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Abstract 

Organic-inorganic hybrid material is one of the most promising materials for high performance 

gas sensors due to its improved properties like high sensitivity, selectivity, fast response time, 

flexibility and low power consumption. This work presents ultrasensitive, selective and low 

operating temperature H2S gas sensor. It is based on metal-oxide nanoparticles (NPs) embedded 

in organic semiconductor polymeric nanofibrous (NFs) membrane containing an ionic liquid 

(IL). In this context, high surface area Tungsten(VI) oxide- Polyvinyl alcohol (WO3-PVA) 

nanofibrous composite sensor material with average diameter of 130 ± 20 nm were synthesized 

with controlled morphology and interconnectivity through an electrospinning technique. The 

obtained WO3 NPs-containing PVA nanofibrous sensing material was evaluated for its ability as 

a potential sensor for H2S gas at different operating temperatures and gas concentrations. Results 

demonstrated that the fabricated sensor is ultrasensitive and selective for H2S gas and exhibit an 

excellent reproducibility, and long-term stability. Furthermore, the sensor showed adequate 

response in a humid environment.  It was also shown that nanofibers’ membrane porosity and 

thickness control the sensing performance. The optimum operating temperature of 40°C with a 

detection threshold as low as 100 ppb with a response time of 16.37 ± 1.42 s were achieved. This 

combined high sensitivity, fast response time and low operating temperature (low-power 

consumption) provides clear evidence of the sensor’s potential to outperform existing devices, 

which could pave the way for a commercial exploitation. 
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1. Introduction  

      The increasing concern about environmental protection has resulted in continuous 

expansion in sensor development for hazardous gases detection. Hydrogen Sulfide (H2S) is a 

colorless, highly flammable, extremely toxic, and explosive gas [1, 2]. It is produced as a by-

product in petroleum and refining processes, sewer and wastewater treatment, pulp and paper 

processing, food processing, hot asphalt paving, textile manufacturing, landfills and mining [3-

5].  Generally, workers in these industries face the risk of H2S gas exposure. Although 

Wetchakun et al. [6] reported that H2S exposure threshold limit value is 10 ppm, the Scientific 

Advisory Board on Toxic Air Pollutants (SAB-USA) reported that the acceptable ambient level 

of H2S is at a lower range of 20-100 ppb [7]. Therefore, scientists and researchers have recently 

focused their efforts on developing H2S gas sensors with low detection limit, fast response and 

low power consumption [8-18]. 

        Organic materials have recently been designed as an effective approach to achieve cost-

effective sensors with high performance. Conductive polymers and semiconducting materials are 

characterized by their ease of operation and fabrication, high sensitivity and low cost [15-17, 19]. 

It was also noted that conducting polymers have an enhanced affinity to gases, especially those 

that result in a change in their resistance [20-22]. On the other hand, semiconducting materials 

were found to change their electrical conductivity caused by adsorption and desorption of gases, 

a phenomenon that was first observed by Seiyama et al. in 1962 [18]. A number of metal-oxide 

semiconducting materials such as: In2O3 [23, 24], SnO2 [25, 26], CuO [27, 28], WO3 [29, 30], 

MoO3 [31] and Fe2O3 [32, 33] were investigated as potential H2S gas sensors. Among these 

oxide materials, WO3 is an n-type metal-oxide with a band gap of 2.6-3.0 eV [34], a  good 

surface morphology, active surface area and defect structure that boost its sensing properties. 
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 Gas sensing applications are expected to undergo significant development due to the use 

and integration of nanomaterials in their device structures. The core advantage of the nano-scale 

structures, in the form of nanoparticles and nanofibers, is the large surface area to volume ratio 

compared to bulk materials. This feature leads the way towards more possibilities for creating 

new materials and facilitating chemical processes. Various types of nanomaterials were explored 

in this regard, such as thin films [35-37], nanofibers [38, 39], nanosheets [40, 41], nanowires [32, 

42], nanocluster [43], quantum dots [44]. Among these various geometries, nanofibers (NFs) 

were found to possess a better sensitivity and selectivity for H2S gas detection due to their large 

surface-to-volume ratio and high interconnected porosity [45].  

