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Template based Sintering of WO3 Nanoparticles into Porous 

Tungsten Oxide Nanofibers for Acetone Sensing Applications 

Muhammad Imran,a Syed Sulthan Alaudeen Abdul Haroon Rashid,b Ylias Sabri,b Nunzio Motta,a 
Tuquabo Tesfamichael,a Prashant Sonar,a and Mahnaz Shafiei *a,c

Porous WO3 nanofibers have been synthesized by electrospining polyvinylpyrrolidone (PVP) nanofibers embedded with 

semiconducting WO3 nanoparticles followed by annealing in air. The PVP serves as a template in sintering of WO3 

nanoparticles into nanofibrous morphology. Scanning electron microscopy (SEM) and transmission electron microscopy 

(TEM) characterizations have revealed highly porous structure of WO3 nanofibers with diameter in the range of 800 – 1200 

nm. Fourier transform infrared spectroscopy (FTIR) confirms complete removal of polymer from the porous WO3 NFs after 

annealing. Amperometric based sensing performance of porous WO3 nanofibers is evaluated toward low concentrations 

(1.8- 12.5 ppm) of acetone and further improved via light excitation (365 nm UV) and applied bias voltage (3V – 7V). The 

applied bias voltage has shown a significant effect on sensor characteristics with a remarkably enhanced response at higher 

bias voltage. A maximum response (Igas – Iair) of 1.79 µA is obtained at 7 V bias voltage toward 12.5 ppm acetone at 350 ℃ 

under UV irradiation. The porous WO3 nanofibers are able to detect 700 ppb of acetone with 3 V bias voltage using photo-

activation with response/recovery time of 33 s/42 s and excellent repeatability. The experimental results confirm a potential 

usage of the developed sensor based on electrospun porous WO3 nanofibers for acetone sensing applications. 

Introduction

Semiconducting metal oxides (MOx) applications encompass 

numerous fields of science and technology such as solar cells,1-

3 photocatalysts4, 5 and sensors for environmental and 

biomedical monitoring.6-14 Among these applications, MOx 

utilization as gas sensing materials are escalating at rapid pace 

due to increased social concerns about environment pollution, 

security and healthcare.15, 16 Therefore, low-cost gas sensors 

with exceptional sensitivity, selectivity, stability, repeatability 

and low response/recovery time are highly desirable for their 

practical implementation into the society.17 These sensing 

parameters can be improved by reducing the size of sensing 

materials which enhance the reaction sites and specific surface 

area compared with thick or thin film technology. For this 

purpose, several types of nanomaterials including 0D,18-20 1D,6, 

17, 21-35 quasi 1D,29, 36, 37 and 2D38 have been successfully 

synthesized and applied for gas sensing applications. Among 

these nanomaterials, 1D nanomaterials have been widely 

applied for gas sensing owing to their unique properties 

including large surface to volume ratio, better charge transport 

properties, high specific surface area, more surface active sites 

as well as the effect of crystal facets with high surface 

reactivity.39, 40 Nanofibers (NFs) - 1D nanomaterials - are 

produced by many different approaches. For example, a 

molten-salt method, wet (or liquid) chemistry, nano-carving, 

self-catalyst growth, template-assisted or sacrificial template 

synthesis, chemical vapour deposition, thermal evaporation, 

spray pyrolysis and electrospinning.9, 41, 42 Among these 

techniques, electrospinning is one of the most versatile and 

robust techniques for synthesis of functional nanofibers with 

unique structure and diverse properties.43-47 The intrinsic 

sensing response of the semiconducting MOx nanofibers are 

improved by optimizing microstructure, chemical and phase 

composition, shape, surface morphology, porosity (pore size 

and pore density), and interconnectivity of the individual 

fibers.48, 49 Microstructure, surface morphology and porosity are 

mainly dependent on calcination parameters after the 

electrospinning.
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Among different semiconducting MOx, WO3 particularly has 

gained much attention of researchers in the field of gas sensing 

because of its wide band gap (2.6 – 3.0 eV) properties.13, 14, 50-52 

Intrinsic gas sensing characteristics of WO3 have been improved 

by doping with different noble metals,17 catalytic materials,34, 52, 

53 MOx30, 33, 54 and have also been combined with various 

semiconducting MOxs29 and graphene oxide (GO)55, 56 to make 

composite materials. Response of WO3 NFs based sensors 

toward a specific analyte gas mainly depends on grain size, 

specific surface area and reaction sites of the nanofibers. A 

higher response is expected from a material having smaller 

grains, nano-crystalline structure, high porosity and larger 

surface area.49, 57 

Conductometric devices based on WO3 NFs have already 

been developed and applied for acetone sensing applications. 

