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Abstract  

     Titanium dioxide (TiO2) nanotubes have gained particular interest as a material for 

gas sensors because of their vertical arrays, prepared by the anodization procedure. 

The presence of several oxygen vacancies in these nanotubes facilitates gas diffusion 

and provides additional active sites. This study examined the impact of voltages on 

the process of depositing iron nanoparticles onto arrays of TiO2 nanotubes (TNTs) for 

use as a gas sensor. The TNTs are manufactured using a straightforward and 

economical electrochemical anodization technique, specifically for gas sensor 

applications. By varying the deposition voltage (2-6 volts), ordered Fe-TNTs were 

efficiently manufactured using a simple two-step electrochemical process. It utilized 

energy-dispersive X-ray spectroscopy (EDX), X-ray diffraction (XRD), and field-

emission scanning electron microscopy (FESEM) to study morphology, structure, and 

composition. Furthermore, gas sensor testing was implemented to examine the gas 

sensor’s response. An increase in the Fe doping voltage with TNTs altered the 

structure of the nanotubes, particularly at the highest voltages, according to XRD 

analysis. The best sensor for Fe-TNTs was made by doping Fe with TiO2 nanotubes 

at a doping voltage of 3 volts, depending on how well the gas sensitizers worked. The 

study demonstrated that using iron can increase TiO2's efficiency as a gas sensor. 

 

Keywords: Electrochemical synthesis, hydrogen sulfide, Fe-TNTs, sensitivity, TiO2 

nanotubes. 
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 الخلاصة  
لأجهزة استشعار الغاز بسبب  مادة  ك  ا  خاص  اهتمام  (2TiOلثاني اوكسيد التيتانيوم ) الأنابيب النانوية    اكتسبت     

ان وجود العديد من شواغر الأوكسجين في هذه    مصفوفاتها العمودية, التي تم تحضيرها بواسطة اجراء الاكسدة.  
يوفر مواقع نشطة اضافية. تناولت هذه الدراسة تأثير الفولتية على عملية   الأنابيب النانوية يسهل انتشار الغاز و 

لاستخدامها كجهاز استشعار    2TiO   ((TNTsترسيب دقائق الحديد النانوية على مصفوفات الأنابيب النانوية  
ا لتطبيقات مستشعرات    TNTsتم تصنيع    للغاز. باستخدام تقنية أنودة كهروكيميائية مباشرة واقتصادية، خصيص 
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المطلوبة بكفاءة باستخدام عملية    Fe-TNTفولت(، تم تصنيع    6-2الغاز. من خلال تغيير جهد الترسيب ) 
حيود الأشعة السينية   (، وEDXتم استخدام التحليل الطيفي لتشتت الطاقة )  . كهروكيميائية بسيطة من خطوتين

 (XRD و ،)  ( المجهر الإلكتروني الماسحFESEMلدراسة الشكل و )   البنية والتركيب. علاوة على ذلك، تم إجراء
الحديد إلى  مع    TNTsأدت الزيادة في فولتية تشويب    .اختبار مستشعر الغاز لفحص استجابة مستشعر الغاز

-Feتم تصنيع أفضل مستشعر لـ    . XRDتغيير بنية الأنابيب النانوية، خاصة عند أعلى الفولتيات، وفق ا لتحليل  
TNTs    2عن طريق تشويب أنابيبTiO  ا على مدى    3الحديد عند فولتية تشويب قدرها  النانوية ب فولت، اعتماد 

كجهاز استشعار   2TiOمن كفاءة  جودة عمل متحسس الغاز. أظهرت الدراسة أن استخدام الحديد يمكن أن يزيد 
     للغاز. 