Most recently, there has been an increasing interest in the fabrication of electronic 

devices based on hybrid structures that are made of organic and inorganic nanomaterials because 

of their distinguished properties such as power saving, size compactness and portability [46]. 

Their use for H2S detection would help achieving the optimum enhancement of H2S sensors in 

terms of sensitivity, selectivity, response time, low power consumption, easy fabrication, and 

flexibility. Hybrid organic-inorganic thin films made of semiconducting polymer, in which 

metal-oxides NPs were embedded, have been synthesized to detect H2S gas at low 

concentrations. Results revealed an excellent performance in terms of sensitivity (10-25 ppm), 

fast response (20 s), operating temperature (80°C) and selectivity for H2S gas at low 

temperatures [47-49]. On the other hand, Virji et al. [21] had reported that the addition of 

inorganic NPs to polymer NFs increased the sensitivity of the H2S sensor. The advantage of the 

latter system is to combine the high surface area of both nanoparticles and nanofibers in order the 

maximize the possibilities of interaction between the adsorbed gas molecules and the sensor 

material. Moreover, recent studies investigated the effect of adding ionic liquids on the electrical 
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properties of insulating polymers. The results revealed that insulating polymers act as 

semiconducting materials when mixed with ionic liquid at specific ratios [50, 51]. An example of 

an environmentally-friendly ionic liquid is glycerol, which is believed to serve both as 

electrolytes and diffusion barriers [52].  

Researchers usually use sacrificial polymeric materials, such as PVA, as templates for the 

containment of NPs, and to provide NPs-based sensor materials upon calcination [53, 54]. This is 

resulting in high activation energy of the developed sensors due to the high activation energy pf 

the prepared nanoparticles.  

In the current study, PVA was used as a starting material for the development of a novel 

nanofibrous sensor membrane that contains WO3 NPs, as a semiconducting sensor material, and 

glycerol, as an ionic liquid. Despite the continuous research in the area of fabrication of organic-

inorganic gas sensors, the current study provides a novel formulation of organic nanofibers, 

inorganic nanoparticles and an ionic liquid to be used as a H2S gas sensor. The performance of 

the prepared organic-inorganic nanofiber based sensor was thoroughly characterized and 

evaluated as a function of [WO3], membrane thickness and sensing temperature. Throughout the 

obtained findings, optimization of the sensor fibrous membrane will be attempted.  

2. Experimental 

2.1. Preparation of Nanofibers composites  

Tungsten oxide nano-powder (<100 nm), PVA (Mw ~61,000) and Glycerol (≥ 99.5%) 

were purchased from Sigma-Aldrich. A 10 wt% PVA solution was prepared by adding 1 g of 

PVA polymer to 10 mL of deionized water. The homogeneous PVA solution was further loaded 

with 5 vol% glycerol and 5, 7.5 and 10 wt% of WO3 nano-powder. Each mixture was then 

exposed to vigorous stirring at 90°C until a clear homogenous solution was formed, followed by 
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cooling to room temperature. Each solution then filled into a 10 ml syringe with gauge 18 

stainless steel needle to be electrospun into fibers. An electrospinning process was used at 

ambient conditions, and following a pre-determined set of parameters: spinning distance of 10 

cm, an applied voltage of 12 kV applied between the needle tip and a grounded collector, and a 

constant flow rate of 0.5 ml/h was adjusted using an automatic syringe pump. The fiber density, 

hence membrane thickness, was controlled by varying the spinning process for 5, 7, and 9 hours, 

to study the effect of polymer fibers density on H2S sensing. The obtained electrospun fibrous 

membranes were further dried at 60oC for 24 hours to remove residual deionized water. 