For example, Wei et al.6 have developed porous WO3 NFs using 

sol-gel method followed by annealing in air having a maximum 

response of 55.6 to 50 ppm acetone at 270 ℃ with a detection 

limit of 0.1 ppm. Several strategies have been developed to 

improve sensing performance,  including functionalizing with 

different catalytic metals: Pt,53, 58 Pd34, 59 and Au nanoparticles 

(NPs).17 Kim et al.60-63 have reported MOx NFs (e.g. WO3 and 

ZnO) functionalized with protein (apoferritin) encapsulated 

transition metal NPs exhibiting superior sensitivity, selectivity 

and fast response in a high humidity environment (95% relative 

humidity (RH)). Protein (apoferritin) encapsulation results in 

uniform dispersity of the catalytic NPs due to positively charged 

surface of apoferritin. WO3 NFs functionalized by RuO2
60 and 

Rh2O3
33 NPs have also shown improved response toward 

acetone at 350 °C. Recently, Choi et al.64 have developed plasma 

treated WO3 bumpy hemi-tube structures on GO sheets for 

acetone sensing. The GO-WO3 hemi-tube structure shows a 

response of 3.25 toward 5 ppm acetone at 300 ℃ with a 

response/recovery time of ∼15 s/∼33 s in highly humid 

environment (85 – 95%RH) with a detection limit of 100 ppb. 

Khan et al.14 have also reported that two dimensional WO3 

nanosheets are also promising materials for gas sensing. They 

have measured a high response factor of ∼30 to ultralow 40 ppb 

NO2 at a relatively low operating temperature of 150 °C. The 

high sensitivity has been attributed to the quasi physisorptive 

interactions between the polar NO2 gas molecule and the near-

stoichiometric tungsten oxide nanosheets, in which the 

physisorption charge transfer mechanism allows the operating 

temperature to be lower than the conventional chemisorptive 

MOx based gas sensors.14, 65 Kadir et al.13 have developed 

nanoporous WO3 films with high sensitivity toward hydrogen 

and ethanol operating at temperature of 200 °C due to large 

surface-to-volume ratio and porosity of the film.   

MOx requires some activation energy to activate surface 

chemical reactions for gas sensing that can be provided by 

applying heat. However, heating at elevated temperatures 

deteriorate the nanostructure of sensing material by grain 

growth. Another approach is photo-activation (UV irradiation) 

which results in enhanced sensing response with no or minimal 

material deterioration.66 Photo-excitation has already resulted 

in remarkable response at lower temperatures (<100 ℃) for 

thin film and nanostructured gas sensors. For example, SnO2 

thin film has shown a response of 51% in UV irradiation for 3 

ppm of NO2 at 100 ℃ and 30% RH with a response/recovery 

time of 10 min/20 min,67, 68 In2O3 thin film has shown a response 

of 0.32 and 28 for 100 ppm of CO and 3 ppm of NO2 at room 

temperature in UV irradiation, respectively,69 ZnO thin film has 

shown a response in the range of (52.6–49.7%) for 50 ppm of 

H2O2 with response/recovery time of 115 s/130 s,70 and TiO2 

shown a response of 80% to 250 ppm of NO2 with a response 

recovery time of 100 s/210 s at room temperature.71 Chen et al 
72 has also reported that under solar light irradiation, NiO–ZnO 

nanoheterojunction networks show a strong and selective 

response to acetone and ethanol (≈10 ppb) at room 

temperature. A response of 0.77 (IETOH/Iair-1) toward 10 ppb 

Ethanol has been recorded. However, the photo-excitation of 

electrospun nanofibers has scarcely been reported. Au-doped 

ZnO NFs have exhibited a response increased from 0.12 to 0.31 

with the help of UV irradiation to 5 ppm ethanol at room 

temperature.73 

In this work, for the first time to the best of our knowledge 

we present a simple and facile method to synthesize porous 

WO3 NFs by electrospinning polyvinylpyrrolidone (PVP) solution 

containing WO3 NPs followed by annealing as well as their 

applications for UV assisted acetone sensing. The PVP NFs 

embedded with WO3 NPs (PVP/WO3 composite NFs) have been 

annealed with slow ramp rate using two steps annealing in air. 

