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Abstract: A simple strategy was introduced to synthesize WO3 nanofibers through an 

electrospinning process. In this work, tungstic acid, hydrogen peroxide and polyvinyl pyrrolidone 

were used as precursors. After electrospinning and drying the desired material was collected. The 

morphology and structure of the samples were analyzed by field-emission scanning electron 

microscopy (FESEM), energy-dispersive x-ray spectroscopy (EDS) mapping, and X-ray diffraction 

(XRD). The results show that the obtained materials are composed by nanofibers with uniform 

dimensions. The first tests of ammonia sensing were done from 250 to 450 C; the WO3 NFs sensor 

presented a good response of 3.48 to 500 ppm NH3 at an operation temperature of 450 C.  
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1. Introduction* 

Gas sensors are essential tools for real-time air quality monitoring, playing a vital role in addressing 

air pollution. These devices are classified basing on the types of utilized materials, such as metal oxide 

semiconductors (SMOs), polymers, solid electrolytes, and other categories. Among these, TiO2 [1], 

SnO2 [2], ZnO [3], Co3O4 [4], In2O3 [5] and WO3 [6] have attracted considerable interest due to their 

ease of fabrication and fast response times. The operation of gas sensors is based on the interaction 

between the sensing material and the target gas, which results in a change in the sensor's resistance. 
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Specifically, the sensing performance of semiconductor metal oxides is influenced by factors like 

morphology and particle size, both of which are dependenton both the fabrication method and 

experimental conditions. 

Significant advancements in the synthesis of nanomaterials have been achieved over the past 

decades, with transition metal oxides becoming a prominent area of research. The microscopic 

morphology of these materials is crucial in shaping their properties. Presently, synthesized transition 

metal oxides exhibit one-, two-, and three-dimensional structures. Notably, one-dimensional (1D) 

nanostructures are particularly advantageous for sensor application [7, 8] due to their well-controlled 

morphology, ease of fabrication, high surface-to-volume ratio, abundant surface-active sites, and 

intrinsic semiconductor properties. These characteristics render them more sensitive than other 

materials. Considerable efforts have been made to develop 1D sensing nanomaterials through various 

fabrication methods, such as thermal oxidation, thermal evaporation, self-catalytic growth, molten salt 

synthesis, and electrospinning [9, 10]. Among these, electrospinning has gained notable attention for its 

simplicity and versatility, enabling the production of 1D nanomaterials with a high length-to-diameter 

ratio, which enhances electron transport efficiency [11, 12]. 

Tungsten oxide (WO3) is a representative n-type semiconductor that demonstrates excellent 

suitability for gas sensing applications. This is attributed to its high chemical stability, non-toxicity, 

favorable electronic mobility, wide bandgap (Eg = 2.5–3.0 eV), pronounced resistance variation during 

gas exposure, and cost-effectiveness [13-15]. Gas sensing performance is predominantly governed by 

surface reaction mechanisms on active materials. Consequently, the morphology of the sensing material 

 encompassing attributes such as surface area, porosity, and active site distribution  is a critical factor 

in determining its overall gas sensing properties. Therefore, the morphology of the sensing material will 

play a defining role on the resultant gas sensing properties. Nanostructured SMOs featuring engineered 

morphologies and intrinsic porosity have demonstrated exceptional efficacy in enhancing gas sensing 

performance [6]. Electrospun one-dimensional WO3 nanostructures, such as nanofibers [16] and 

nanotubes [17] demonstrate superior gas sensing performance, primarily due to their high porosity and 

the interconnectivity of constituent nanoparticles. WO3 nanofibers were studied for detecting many 

gases such as hydrogen [18], triethylamine [19], and acetone [6]. Significant progress has been achieved 

in the design and synthesis of WO3 nanostructures across various dimensions to optimize their gas 

sensing properties. 

In this work, WO3 nanofibers (NFs) were fabricated through electrospinning technique, and their 

properties were characterized using field-emission scanning electron microscopy (FESEM), X-ray 

diffraction (XRD), and energy-dispersive X-ray spectroscopy (EDS) mapping. The gas-sensing 

performance of the prepared WO3 material towards ammonia was evaluated. 

2. Experimental  

Tungstic acid (H2WO4, Sigma-Aldrich, ≥ 98%), polyvinyl pyrrolidone (PVP, Mw = 40,000), 

hydrogen peroxide H2O2 and ethanol (Sigma-Aldrich) were all used as received without further 

purification. 