2.2. Material Characterization 

A Shimadzu 6100 X-ray diffractometer with a Cu-Kα1 radiation (λ = 1.54056 Å) was used to 

study the crystal structure of the as-received WO3 NPs. The as-received WO3 NPs and the as-

prepared fibers’ morphologies were investigated using scanning electron microscopy (SEM: 

JEOL, JSM- 5600). A DiameterJ software tool was used to analysis the SEM images in terms of 

fiber and pore size distributions [55]. In addition, an energy-dispersive X-ray spectrometer 

(EDX) was used to confirm the presence and homogeneity of the WO3-PVA composite fibrous 

membranes. In order to determine the electrical and gas sensing properties of the prepared fibers, 

Keithley Instruments source measurement unit (KI 236) was utilized. 

2.3. Sensor fabrication and Characterization 

The device structure of sensor fabricated is shown in Fig.  1 and consists of three 

components: a copper sheet, sensing nanofiber material and a stainless-steel grid. The copper 

sheet (1.5 × 1.5 cm2) was used as a bottom contact, and the stainless-steel grid (250 × 250 µm2) 

as the top contact. A square piece (1 × 1 cm2) of the composite NFs was cut and placed between 

the two contacts. A strong heat-proof squash tape was used to attach the three parts together. The 
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device was positioned on a heater plate inside a Teflon chamber fitted with 2 electrical feed-

troughs to contact the bottom and top parts of the device. A detailed schematic diagram of the 

gas testing system is provided in Fig.  1. A mass flowmeter (Bronkhorst) was used to control the 

gases flow rate. H2S gas was mixed with fixed proportion of dry air unless otherwise stated. With 

this arrangement, the developed sensors were subsequently exposed to H2S gas inside the 

temperature-controlled Teflon chamber. The tests were conducted at different temperatures 

(20°C, 40°C and 60°C) under atmospheric pressure inside a fume hood. All tests were performed 

by applying a fixed bias of 2 V and the current was measured as a function of time at different 

H2S concentrations. For each measurement, adequate number of samples were prepared and 

tested.  

3. Results and discussion  

3.1. Structural and morphological characteristics 

XRD investigation of the as-received WO3 NPs was carried out to confirm structural 

purity of the NPs. Fig.  2A indicates the presence of a monoclinic WO3 phase, as compared with 

its JCPDS card number 83-0950 where all characteristic peaks were observed. No other phases 

were detected. In addition, the intense peaks observed reflect the high crystallinity of the 

prepared WO3 NPs. However, the relative broadness of the peaks is attributed to their small size 

(nm) as shown in Fig. 2B, where nanoparticles of WO3 and their agglomerates were observed.  

The average particle size of the as-received WO3 was calculated using an imageJ software, and 

was found to be 13 ± 3 nm, which was further confirmed using a zetasizer measurement.  

Fig.  3 A-C show the SEM micrographs of the PVA nanofibrous membranes containing 5 

vol% IL and 5 wt% WO3 NPs, made by electrospinning their respective solutions for 5, 7 and 9 

hours, respectively. All composite nanofibers showed continuous, uniform and smooth surface 
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morphology. Moreover, their size distribution measured by Diameter J software, were also 

homogeneous, as evident from the fiber size distribution graphs shown in the insets of the SEM 

micrographs, with an average size of 140-200 nm. Extended spinning for 9 hours showed the 

formation of fibers with ribbon-like morphology, as shown ion Fig 3C. Extending the spinning 

time was also reflected in the pronounced increase in the thickness of the fibrous membranes 

showing thickness of 56.8, 173.5 and 210.6 µm for membranes made by spinning for 5, 7 and 9 

hours, respectively. Accordingly, this resulted in a slight decrease of the interconnected porosity 

of the membranes to an average of 45%, as shown in Fig. 3D. A spinning time of 9 hours was 

accordingly selected as an optimum condition for studying the effect of varying the 

concentration of the WO3 NPS in the membranes prepared thereafter. Fig. 4 shows the 

morphology of the prepared membranes containing 5, 7.5 and 10 wt% of WO3 NPs. Figure 4A 

shows the morphology of a pristine PVA membrane for comparison, where fibers with a 