The PVP serves as a template in sintering process of WO3 

nanoparticles in nanofibrous morphology. The slow ramp rate 

along with a 15 minutes stay time at 300 ℃ have found to be 

the most critical steps in obtaining nanofibrous morphology. 

The porous WO3 NFs are characterized using SEM, TEM, XRD, 

FTIR and XPS. Amperometric response (reaction current with 

analyte) of the porous WO3 NFs has been investigated for 

different concentrations (1.8 – 12.5 ppm) of acetone against 

several applied bias voltages (3 – 7 V). Influence of different bias 

voltage on sensing response is also evaluated that could be an 

additional parameter for distinguishing the individual sensor 

response when multiple sensors module is used. Furthermore, 

the effect of photo-excitation on sensing performance and 

mechanism are also evaluated.

Experimental

Sample Preparation. All the chemicals in analytical grade were 

purchased from Sigma–Aldrich and used without any further 

purification. 30% w/v of WO3 NPs (average size of 90 – 120 nm) 

were dispersed in ethanol for 60 min using ultrasonic stirring. 

Then, 20% w/v of PVP (Mw 1300,000) powder was added into 

that WO3 dispersion and stirred magnetically at 1000 rpm for 4 

hours at room temperature. The prepared electrospinning 

dispersion was loaded into 1 ml plastic syringe with 21 G blunt 

faced stainless-steel needle. A laboratory designed 

electrospinning setup equipped with high voltage power supply 

(SRS-PS375, +20KV) was used for synthesizing PVP/WO3 

composite NFs at room temperature. The feed rate was 

controlled by a syringe pump (NE-1000 New Era Pump Systems, 

Inc.). The PVP/WO3 composite NFs were directly electrospun 
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onto silicon substrates or aluminium foil for material 

characterizations. 

Material Characterization. Microstructure and surface 

morphology of the PVP/WO3 composite NFs as well as the 

porous WO3 NFs were observed by field emission-scanning 

electron microscope (FE-SEM Ziess Sigma) equipped with 

energy dispersive X-ray (EDX) spectroscopy and high-resolution 

transmission electron microscope (HRTEM, Joel-2100F). The 

mean fiber diameter and fiber distribution were determined by 

measurements performed on 50 nanofibers using ImageJ® 

software.74 The crystal structure of porous WO3 NFs was 

measured by X-ray diffraction (XRD, Rigaku D/Max-2550 PC) 

with a Cu Ka (l ¼ 1.5406 Å) in the 2θ range of 0º – 60º. Diffraction 

peaks of the crystalline phase were compared with the standard 

compounds reported in the PDF4+ Data Files. The functional 

groups were identified by FTIR analysis of PVP/WO3 NFs. The 

elemental composition and chemical bonding states of the 

porous WO3 NFs were analyzed by Kratos AXIS Supra 

photoelectron spectrometer. All the spectra were charge-

calibrated with C 1s peak at 286.4 eV.

Gas sensor fabrication and measurements. The sensors were 

developed by electrospinning PVP/WO3 composite NFs directly 

on interdigitated electrodes (IDEs) followed by annealing in 

horizontal tube furnace in air at flow rate of 125 sccm (mL/min) 

to obtain porous WO3 NFs. The IDEs were prepared from gold 

electrodes on alumina substrate consisting of four fingers with 

an interspacing of 200 µm and finger width of 300 µm. The 

schematic diagram of the specific electrospinning process, 

developed sensors and SEM images of PVP/WO3 composite NFs 

and porous WO3 NFs are shown in Fig. 1. 

A multi-channel gas flow system is used for sensing 

measurements of porous WO3 NFs. A G-sized cylinder 

containing 25 ppm of acetone balanced in air is used. Gas 

testing chamber was designed and built with Teflon containing 

a quartz window to allow UV irradiation on porous WO3 NFs 

during sensing experiments. The acetone and dry air are flushed 

through the gas testing chamber during exposure and recovery 

time, respectively for 5 minutes with a constant flow rate of 200 

sccm at a constant operating temperature.A 365 nm UV LED 

source (intensity 2.024 mW/cm-2) with a 60 W/m2 output power 

(Edmon Optics) was placed at a distance of ~1.5 cm from sensor 

for light assisted acetone sensing. The irradiation intensity was 

controlled by monitoring the bias current supplied to the UV-

LED at a fixed distance between the UV source and sensor. 