 

1. Introduction 

     Hydrogen sulfide (H2S) is generated by various sources, including hot springs, natural gas, 

crude petroleum, and organic pollutants found in effluent and waste [1]. Even at low 

concentrations of H2S, this gas can have severe effects on humans' respiratory and nervous 

systems. TiO2 has been recently gaining attention due to its low cost [2], eco-friendliness [3], 

chemical stability as a catalyst [4], and potential as a gas sensor [5,6]. Moreover, it allows for 

easily adjustable surfaces and structural features [7,8]. Notwithstanding numerous endeavors, 

augmenting the sensitivity of H2S gas detection continues to be a significant obstacle. In recent 

times, greater importance has been placed on monitoring the air and environment quality [9,10], 

along with detecting war gases and explosives by evaluating their vapors [11,12]. In 2005, the 

Kyoto Protocol came into force to limit some gas emissions, including H2S that led to global 

warming [13]. Diverse industries, including medical diagnostics, the chemical industry, and the 

food industry, rely heavily on sensitive gas sensors for monitoring and detecting gases. These 

sensors must be capable of detecting low concentrations at the level of single parts per million 

(ppm) or even parts per billion (ppb) in the atmosphere of air [14-16]. For many years, photo- 

and electrochemical systems (such as photocatalysis [17] and solar cells [18]) have used 

titanium dioxide (TiO2). Researchers have attempted to use TiO2 for detecting various gases 

such as NH3 [19], CO [20], H2 [21], H2S [22], alcohol vapors [23], humidity [24], and others. 

TiO2 has a wide range of possible uses in a variety of industries today, including photocatalysis, 

optoelectronics, piezoelectricity, acoustoelectric, and water splitting for the production of 

hydrogen [25]. The field of gas sensors most commonly employs resistance sensors. These 

work by altering a semiconductor's electrical conductance because atoms and molecules adhere 

to its surface [26]. Semiconductors with a broad energy range provide excellent measuring 

potential in resistance sensors because the right doping can change their sensory characteristics. 

UV light triggers this particular type of gas sensor, which operates at an increased temperature, 

typically ranging from 200 to 400 °C [27]. In addition, existing studies show several methods 

for preparing H2S gas sensors. For example, Ag-doped TiO2 nanofibers were prepared using an 

electrospinning technique [28], while CuO-doped TiO2 nanoparticles were fabricated using a 

sol-gel method [29]. In this work, we will attempt to offer a simple electrodeposition method 

to fabricate Fe-TNTs as a gas sensor. Our research revolves around comparing and examining 

the influence of the voltage on the structure and the sensitivity for detecting hazardous gases 

(H2S) at room temperature of the prepared gas sensors. 

 

2. Experimental 

2.1. Materials and methods  

     A simple two-step electrochemical procedure was employed to synthesize Fe-TNTs. TNTs 

were first made by anodization [30]. Titanium foil samples (10 mm × 20 mm, 99.5% purity, 

Sigma Aldrich) were cleaned using ultrasonication in three different solvents for a total of 15 

minutes: acetone, isopropanol, and deionized water. Following this, titanium underwent 

anodization in a typical two-electrode cell, utilizing high-density graphite as the cathode and Ti 
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foil as the anode. Anodization was performed in a mixture of electrolytes, which was prepared 

by mixing ethylene glycol 190 mL, 10 mL DI water, and 0.5 wt.%  NH4F at 30 volts for 1 hour. 

After  anodization, the as-formed samples were rinsed  with deionized water and subsequently 

dried in air,  followed by calcination in air at 500 oC for 1 hour. The calcination process is crucial 

to induced  crystallinity in titania nanotubes (TNTs) [31]. The electrodeposition method then 

used the previously prepared TNTs as a substrate, sensitizing them to iron. The 

electrodeposition of iron in a two-electrode cell was carried out by placing graphite at the anode 

and calcined TNTs at the cathode in an electrolytic medium containing FeCl3 solution (0.1 M) 

as the iron source. The electrodeposition of iron was performed at various voltages, namely 2, 

3, 4, 5, and 6 volts, for 15 minutes, as shown in Figure 1, to determine the effect of the 

deposition voltage on the formation and morphology of Fe-TNTs. 