homogeneous size distribution and an average diameter of 116.4 nm were observed, as indicated 

from the fiber size distribution shown in the insert of Fig.  4A. In contrast, the SEM micrographs 

of PVA nanofibrous membranes containing 5, 7.5 and 10 wt% of WO3 NPs shown in Fig. 4B-D 

show a noticeable change in the average fiber size and extent of ribbon formation with increasing 

the concentration of WO3 NPs in the fibrous membranes. These results are in a good agreement 

with the data presented by Park et al. [56], where an increase of the diameter of PVA-

montmorillonite-silver fibers was reported with increasing the content of Ag NPs, and was 

attributed to the increase in the viscosity of the solution with the addition of the NPs. It is a 

known fact that increasing the viscosity of the solution prior its electrospinning leads to a 

pronounced increase in the diameter of the produced fibers [57]. Consequently, the increase in 

the dimensions of the WO3-containing PVA nanofibers led to a decrease in the porosity of the 
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membranes, as shown in Fig. 4E. Both thickness and porosity of the WO3-PVA fibrous 

membranes were believed to play an important role in the sensing efficiency of the produced 

membranes, as will be described later. Moreover, the presence of the WO3 NPs was further 

confirmed by an elemental analysis (EDS) of the fibrous membrane containing the highest 

concentration of WO3 NPs (10 wt%), as shown in Fig. 4F. An optimum concentration of 7.5 wt% 

of WO3 NPs in the PVA fibrous membranes was selected for studying the sensing characteristics 

of the prepared membranes.   

A comparison between the thermal history of the as-received PVA pellets and the 

electrospun PVA nanofibers was carried out by thermogravimetric analysis (TGA), as shown in 

Fig.  5. The weight loss of both samples was measured over the temperature range 30-600°C. 

The decomposition of PVA beads takes place through three main events; at 250, 340 and 460oC. 

These events are related to the dehydration (-H2O) through the removal of the pending OH group 

and a neighboring H atom, while the second and third events are related to the degradation and 

decomposition (burn out) of the polymeric chains, respectively [58]. In contrast, the TGA 

thermogram of the PVA nanofibers took place through five events at 75, 180, 260, 360 and 

480oC. The first two events represent the removal of the weakly adsorbed water molecules at 75 

and 180oC, while the event at 260oC is related to the removal of structural water molecules from 

the PVA polymeric chains. The last two events at 360 and 480oC are related to the degradation 

and decomposition of the polymeric chains [58]. The detailed and early thermal history of the 

PVA nanofibers is attributed to its higher surface, which is a consequence of their nm-scale 

dimensions. However, the early thermal instability of the PVA NFs indicates their limited 

application as NPs-containing sensor membranes at temperatures below 75oC to avoid the early 
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deterioration of the sensor material. These results are in agreement with previous findings where  

semiconducting polymers are used to detect H2S gas in a temperature range of 20-80oC [47-49].  

 

 

3.2. Electrical properties 

PVA nanofibrous membranes containing 7.5 wt% of WO3 NPs and electrospun for 9 

hours in addition to 5 vol% of the IL were used to investigate their electrical characteristics at 

various temperatures and concentrations of H2S gas.  Fig. 6A shows the I-V characteristics of 

nanofibrous membranes as measured at 20oC, 40oC and 60oC. All I-V curves exhibited a degree 

of linearity, which became dominant at high temperature. Based on these results a bias voltage of 

2 V was applied to measure the electrical current of the sensor in the linear part of I-V curve. The 

voltage point was chosen from the liner point in the I-V curve in order to avoid any current 

saturation. On the other hand, the nonlinear section of the I-V curves can be correlated to the 

charge carriers transport at the potential barrier formed between the PVA nanofibers and the 

WO3 NPs entrapped within the nanofibers. Fig.  6B shows the natural logarithm of the resistance 

versus the reciprocal of temperature where the resistance decreases with increasing temperature. 