PM16-140 power meter from THORLAB was used to calibrate 

UV LED in a dark chamber. The operating temperature was 

controlled using a voltage control ceramic heater (2 cm × 2 cm). 

The heater was able to generate a temperature ranging from 45 

°C to 350 °C against a potential variation of 1.0 V to 24.0. 

Though, the temperature varied few degrees higher than the 

designed temperature value during the external bias voltage 

experiments, but the exact operating temperature at the sensor 

surface was identified using a K-type thermocouple. The sensor 

was stabilized in dry air at operating temperature for two hours 

prior to acetone sensing experiments. The amperometric 

response of the sensor was measured by applying different bias 

voltages (3 V, 5 V, and 7 V) and measuring the resulting current 

(µA) through the sensor in air (Ia) and in gas (Ig) environment 

using Kithley 2400 source meter. The time required to reach 

90% of the response signal of the equilibrium value of 

adsorption/desorption phase of a sensing event is defined as 

response time (Tres) and recovery time (Trec), respectively. 

Sensing repeatability is calculated as:75 

Repeatability (%) = 100% - CoV (1)

where CoV is coefficient of variance.

Fig. 1 Schematic illustration of porous WO3 NFs based sensor fabrication process and 

SEM images of the developed NFs.

Results and discussion 

Structural and morphological characterization. High surface to 

volume ratio of porous WO3 NFs is required for higher gas 

sensitivity that is achieved by controlling their mean fiber 

diameter. To obtain high surface to volume ratio, 

electrospinning parameters were optimized using different 

range of voltage (7 – 15 KV), feed rate (0.1 – 0.6 ml/hr), and tip 

to collector distance (10 – 20 cm). Effect of electrospinning 

parameters on mean fiber diameter of PVP/WO3 composite NFs 

is presented in Table S1, Supplementary Information (SI). Fig. S1 

(SI) shows fiber diameter distribution of PVP/WO3 samples 

selected from Table S1. The mean fiber diameter decreases 

from ~1800 nm to ~1000 nm with an increase in electrospinning 

voltage from 9 KV to 15 KV (Fig. S1(a, a’), SI) whereas, the mean 

fiber diameter reduces from ~1600 nm to ~1400 nm with an 

increase in tip to collector distance from 12 cm to 16 cm for 

voltage of 10 KV and a feed rate of 1.2 ml/hr. The fiber 

distribution also shifts toward lower fiber diameter with 

increasing tip to collector distance (Fig. S1(b, b’), SI). On the 

other hand, feed rate also has significant effect on the mean 

fiber diameter ((Fig. S1(c, c’), SI), however it is found most 

crucial electrospinning parameter for the bead reduction. The 

bead formation is effectively suppressed by adjusting the feed 

rate to make a stable Taylor cone against an applied 

electrospinning voltage. In general, the distance between 

needle tip and collector is found to be the most significant 

parameter affecting the mean fiber diameter, whereas the feed 
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rate and applied voltage have significant effect on the bead 

formation. 

SEM image and fiber diameter size distribution of PVP/WO3 

composite NFs at optimum electrospinning parameters (least 

number of beads) are shown in the Fig. S2(a, b), SI. Most of the 

nanofibers are in the range of 800 – 1200 nm. EDX analysis 

(Fig. S3, SI) confirms the elemental composition of the PVP/WO3 

NFs deposited on Si wafer. W peaks verifies the presence of 

WO3 nanoparticles embedded in PVP nanofiber. The presence 

of WO3 NPs in the PVP/WO3 composite NFs has been evaluated 

by FTIR (Fig. S4, SI). The spectra obtained from the nanofibers 

represents several strong band structures in the region of 1150 

– 1750 cm−1 and a broad feature in the range of 500 – 1000 cm−1. 

The characteristic bands suggest the presence of WO3 

nanoparticles within PVP in composite nanofiber. The υ(O-W-O) 
= 732 cm-1, 793 cm-1, 815 cm-1, and 841 cm-1, whereas υ(W-O-
W) = 647 cm-1, and 574 cm-1. The characteristic bands in the 

range of 1002 – 1215 cm-1 represents the υ(C-N) mode. The 

δ(C=O) = 1228 – 1316 cm-1, and δ(CH3 or CH2 ) = 1373 – 1493 cm-

1. The υ(C=O) = 1652 cm-1. The υ(O – H) = 3289 cm-1 whereas υ(C 

– H) = 2950 cm-1. The υ and δ are symbolized for stretching and 

bending mode of the polyatomic molecules.24, 35 FTIR spectra of 

porous WO3 NFs after annealing only showed υ(O-W-O) and 

υ(W-O-W) modes which shows the complete removal of 

polymer from the porous WO3 NFs. 