 

 
Figure 1 : The prepared samples of TNT and Fe-TNT at different voltages 

 

2.2. Characterization of TNTs and Fe-TNTs nanotubes 

     The characterization of TNTs and Fe-TNTs was carried out using different techniques. The 

morphological properties were examined using Scanning Electron Microscopy (SEM) (Axia 

ChemiSEM model). Electron beam voltage of 30 kV was utilized, thus the samples were coated 

with metal gold at a pressure of 20 pa for 20 sec before the imaging, while the analysis of 

elements was run with energy dispersive spectroscopy (EDX) linked with SEM. X-ray 

diffractometry (XRD) (X'Pert Pro, Philips) was used to figure out the structures of TNTs and 

Fe-TNTAs using CuKα radiation (λ = 1.5406 Å). 

 

2.3. Sensing system 

     The performance of gas sensing was measured using a sensor testing system that was 

homemade, as shown in Figure 2. The system comprises a 20-cm (length), 16.3-cm (diameter), 

and cylindrical test chamber made of stainless steel. It used a rotary pump with an inlet for gas 

flow and an air admittance valve for atmospheric air to evacuate the system. At the base of the 

chamber, a multi-pin feed-through enables electrical connections to the heater, thermocouple, 

and sensor electrodes. To measure the sensor's operational temperature, the GEMO DT109 PID 

temperature controller regulates a hot plate heater and a K-type thermocouple within the 

chamber to measure the operational temperature of the sensor. An APC-interfaced digital 
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multimeter (Vector 70C) connected to a computer is used to measure how the sensor resistance 

changes when air and H2S are mixed through a flow meter and needle valve. 

 
Figure 2 : Schematic diagram of the gas sensing system [32]. 

 

3.  Result and discussion   

3.1. Morphology of TNTs and Fe–TNTs nanostructured  

     The effect of doping Fe with TNTs was analysed by FESEM to examine its effect on the 

surface morphology of TNTs. Figure 3 depicts the FESEM images of calcined TNT and Fe-

TNTs synthesized at various deposition voltages. Figure 3(a) represents the FESEM structure 

of the TNTs array after 1 hour of electrochemical deposition over a high surface area. The 

average diameter for TNTs is 85 nm, while for Fe-doped TNTs, the average diameter decreased 

in Figures 3(b) and 3(c) to 46.21 nm and 40.87 nm, respectively. This led to the diameter of the 

tubes decreasing with the increase in the deposition voltage of Fe with TNTs, whereby the 

increased surface area enables them to react and absorb in applications including gas sensing. 

As depicted in Figures 3(d) to (f), increasing Fe nanoparticles deposited on the TNTs when 

increasing the applied voltages. Furthermore, the aggregated Fe nanoparticles formed larger 

particles upon electrodeposition at more than 3 volts. Figure 3(c) illustrates the dispersion of 

Fe nanoparticles on the tube of TNTs at a voltage of 3.0, with some of these nanoparticles 

embedding into the TNTs. At 5 and 6 volts, Fe-TNT exhibited defined block-like particles that 

clumped together on the nanotube's top surface and obscured the underlying TNTs.  
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Figure 3:  FESEM images of (a) TNTs and Fe-TNT films prepared at different deposition 

voltages, (b) 2 V, (c) 3 V, (d) 4 V, (e) 5 V, and (f) 6 V. 

 

3.2 XRD Analysis 

     The phase composition and crystallinity of all produced samples are analyzed using X-ray 

diffractometry. Figure 4 shows that the diffraction peaks align with the anatase phase of TiO2 

(JCPDS No.00-021-1272). There were consistent peak distributions for TNTs and Fe-TNTs at 

25.225 (101), 38.369 (112), 48.191 (200), 53.959 (105), 62.767 (204), and 76.022 (301), which 

showed signs of the anatase phase. Furthermore, the displayed Ti peaks corresponded to the Ti 

foil substrate and were consistent with JCPDS No.00-044-1294. However, the XRD patterns of 

all Fe-TNT samples lack obvious Fe diffraction peaks, with the exception of Fe-TNT at 6 volts. 

