen vacancies on the oxide surface, which in 
principle can react electrically and chemically. There 
are therefore two types of detection reactions. (1) The 
electrons move away from the conduction band when 

(4)

Sensing response(%) =
ΔI

I
gas

× 100 =
(I
gas

− I
air
)

I
gas

× 100

the detected charged molecules attach to the empty 
regions, causing the conductivity to decrease. (2) On 
the other hand, gas molecules such as CO and H2 react 
with the oxygen on the surface and return the electron 
(the captured electron that increases conductivity) to 
the conduction band. Reduction and oxidation reac-
tions, i.e. redox reactions, take place on the surface, 
leading to a decrease and increase in conductivity. The 
expected reactions for CO gas are as follows [55];

One of the basic parameters that influence the detec-
tion parameters of gas sensors is the surface area to 
volume ratio. The basic factors that influence the sen-
sitivity of metal oxide semiconductor gas sensors are 
the depth of the depletion region (L) and the grain 
size (D). The ratio between the grain size and the 
depth of the depletion zone determines the resistance 
of the sensor. Reducing the grain size is one of the 
most important factors in improving the gas detec-
tion properties of semiconductor oxides. Accordingly, 
the change in electron density only takes place in the 
surface areas of the oxide grains. Therefore, the inner 
region within the depletion region does not contribute 
to the resistance change. If the grain size is larger than 
twice the Debye length, this has a negative effect on 
the total change in the conductivity of the material 
[43].

When D < 2L, each grain is covered by the depletion 
layer and participates in the charge transfer interac-
tions with the gas molecules. Since there is no obsta-
cle to charge transfer at the grain boundaries in this 
case, the energy bands of the interconnected grains are 
almost flat. The sensitivity of the sensor is controlled 
by the resistance value of the grains. The most effective 
situation for the sensitivity of the sensor is to control 
the grains.

Figure 11 give the response (a) and recovery (b) 
times of the F400, F500 and F600. A complete return 
was not observed for F500. Triangular dynamic meas-
urements were formed. Stability occurred in the 
sample annealed at 600 °C and clearer times were 
observed in dynamic measurements When CO is 
injected into the sealed chamber, the response of the 
samples increases rapidly and gradually reaches a 
steady state. Then the two sensors are returned to the 

(5)2CO(gas) +O
−
2(ads)

→ 2CO
2(gas) + e

−
0 < T < 150

◦
C

(6)
CO(gas) +O

−
(ads)

→ CO
2(gas) + e

−
150

◦
C < T < 400

◦
C

Fig. 10   The sensing response of CO gas sensing for F400, F500 
and F600
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air, the reaction rapidly returns to the initial level. In 
addition, the response/recovery time of the F500 and 
F600 samples for 9 ppm is 5.8 s/5.05 s and 2.24 s/1.19 
s, respectively. The response/recovery time of F600 is 
shorter than that of F500, which is due to the effect of 
the annealing process that accelerates the redox reac-
tion of CO [56, 57]. Response and recovery times were 
observed more clearly. As the F400 sample showed no 
response at the operating temperature of 180 °C, the 
response and recovery times could not be calculated. 
Therefore, the values in the graph were added as zero 
to allow a comparison of the three samples. In both 
films, reaction and recovery times of the order of sec-
onds can be seen.

High stability in terms of parameters such as sen-
sitivity, selectivity, response and recovery time are 
extremely important for the long-term operation of the 
sensor [58]. As the best gas results were obtained in the 
F600 sample, repeatability, selectivity and reproduc-
ibility measurements were only carried out in the F600 

sample. The selectivity of a sensor is the ability to dis-
criminate the target molecule from the interfering mol-
ecules and to show a target-specific sensor response 
[59, 60]. The selectivity to other interference gases 
was also tested by measuring the responses to 9 ppm 
NH3, CO2, NO, NO2 ve CO at 180 °C; the plots of the 
results are shown in Fig. 12. Figures 13 and 14 depict 
the repeatability and reproducibility measurement 
of F600. The average of ten repeated measurements 
was calculated. If the sensing response value result-
ing from the average is close to the original value, it is 
emphasized that it is a sample with high repeatability. 
In practical applications, the long-term stability of the 
sensor is also an important parameter. The reproduc-
ibility measurements are performed every day with 
the same ppm value. If the response values obtained 
at the end of five days converge to the initial value, the 

Fig. 11   a Response times of the F400, F500 and F600. b Recov-
ery times of the F400, F500 and F600

Fig. 12   The selectivity measurements of F600

Fig. 13   The repeatability measurement of F600
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sample is considered reproducible [61–64]. The cred-
ibility of the sensor and its duration of service can be 
approved by the long-term stability.