To obtain porous WO3 NFs, annealing parameters were 

optimized in a two-step annealing process (Fig. S5, SI). The stay 

time at 300 ºC and 500 ºC was 15 min and 90 min, respectively. 

The ramp rate had a significant effect on morphology of the 

annealed WO3 NFs. Fig. S5 (SI) shows the SEM images of 

annealed PVP/WO3 NF samples at various annealing 

parameters given in Table S2. The nanofibrous morphology was 

only obtained at a ramp rate of 2 ℃/min. A slow ramp rate 

helped in bringing WO3 nanoparticles closer and sinter them 

together. There is not much reduction in fiber diameter as 

usually observed in nanofibers prepared from sol-gel method 

because the fibers are formed by the arranged sintering of 

nanoparticles already present in the polymer fiber. SEM images 

after annealing and fiber diameter distribution of developed 

WO3 NFs are shown in Fig. S2(c, d), SI. WO3 nanofiber diameter 

remains in the range of 900 – 1200 nm after annealing. The 

beads in the size of (2 – 3 µm) are seen in the WO3 NFs. These 

beads are the clumps of WO3 nanoparticles that could not be 

breakdown into individual particles by ultrasonic stirring in 

electrospinning solution preparation process. These 

agglomerations are not broken down even with a long 

ultrasonic stirring time (60 min). The SEM images of the WO3 

NFs show the rough and porous surface morphology of the 

fibers composed of WO3 NFs sintered together. The micropores 

are also visible between individual WO3 NFs resulting in easy 

diffusion of the target gas through the nanofibrous sensing 

layer. 

Crystal structure of the porous WO3 NFs studied by XRD is 

shown in Fig. 2a. The XRD pattern matches well with the triclinic 

WO3 (PDF4 card number 00-032-1395) with lattice parameters 

a = 7.305Å, b = 7.534Å, c = 7.693Å, α = 89.848°, β = 90.587°, and 

γ = 89.849°. The high intensity peaks at 2θ = 23.09, 23.56, and 

24.35 corresponds to the index planes (0 0 2), (0 2 0) and (2 0 0) 

of triclinic WO3. The polycrystalline structure of the WO3 

nanofibers is indexed at corresponding peaks by crystal planes 

(0 2 -1), (1 -2 -1), (0 2 2), (2 0 2), (1 2 2), (2 2 2), (3 0 2), (2 -3 -1), 

(3 1 -2), (1 1 4), (0 0 4), (0 4 0), (4 0 0), (2 0 -4), (0 2 -4), (0 4 -2), 

and (2 -1 4). TEM images of the porous WO3 nanofibers (Fig. 3) 

reveal that these nanofibers are composed of WO3 

nanoparticles sintered together. The high resolution TEM also 

verifies the crystallographic structure of WO3 NFs. These WO3 

NFs have porous and highly crystalline structure with a triclinic 

structure with an interplanar distance of 0.164 Å, 0.385 Å, 0.262 

Å, 0.269 Å, and 0.205 Å which corresponds to (2 -1 4), (0 0 2), (2 

0 2), (0 2 2), and (3 0 2) crystal planes, respectively.

Fig. 2 (a) XRD analysis of porous WO3 NFs. XPS analysis of porous WO3 NFs electrospun 

on Al foil: (b) survey spectra; and (c − d) high resolution elemental spectra. 

Fig. 3 TEM and HRTEM images of porous WO3 NFs.

To confirm the chemical composition and bonding state of 

the porous WO3 NFs, XPS analysis have been performed. A 

survey XPS spectrum confirms the existence of three 

components i.e. W, O, C and Al. Al appears because of the 
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substrate (Al foil) as shown in Fig. 2b. The high resolution XPS 

spectrum of WO3 NFs near W4f peaks exhibits two distinctive 

peaks (spin orbit components) at the binding energies of 35.99 

eV for 4f 7/2 and 38.11 eV for 4f 5/2, which correspond to the 

typical binding energies of W6+ oxidation states in WO3 (Fig. 2c). 