This could be due to its incorporation into the TiO2 anatase structure or its dispersion within 

A 
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the TiO2 matrix. Moreover, a distinct diffraction peak was displayed for Fe (JCPDS No. 00-

003-1050) due to the high quantity of Fe [33,34]. After the deposition of Fe nanoparticles, the 

intensity of the diffraction peaks of TNTs obviously decreased in the XRD patterns. Fe 

nanoparticles' coverage of TNT crystals may be the cause of this decrease. According to the 

literature, increasing the deposition voltage effectively deposited Fe nanoparticles onto the 

TNT's structure [35]. According to the work reported by Wang et al. in 2017, this phenomenon 

is consistent with their findings that the intensities of the diffraction peak (101) of Fe-TNTs 

become weaker than TNTs after depositing Fe in TNTs [36]. 

 
Figure 4:  XRD patterns for TNTs and Fe-TNTs thin films 

 

3.3. Elemental compositional analysis 

     Table 1 shows the elemental compositions of TNTs and Fe-TNTs samples prepared at 

different deposition voltages. As the deposition voltage increased, the amount of Fe in the Fe-

TNT samples increased. Table 1 shows the results of the EDX analyses of TNTs and Fe-TNTs 

at 2, 3, 4, 5, and 6 volts, respectively. The measured elements include C, N, O, Ti, and Fe, 

individually. The results demonstrate a successful Fe deposit on the surface of TNTs. Notably, 

Figure 3(f) shows that Fe covered most of the TNTs' surface, which is why Fe-TNT had a much 

lower Ti content at 2 volts (42.5%) than TNTs (71.3%). As expected, an increase in the 

deposition voltage led to more Fe deposition on the TNTs. This is because a higher voltage 

accelerates the reaction rate, potentially leading to more Fe deposition on the TNTs' surface. 

 

Table 1:  TNTs and Fe-TNTs samples generated at various deposition voltages were analyzed 

using EDX to determine their elemental compositions 

Samples 
Atomic % 

C N O Ti Fe 

Pure TNT 4.67 3.0 21.1 71.3 Not detected 

Fe-TNT at 2V 13.7 0.2 43.1 42.5 0.4 

Fe-TNT at 3V 6.7 0 37.1 53.7 2.5 

Fe-TNT at 4V 18.8 4.9 10.3 54.8 11.2 

Fe-TNT at 5V 16.9 1.7 1.6 52.2 27.6 

Fe-TNT at 6V 0.3 1.7 2.9 59.3 35.8 
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3.4. Gas sensor performance 

     Sensitivity, response, and recovery times are major concerns for gas sensing properties, 

primarily at low operating temperatures. It was analysed for the optimal working temperature 

and doping voltages (2, 3, 4, 5, and 6 volts) of the Fe-doped TNTs gas sensor, testing its 

responses to 450 ppm H2S at a range of room temperature to 300 °C. At 3 volts, the Fe-TNTs 

showed the best response to gaseous H2S. The response of an n-type semiconductor gas sensor 

to reducing gas typically depends on the difference (Ra/Rg) between the resistance in air and 

the resistance in the presence of gas. Figures 5-10 demonstrated an exemplary response of an 

oxide (n-type) across the reducing gas [37]. 

 

 
Figure 5 : Change in the resistance of TNTs prepared at 30 volts to H2S gas at different 

operating temperatures 

 
Figure 6 : Change in the resistance of Fe-TNTs prepared at 2 volts for 15 minutes to H2S gas 

at different operating temperatures 
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Figure 7 : Change in the resistance of Fe-TNTs prepared at 3 volts for 15 minutes to H2S gas 

at different operating temperatures 

 

 
Figure 8 : Change in the resistance of Fe-TNTs prepared at 4 volts for 15 minutes to H2S gas 

at different operating temperatures 
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Figure 9 : Change in the resistance of Fe-TNTs prepared at 5 volts for 15 minutes to H2S gas 

at different operating temperatures 

 

 
Figure 10 : Change in the resistance of Fe-TNTs prepared at 6 volts for 15 minutes to H2S gas 

at different operating temperatures 

 