This phenomenon is attributed to the increase in the number of the free change carriers in the 

conduction band that were thermally excited. The resistance of the membranes, as depicted from 

the results of Fig.  6B, are therefore best fitted by the Arrhenius equation (1): 

R = R��
��
��	   

(Eq. 1) 
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where, R is the sensor resistance, RO is a pre-exponential factor, Ea is the activation energy, kB is 

the Boltzmann constant and T is the temperature. The slope of the line in Fig. 6B was used to 

calculate the activation energy for the WO3 NPs-containing PVA nanofibrous sensor membrane. 

An activation energy of 0.146 eV was found, which is lower than that of other WO3–based 

sensors, e.g. CuO-functionalized WO3 nanowires (Ea = 2.6 eV) [59]. Lower activation energy is 

highly desirable since it boosts the sensor’s response and recovery time while decreasing the 

operating temperature [60].   

3.3. Gas sensing properties 

In addition to the variation of the proportion of WO3 NPS in the PVA nanofibrous 

membrane and the spinning time, the gas sensing properties of the prepared nanofibrous 

membranes were also investigated as a function of the temperature and concentration of the H2S 

gas.  The fabricated nanofibrous sensor membranes were installed in a closed temperature-

controlled Teflon chamber and exposed to different concentrations of H2S gas. A fixed bias 

voltage of 2V was applied across the sensor’s electrodes and the variation of the current was 

recorded as a function of time. The sensor response was calculated using equation 2,  

S�%
 =
�����

��
× 100 (Eq. 2) 

where S is the sensor response, Ia the reference current when the sensor is exposed to air and Ig 

the current measured when the sensor is exposed to the targeted H2S gas mixture. 

Fig.  7 represents a typical response curve for a PVA nanofibrous sensor membrane 

containing 7.5 wt% WO3 and 5 vol% IL and electropsun for 9 hours when placed in a chamber 

containing H2S gas with a concentration of 1 ppm at 20oC and 100 ppm at 40oC. The sensor 

membrane clearly shows a significant increase in the current as H2S was introduced to the 
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chamber. Upon switching off the H2S supply, the current drops back to its initial value. 

Moreover, it was found that the current of the sensor was changed in an identical manner through 

the five duty cycles displayed. In order to further evaluate the sensitivity of the currently 

optimized sensor towards lower concentrations of H2S gas, the later was reduced to 100 ppb. 

However, no detection was observed. Accordingly, the temperature inside the chamber was 

raised to 40oC, at which detection was observed, as shown in Fig 7B. Doubling the concentration 

of H2S required the increase of the temperature inside the chamber to be 40oC to maintain 

sensing efficiency, as shown in Fig 7B. This could be related to the enhanced activation of the 

sensor material in the presence of higher concentrations of the pollutant gas, as was previously 

shown in Fig. 6B. These results clearly demonstrate the reproducibility and reliability of the 

described nanofibrous sensor membranes. 

The effect of increasing the thickness of the nanofibrous sensor membranes on their 

sensing efficiency was also studied as a function of the H2S gas concentration, up to 10 ppm, and 

temperature, 40 and 60oC. A lower concentration of 5 wt% for the WO3 NPs in the sensor 

membranes was, therefore selected.  Results are shown in Fig.  8, where the fibrous sensor 

membrane with the largest thickness; spun for 9 hours, was found to be capable of detecting as 

low as 1 ppm of H2S gas at 40°C and 60°C, with an enhanced performance than fibrous sensor 

membranes with lower thicknesses. This could be attributed to the densification of the fibrous 

membranes caused by extending he spinning time, which was previously shown in Fig. 4E in 

terms of the decreased membrane porosity and the increased fiber size. The enhanced 

densification is believed to result in higher connectivity between the fibers and the WO3 NPs 

entrapped within [45]. Accordingly, a thorough investigation of the sensing performance was 
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carried out using WO3 NPs-containing PVA nanofibrous membranes that were made by spinning 

for 9 hours as a function of temperature and concentration of H2S gas.  