First, two solution containers for electrospinning were prepared simultaneously, the first container 

was used to dissolve polyvinyl pyrrolidone in 5.5 ml ethanol (to get solution A), while the second 

container contained 3.5 ml H2O2 to dissolve 0.8 g H2WO4 (to get solution B). Both containers were 

stirred vigorously at the same rotation speed and at 120 oC, they were rotated for 1 h and 2 h, 

respectively. Then, mixing and stirring vigorously both solutions for 1 ah at 120 oC to produce 

PVP/H2WO4 solution (solution C). Later, PVP/H2WO4 solution was loaded into a 10 mL plastic syringe 

with a needle gauge size of 21 G after 1 h cooling down process. The nanofibers were formed under 

https://www.sigmaaldrich.com/US/en/product/aldrich/95420
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high voltage of 21 kV during the electrospinning process. In the experimental setup, the needle serves 

as the anode and the collector functions as the cathode. The gap between the needle and collector was 

fixed at 10 cm, while the solution was delivered at a controlled flow rate of 0.008 mL.min−1. 

Additionally, the mandrel was rotated at a constant speed of 400 rpm. Then the obtained material was 

dried at 60 C for 3 hours. Finally, use an alumina boat to contain the obtained material and placed into 

a tubular furnace for calcination at 500 C for 2 h. 

The as-prepared and the annealed nanofibers were characterized and analyzed by using X-ray 

diffraction (XRD, field-emission scanning electron microscopy (FESEM, and energy dispersive 

spectrometry (EDS). The XRD analysis was performed using a Bruker D5005 X-ray diffractometer with 

CuK1 radiation ( = 1.5406 Å) at 40 kV and 40 mA. FESEM images were obtained using a JEOL7600 

scanning electron microscope at an accelerating voltage of 20 kV. 

 

Figure 1. Preparation procedure of WO3 nanofibers. 

The synthesized material was uniformly electrospun onto silicon substrates coated with 

interdigitated platinum electrodes to form a robust sensing thick layer. Subsequently, the sensor was 

annealed in air at 500 °C for 2 h to enhance both the material's stability and its adhesion to the electrodes. 

Electrical resistance was continuously monitored using a Keithley 2602 source meter during cyclic 

exposures to ammonia diluted in air, with precise gas flow control provided by MKS model GV50 mass 

flow controllers. Pulses of the analyte gas, with concentrations ranging from 25 to 500 ppm, were 

introduced while maintaining a constant total gas flow of 400 sccm. Measurements were conducted over 

a temperature span of 250 °C to 450 °C in 50 °C steps-up using a custom-built system. For this n-type 

metal oxide semiconductor sensor, exposure to reducing gases leads to an increase in resistance, and 

sensor response is quantified as 𝑆 = Ra/Rg, where Ra and Rg represent the stabilized resistance of the 

sensor in air and in the presence of the target gas, respectively. 

3. Results and Discussion  

3.1. Nanofiber Characterization 

The morphological features of WO3 nanostructures were investigated using scanning electron 

microscopy (SEM). As illustrated in Fig. 2, the H2WO4/PVP composite nanofibers were observed to 

form nonwoven mats with randomly oriented structures. 
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Figure 2. SEM images of as-prepared H2WO4/PVP composite nanofibers at diverse magnifications: A) low 

magnification and B) high magnification. 

This particular arrangement is attributed to the bending instability experienced by the spinning jet 

during the electrospinning process. Each individual fiber exhibited a uniform and smooth cross-section, 

characterized by an average diameter of approximately 300 - 500 nm. The surface of the WO3 nanofibers 

displayed bending patterns and exhibited overall smoothness. 

Subsequently, the precursor fibers were subjected to controlled heating at a rate of 1 °C per minute 

until 500 °C. Fig. 3 displays the SEM images, showcasing the presence of numerous nanofibers, 

extending up to tens of microns in length. These nanofibers displayed a random and intertwined stacking 

pattern. Upon the formation of WO3, the average diameter of the nanofibers decreased to approximately 

50 - 150 nm, with the constituent particles, as shown in Fig. 3(B). These changes in morphologies can 

be attributed to the degradation of PVP at high temperatures, leading to the transformation of the 

precursor nanofibers into the final WO3 nanofibers. 

       

Figure 3. SEM image (A) and FESEM image (B) of annealed WO3 nanofibers. 

The composition of the annealed sample was thoroughly investigated using Energy Dispersive 

Spectrometry (EDS) and EDS mapping, as depicted in Fig. 4. The EDS elemental spectrum in Fig. 5d 

confirms the presence of W and O elements within the sample. The distribution of W and O elements 

was found to be uniform throughout the entire obtained nanofibers, as evidenced by the EDS mapping 

in Figs. 4(B) and 4(C). These analytical results provide valuable insights into the elemental composition 

and distribution within the annealed nanofibers, contributing to a comprehensive understanding of the 

material's structure and properties. 
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Figure 4. SEM image (A), EDS spectrum (D) of WO3 nanofibers and EDS mapping of O (B) and W (C) element. 