     The response times for TNTs and Fe-TNTs prepared at 2, 3, 4, 5, and 6 volts at low operating 

temperatures were 4.5, 22.5, 9, 13.5, 12.6, and 23.4 seconds, respectively. Furthermore, at 

operating temperature (room temperature), all TNTs and Fe-TNTs prepared as gas sensors 

appeared to have good H2S sensing response times of less than 25s. As shown in Figure 11, the 
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recovery times for TNTs and Fe-TNTs prepared at 2, 3, 4, 5, and 6 volts at low operating 

temperatures were 155.6, 87.3, 153, 147.6, 74.7, and 93.6 seconds, respectively. TNTs doped 

with Fe might be the best nanostructure for finding gases because they have a lot of surface area 

[38], a fast electron transfer rate, a high ability to adsorb things [39], and a lot of holes for gas 

diffusion converters [40]. 

 

 
Figure 11:  Response and recovery times of (a) TNTs and Fe-TNTs prepared at different 

deposition voltages, (b) 2 volts, (c) 3 volts, (d) 4 volts, (e) 5 volts, and (f) 6 volts 

 

     The gas sensitivity of the TNTs and Fe-TNTs sensors toward H2S at various operation 

temperatures ranging from room temperature to 300 °C at a concentration of H2S of 450 ppm. 

The Fe-TNTs probes exhibited a sensitivity range of approximately 65.9 to 1461.4%. At room 

temperature, the Fe-TNTs sensor doped at 3 volts exhibited a maximum sensitivity 38 times 

greater than that of TNTs. The sensitivity of the sensor primarily fluctuates with operating 

temperatures, as illustrated in Table 2. Therefore, the Fe-doped TNTs array film sensor is better 

at detecting H2S at low temperatures than the other sensors that have been reported. This means 

that it responds more slowly but recovers faster when it comes to finding H2S molecular gas 

[41]. 

 

a b 

c d 

e f 
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Table 2:  The values of sensitivity for TNTs before and after doping with Fe for different 

operation temperatures 

T (°C) TiO2 
Fe -TiO2 

2 volts 3 volts 4 volts 5 volts 6 volts 

30 38.107 65.932 1461.445 520.000 338.345 91.386 

100 19.736 51.102 1103.225 273.255 1525.000 26.752 

200 13.220 25.825 504.687 8.028 400.000 124.285 

300 7.360 7.288 715.217 1.596 20.991 34.545 

 

     The Fe-TNTs array film's gas sensing mechanism was of the surface-controlled variety, 

which depended on modifications in semiconductor conductance brought on by the adsorption-

desorption of gas molecules on the semiconductor surface [42,43]. Fe doping in TNTs 

generated an electron trapping centre, aiding heat-induced electron-hole pair formation. 

Furthermore, Fe ions acted as intermediate energy levels, lowering the energy required for an 

electron transition from the valence to the conduction band. During the electron transition 

process, the Fe doping created an intermediate energy level that facilitated the easy passage of 

more electrons onto the conduction band. As a result, more oxygen species were drawn to the 

surface of the Fe-doped TNTs gas sensor, which effectively improved the gas sensing response. 

The Fe-doped TNTs sensor also had more adsorbed oxygen species on its surface than the 

undoped one. This made the reaction between the H2S molecules and the adsorbed oxygen 

species better, which led to a shorter response time and a longer recovery time [42]. 

 

4. Conclusion 

     This work represents a feasible way of depositing Fe on TiO2 nanotube arrays using an 

electrochemical method. The morphology of Fe-TNT nanotubes was preserved when the 

deposition voltage was 2-6 volts in 0.1 M FeCl3. Several techniques for characterizing 

materials, such as XRD, FESEM, and EDX, helped add Fe to TNTs, as shown by the gas sensor 

test. The response of the gas sensor with 450 ppm H2S at room temperature is about 9s for Fe-

TNTs at 3 volts, while the recovery time is about 153s for the same sample. We have 

successfully prepared gas sensors (Fe-TNTs) that operate at room temperature with an ultra-

high sensitivity of 1461.44%, compared to 38.107% for TNTs. This work proposes a strategy 

to enhance the execution of TiO2 nanotube-based gas sensors by modifying nanoparticle 

loading. 
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