Fig.  9 A-C illustrates the effect of the operating temperature on the performance of the 

sensor, showing that the sensor response improved as the temperature was raised to 40°C, then 

decayed at higher temperatures (> 60°C). This could be related to the effect of raising the 

temperature on the structural characteristics of the PVA fibers as the temperature of 

measurement was elevated to a value closer to the first thermal event that was observed in the 

TGA thermogram of the PVA fibers (Fig. 5). On the other hand, the results shown in Fig.  9 A-C 

also indicate that the response of the WO3 NPs-containing fibrous sensor was improved with 

increasing the proportion of the WO3 NPs in the membranes up to to 7.5 wt%. This is attributed 

to the increase in the concentration of the active sites within the fibrous sensing membrane with 

the addition of WO3 NPs [48], which boosts the sensor’s performance. However, a noticeable 

decrease in the response of the WO3 NPs-containing fibrous sensor was observed by increasing 

the content of the WO3 NPs to 10 wt%. This could be related to a possible agglomeration of the 

WO3 NPs within the fibers, which is a common problem faced during the dispersion of NPs in 

polymeric solutions. As a result, a loss of the high surface area of the NPS will take place, hence 

affect their sensing capability.   

In brief, our investigation demonstrated that a PVA nanofibrous sensor membrane 

containing 7.5 wt% WO3, and 5 vol% IL and electrospun for 9 hours exhibit the highest 

performance at 40°C when compared with all other samples. Therefore, a maximum operating 

temperature of 40oC was used for the rest of the measurements. It should be mentioned that the 

sensor’s response time for 1 ppm, which is defined as the time needed to achieve 90% of the 

response value, was found to be approximately 14.13 ± 2.29 s for the optimally selected  WO3 
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NPs-containing PVA nanofibrous sensor membrane, as shown in Fig.  9 D. This response time is 

shorter than that previously reported sensors (20 s) [48, 61, 62].  

Accordingly, the long-term stability of the optimally fabricated sensor membrane was 

further evaluated by measuring the sensor response to the presence of 1 ppm of H2S gas at 40°C 

for 21 days. Results are shown in Fig.  10A. The sensor exhibited an excellent stability with a 

minimal standard deviation of 2.59. On the other hand, the influence of humidity on the 

sensitivity of the optimally selected sensor membrane was also evaluated under 20-80% relative 

humidity. The sensor exhibits stable performance for relative humidity less than 40% as shows in 

Fig.  10 B. However, a decrease in the sensing ability of the fibrous membrane was observed at 

higher degrees of relative humidity, which could be attributed to the adsorption of water 

molecules onto the PVA fibers, hindering their sensitivity to H2S gas. These findings were 

previously observed when a non-fibrous PVA-based sensor film was evaluated [47]. 

Furthermore, the selectivity of the sensor was measured by exposing the sensor to various gasses, 

namely H2, C2H6, NH3, and NO2 in addition to H2S at an concentration of 300 ppm of each of the 

gasses. These gases were selected based on their chemical structure with various degrees of 

polarity. Despite the high polarity of NH3 and NO2 gases, their interaction with the PVA fibrous 

membrane was minimal. Results are shown in Fig. 10C, where the response time of the optimally 

fabricated WO3 NPs-containing PVA sensor membrane was 18 times higher than other gasses 

used in this study, indicating its high selectivity to H2S gas. Most significantly, Fig.  10D shows 

that the optimally fabricated sensor membrane is ultrasensitive to H2S gas with a capability of 

detecting 100 ppb at 40°C. It should be emntioned that previously described WO3-based sensors 

have been reported to achieve similar low detection limits, but at very high temperatures (200-

300oC) [30, 40, 63, 64]. Thus, reducing the operating temperature from 200°C to 40°C saves 
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almost 90% of power consumed by the heating element of the sensor. This is based on the 

estimation of the percent power reduction using the following equation: 

Preduction = ([P200°C – P40°C]/ P200°C) 

×100 

(Eq. 3) 

Where P200°C and P40°C are the power consumed for sensing a fixed concentration of H2S gas at 