The crystalline structure of the synthesized WO3 nanofibers was analyzed using X-ray diffraction, 

as shown in Fig. 5. The diffraction patterns exhibit characteristic peaks at 23.2o, 23.7o, 24.5o, 26.8o, 

28.9o, 33.4o, 34.2o, 35.7o, 41.8o, 45.3o, 47.4o, 48.4o, 50.1o, 53.7o, 55.9o, 60.2o and 62.2o which correspond 

to the (002), (020), (200), (120), (1̅12), (022), (202), (1̅22), (222), (132), (004), (040), (400), (114), 

(2̅04), (420), (242), and (340) crystallographic planes. These reflections are in good agreement with the 

monoclinic phase of WO3, as indexed by the JCPDS Card No. 83-0950 [16]. 

 

Figure. 5. XRD patterns of WO3 nanofibers. 
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3.2. Gas Sensing Property 

For ammonia sensing investigations, WO3 nanofibers, annealed at 500 °C for 2 h, were selected as 

the sensing material. The time-dependent response alterations of the WO3 sensor were surveyed while 

operating at various operating temperatures and subjected to varying concentrations of NH3 gas (25, 50, 

100, 250, and 500 ppm). The results, illustrated in Fig. 6, furnish valuable insights into the gas sensitivity 

of WO3 materials towards NH3. 

Fig. 6a illustrates five real-time response profiles of the WO3 nanofiber sensor while operating at 

various working temperatures. Upon exposure to NH3 gas, the sensor exhibited an increase in response, 

subsequently reverting to its initial state upon the removal of the gas source. This behavior is indicative 

of the n-type semiconductor characteristics inherent to the WO3 material.  

Fig. 6b presents the response data derived from Fig. 6a. These results underline that at the operational 

temperature of 450 °C, the WO3 sensor demonstrated its highest sensitivity when exposed to 500 ppm 

NH3 gas, exhibiting a response value (S) of 3.48. For NH3 concentrations of 25, 50, 100, and 250 ppm, 

the response values were 1.88, 2.29, 2.4, and 2.79, respectively. It is noteworthy that the sensor's 

response exhibited an upward trend in parallel with increasing gas concentration. 

WO3 is a widely recognized n-type semiconductor, a property typically exhibited under standard 

fabrication conditions. However, when WO3 nanofibers are exposed to ambient air, oxygen molecules 

have tend to adsorb onto their surface, adopting the form of O− and O2− ions as the following equations 

(1) and (2): 

O2 + e  O                                 (1) 

O2 + e  O2                              (2) 

 This phenomenon leads to a substantial coverage of adsorbed oxygen ions, which in turn sequester 

electrons within the nanostructure, thereby diminishing their availability and impairing electrical 

conductivity under these circumstances. Upon the introduction of ammonia into the sensor devices, the 

ammonia molecules engage in chemical reactions (3) and (4) with the adsorbed oxygen species as below: 

2NH3 + 3O  N2 + 3H2O + 3e                               (3) 

2NH3 + O2  N2 + 3H2O + 2e                              (4) 

This interaction triggers the liberation of previously trapped electrons, facilitating their return to the 

nanofiber layer. Consequently, this process augments the electron population within the material, 

yielding a concurrent augmentation in sensor response. 

a)  b)  

Figure 6. The response of the WO3 sensor to NH3 gas: (a) Transient response as a function of time spanning 

concentrations from 25 to 500 ppm at different operation temperatures, (b) Response behavior across a range of 

concentrations from 25 to 500 ppm, at different working temperatures. 
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Table 1. The comparison of ammonia sensing performance of WO3 nanomaterials in recent literature 

Material Temperature (oC) Concentration (ppm) Response Reference 

WO3 thin film 250 100 1.25 [20] (2024) 

WO3 thin film 250 500 2.67 [21] (2023) 

MoS2/WO3 nanosheets 200 200 2.07 [22] (2021) 

WO3 thin film 300 1000 1.8 [23] (2017) 

WO3 NFs 450 100 2.4 This study 

To assess the gas sensing performance of the synthesized WO3 nanofibers, we performed a 

comparative analysis with previously reported studies, with the results summarized in Table 1. The data 

indicate that our sensor performs better property in detecting NH3 compared to earlier reported devices. 

4. Conclusion  

In this work, WO3 nanofibers were prepared by an electrospinning method. The obatined results 

showed that WO3 nanofibers have porous structures composed of nanoparticles. Their ammonia sensing 

property was also tested.  The sensor exhibits a good response of 3.48 to 500 ppm NH3 at the operating 

temperature of 450 C. The results demonstrate the successful fabrication of WO3 nanofibers with 

uniform dimensions and highlight their potential for NH3 sensing application. 
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