High surface energy is important for the wetting of 
solutions, especially in manufacturing processes such 
as spin coating. Most solids with high surface energy 
cannot maintain their high-energy surface when 
exposed to atmospheric conditions [65]. The static 
contact angle for the clean and pure FTO substrate 
was measured to be 52.0° ± 1.9°. Fig. 15 shows images 
of water droplets on the surface of α- Fe2O3 films at 
different annealing temperatures. The surfaces of the 
samples annealed at 400 °C and 600 °C are hydro-
philic. In contrast, the nature of the samples annealed 
at 500 °C shifted from hydrophilic (10° < ω < 90°) to 
superhydrophilic (ω < 10°). This indicates that the 
atomic composition and surface roughness, which 
increase the surface free energy and decrease the sur-
face tension, have an influence on the wettability of 
α-Fe2O3 surfaces [66]. Table 2 gives the water droplet 

contact angle (WCA) measurement of α-Fe2O3 thin 
films for annealed at 400, 500 and 600 °C (The contact 
angle was the average of left and right angles of each 
drop).

In addition, the surface energy of films was calcu-
lated through the measured contact angle data accord-
ing to the Owens–Wendt–Rabel–Kaelble (OWRK) 
method. The work of adhesion liquid-film has been 
calculated using by Equation 7 [53]:

where ωads is the work adhesion, θ is the contact 
angle and γL is surface free energy of liquid. The 
work adhesion value was found about ~ 49.62, 75.10 
and 73.67 Mn m–1 for annealed surfaces at 400, 500 
and 600 °C, respectively. These results suggest that the 
surfaces of the samples exhibited hydrophilic behav-
ior when applied annealing at different temperatures. 
The better wettability of the F500 film, as evidenced 
by its lower contact angle, indicates an optimal inter-
play of surface roughness and surface chemistry that 
enables stronger interactions between the film surface 
and water molecules. This lower contact angle prob-
ably results from the numerous hydrophilic sites on 
the surface of the F500 film, which promote hydrogen 
bonding with the water molecules and enable bet-
ter spreading of the water. From a scientific point of 
view, the exceptionally low contact angle of the F500 

(7)�
ads

= �
i
((cos�) + 1),

Fig. 14   The reproducibility measurement of F600

Fig. 15   Water droplet contact angle (WCA) images of α-Fe2O3 films for 400, 500 and 600 °C annealing temperatures

Table 2   Water droplet 
contact angle (WCA) 
measurement of α-Fe2O3 thin 
films for annealed at 400, 500 
and 600 °C (The contact angle 
was the average of left and 
right angles of each drop)

Sample (°C) WCA ± mar-
gin of error

400 72.1 ± 1.2
500 11.9 ± 1.0
600 19.8 ± 1.9
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film can be attributed to an optimal microstructural 
arrangement that improves the hydrophilic proper-
ties. Microscale surface roughness can enhance the 
inherent wettability of a material, as described by the 
Wenzel and Cassie-Baxter models. The Wenzel model 
predicts that rough surfaces increase the wettability of 
hydrophilic materials by allowing the liquid to fully 
penetrate the surface irregularities, while the Cassie-
Baxter model describes surfaces where air pockets are 
trapped in rough structures, resulting in partial wet-
ting [67]. In more recent studies, these classical models 
have been extended to account for nanoscale surface 
modifications and further improve wettability by con-
trolling surface energy and roughness at multiple lev-
els [68, 69].

4 �Conclusion

Polycrystalline α-Fe2O3 films were deposited on FTO 
substrates via simple direct solution spin coating. 
Annealing temperature effect on the structural, 
morphological, optical, electrical, CO gas sensing 
and surface wettability properties was investigated. 
The surface morphology of the films annealed at 
500 °C exhibited tooth-like microstructure and the 
hydrophilic nature is most clearly seen in these 
samples. The response of the 9 ppm CO gas sensing 
was calculated as 7%, 48% and 68% for F400, F500 
and F600, respectively. In addition, the response/
recovery time of the F500 and F600 samples for 9 ppm 
is 5.8 s/5.05 s and 2.24 s/1.19 s, respectively. As a result; 
samples were successfully produced. The properties 
of CO gas detection were investigated as a function of 
temperature and concentration. It was found that the 
sensitivity decreased at high temperatures and at the 
same time the best response time, the best recovery 
of the reaction and the best stability were obtained 
at high temperatures. At the same time, it was found 
that the CO gas concentration affected the sensitivity 
in the measurements performed by changing the CO 
concentration. It is believed that the samples can be 
used commercially in gas sensor applications.
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