200 and 40oC, respectively. The higher sensing efficiency of the optimally fabricated WO3 NPs-

containing PVA sensor membrane is highly attributed to the higher surface area of the PVA 

nanofibers, as compared with PVA non-fibrous films, which in turn provides an enhanced access 

of the entrapped WO3 NPs to the H2S gas at lower operating temperatures. It should be also 

mentioned that the presence of the ionic liquid further assists the sensing efficiency through its 

charged ions, which is also boosted due to its presence in a nm-size high surface area fibrous 

membrane. In addition, the non-woven nature of the PVA nanofibers provides a 3-dimensional 

network with interconnectivity and porosity which is believed to further facilitate the contacts 

between the WO3 and IL within the fibers. A detailed comparison between the performance of 

our sensor versus already reported sensors in the literature are summarized in Table 1.  

3.4. Gas sensing mechanism 

In general, the change of sensor response arises from surface interactions between the 

target gas and sensing material. Therefore, understanding the sensing mechanism for WO3 NPs 

embedded in a PVA NFs-based sensor membrane should consider: (i) the high surface area and 

porosity of the nanofiber which produces more reactive sites, and (ii) the adsorbed oxygen 

species (O2
-, O2- and O-) onto the nanoparticle surface. The sensing mechanism in metal-oxide 

gas sensors depends on resistance change due to the adsorption of the target gas on the surface of 
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the sensing material. At first, the oxygen molecules easily adsorb on the surface of the sensing 

materiel due to the high electron affinity of the oxygen molecules (0.43 eV) [63]. The adsorbed 

oxygen molecules attract electrons from the PVA-WO3 NFs surface. Consequently, adsorbed 

oxygen ions (O2
-, O- and O2-) appear on the NFs surface. The following equations describe these 

reactions: 

����
 → 	������
 (Eq.4) 

������
 +	�
� →	��

�����
 (Eq.5) 

��
�����
 	+ 	�� → 	2������
 (Eq.6) 

�� + �� → �������
 (Eq.7) 

Upon exposure to H2S gas, the adsorbed oxygen interacts with H2S and free electrons are 

released as shown in the following equation.  

2��� + 3��
� 	→ 	2��� + 2��� + 3	�

�                                                              (Eq.8) 

The free electrons released from the above interaction increases the conductivity (decrease in 

resistance) of the nanofibers, and hence the current signal increases. This is further assisted by 

the nm-dimensions of the PVA fibers and the presence of the IL molecules. The high surface 

area of the PVA nanofibers enhances the extent of O2 adsorption onto its surfaces, while the 

ionizable IL molecules facilitate the communication between the WO3 NPs, hence improves 

current signal and the overall conductivity of the whole assembly. Upon turning off the H2S 

flow, the density of free electrons is reduced and hence decreasing the conductivity of the 

sensing element causing a reversible sensing behavior [48]. The proposed optimally fabricated 

WO3-PVA-IL fibrous sensor membrane, therefore, provides a novel formulation with an 

improved current pathway for H2S gas detection utilizing, as compared with H2S gas sensors that 

are commercially available or recently described in the literature. 
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4. Conclusion  

This work demonstrates that high performance sensors can be fabricated using a hybrid 

organic-inorganic electrospun nanofibrous membranes for the detection of H2S gas with the low 

ppb range. The sensing element of the H2S sensor was produced by embedding WO3 NPs in a 

nanofibrous PVA polymeric membrane together with glycerol as an ionic liquid. The effects of 

varying the spinning time, WO3 NPs content and operating temperature on the sensing efficiency 

were investigated. Results revealed that the gas sensor fabricated with novel formulation 

exhibited exceptional H2S sensing performance by detecting 1 ppm within 14.13 ± 2.29 s at 

room temperature. An optimally selected formulation of a PVA nanofibrous sensor membrane 

containing 7.5 wt% WO3 NPs, 5 vol% IL and electropsun for 9 hours was shown to have the 

highest detection performance at low temperature (20oC), unlike WO3 NPs-based sensors that 

are described in the literature. With this novel formulation, we were able to detect 100 ppb of 

H2S gas with a response time of 16.37 ± 1.42 s at 40°C. Moreover, the fabricated sensor 

assembly exhibited excellent reliability, long term stability and low power consumption, which 

are characteristics required by next generation gas sensing devices. As such, it offers an excellent 

potential to develop high performance H2S sensing applications.  
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7. Figures and tables captions: 

     

Fig.  1 H2S gas testing system. 

Fig.  2 XRD patterns (A) and SEM micrograph (B) of the as-received WO3 NPs. 

Fig.  3 SEM images of A) PVA-5vol%IL-5wt%WO3-5H B) PVA-5vol%IL-5wt%WO3-7H C) 
PVA-5vol%IL-5wt%WO3-9H D) Porosity  and thickness variation with spinning time 

Fig.  4 SEM images of A) Pristine PVA nanofibers B) PVA-5vol%IL-5wt%WO3-9H C) PVA-
5vol%IL-7.5wt%WO3-9H D) PVA-5vol%IL-10wt%WO3-9H E) Porosity and fiber variation 
with WO3 content F) EDX of PVA-5vol%IL-7.5wt%WO3-9H. 

Fig.  5 Thermograms of the as-received PVA pellets and the electrospun PVA NFs. 

Fig.  6 A) I-V characteristic curve of (PVA-5vol%IL-7.5wt%WO3-9H) sensor as a function of 
temperature B) The dependence of the natural logarithm of the resistance on inverse temperature 
for the PVA-5vol%IL-7.5wt%WO3-9H. 

Fig.  7 Reproducibility and Representative measuring curve of PVA-5vol%IL-7.5wt%WO3-9H 
sensor for A) 1 ppm at 20°C B) 100 ppb at 40°C. 

Fig.  8 PVA-5vol%IL-5wt%WO3-5-9H sensor response at (A) 40°C (B) 60°C for different 
spinning time.  

Fig.  9 PVA-5vol%IL-5-10wt%WO3-9H sensor response at (A)20°C (B)40°C and (C)60°C (D) 
Variation of response time of PVA-5vol%IL-7.5wt%WO3-9H with temperature. 

Fig.  10 A:  Long term stability of PVA-5vol%IL-7.5wt%WO3-9H sensor B) Humidity effect on 
PVA-5vol%IL-7.5wt%WO3-9H sensor C) Selectivity of PVA-5vol%IL-7.5wt%WO3-9H sensor 
D) detection limit of PVA-5vol%IL-7.5wt%WO3-9H sensor at 40°C. 

Table 1 Comparison between the performance of our sensor and other recently developed H2S 
gas sensors. 

 

 

 

 

 

 

 

 



Table 1

Material Structure Detection 
limit

Response 
Value (%)

Operation 
temperature (OC)

Reference

PVA-IL-WO3 Nanofibers
100 ppb

12.54 for 1 ppm
40 Present work 

PVA-IL-WO3 1 ppm 20 Present work 

PVA-WO3 Thin film 15 ppm - 20 [48]

Reduced graphene 
oxide/hexagonal

WO3

Nano sheets 10 ppb 168.5 for 40 ppm 330 [40]

Pd-NPs/Pd-embedded
WO3

NFs 1 ppm

1.36 for 1 ppm

350
[30]

Pristine WO3 NFs 11.1 for 1 ppm

Polythiophene-WO3 Nano sheet 2 ppm 3 for 10 ppm 70 [63]

WO3 hemitube
functionalized with 

graphene-based 
material

Hemitubes 100 bbp - 200-300 [64]
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Research Highlights 
 
 

1. Organic-Inorganic nanofibers based gas sensors were successfully prepared by 

electrospinning for the first time. 

 

2. The prepared organic-inorganic gas sensor could detect 100 ppb of H2S gas at a very 

low temperature (40oC). 

 

3. The fabricated sensor is very selective with fast response time of 16.37 s. 

 

4. The sensor is having long-term stability and low power consumption. 
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