The splitting of the 4f doublets is 2.12 eV that indicates the 

valence state of W is +6. Three different types of oxygen states 

are found on the surface. The characteristic peaks of O 1s has 

been convoluted into three components by using Gaussian 

fitting. The peak at binding energies of 530.95 eV is attributed 

as lattice oxygen O2-. The second and third peaks at binding 

energy at 532.02 eV and 533.01 eV are attributed as oxygen 

deficient peak O- and chemically absorbed oxygen  at the O
―
2

surface of WO3 NFs (Fig. 2d). The high-resolution spectrum of C 

1s has a main peak near 284.8 eV. The C 1s peak is deconvoluted 

into three components, the first peak at 284.8 eV is corresponds 

to C – C bond. The second peak at 286.58 eV corresponds to C – 

O groups, whereas the third peak at 288.99 eV is attributed as 

C = O peak (Fig. S7a, SI). The high-resolution aluminum spectra 

show two components of aluminum peak, first at 74.74 eV that 

corresponds to elemental aluminum and second at 75.14 eV 

corresponds to oxidized Al foil due to annealing process (Fig. 

S7b, SI). 

Gas sensing performance and mechanism. The developed 

porous WO3 NFs have been used as sensing materials in an 

amperometric acetone sensor. The effect of photo-activation 

(UV intensity of 2024 µW.cm-2) on sensing performance of 

porous WO3 NFs are evaluated toward various concentrations 

of acetone at several applied bias voltages. Sensing experiments 

have been performed at optimal operating temperature of 350 ℃ with further photo-activation by UV light. Table S3 (SI) shows 

the overall sensing behavior of porous WO3 NFs biased at 3 V at 

different operating temperatures up to 350 °C. Dynamic 

responses of the sensor biased at 7 V toward acetone at 250 ℃ 

and 350 ℃ are shown in Fig. S8 (a, b) (SI), respectively. UV-LED 

with an emission peak centered at 365 nm is used for the photo-

activation. Time dependent amperometric response of the 

sensor with and without UV irradiation at 350 ℃ is presented in 

Fig. 4(a, b). The sensor shows an n-type sensing behavior with 

higher response under UV irradiation. A maximum response of 

1.79 µA is observed under UV irradiation compared with 1.70 

µA in dark toward 12.5 ppm acetone at bias voltage of 7 V. As 

shown in Fig. 4c, at higher concentrations of acetone and lower 

bias voltage (3 V), the photo-activated response is lower than 

without photo-activation because of recombination of the 

photo-generated electrons and holes. Whereas at higher bias 

voltage photo-generated electrons might have higher electric 

force pulling more electrons through the circuit. The photo-

current rises when the acetone (as a reducing gas) is injected in 

the sensing chamber and attain saturated level after ~24 sec at 

3 V bias voltage and then returns to the original baseline current 

when the air is purged through the chamber. A higher 

magnitude of photo-current is obtained by increasing the 

applied voltage with a maximum photo-current at 7 V with 

longer response time of ~33 s. The sensor is exposed to acetone 

for 5 minutes followed by 5 minute purging of dry air. The 

developed sensor shows a recovery time of 36 sec for 3 V bias 

voltage under photo-activation that increases to 38 sec and 42 

sec for 5 V and 7 V, respectively. Photo-activation helps exciting 

valance electrons to conduction band, thus enhancing the 

charge carrier density; therefore, increases the concentration of 

chemisorbed oxygen species (O2
-, O-, O2) resulting in higher 

reaction rate with analyte gas and higher reaction current. On 

the other hand, it also energizes adsorbing and desorbing 

molecules on the WO3 NFs surface, resulting fast adsorption 

and desorption kinetics.76 Response time (Tres) and recovery 

time (Trec) toward 12.5 ppm of acetone at 350 ℃ under dark and 

UV conditions are summarized in Table 1. The higher applied 

voltages (5 V and 7 V) further help analyte reaction current to 

draw through circuit representing even higher magnitude of 

response with increasing bias voltage. 

A sensing mechanism is proposed and illustrated in Fig. 5. 

The change in reaction-current is a result of 

adsorption/desorption of the analyte gas and its interaction 

with the chemisorbed oxygen on the surface of the porous WO3 

NFs. Chemisorbed oxygen species play a vital role in gas sensing 

as an electron acceptor. It is found that oxygen in molecular (O2
-

) and atomic (O-) forms chemisorbed on metal oxide surface at 

operating temperature ranging between 100 °C and 500 °C.77 

These chemisorbed oxygen species results in band banding as 

shown in Fig. 5. Therefore at 350 °C, adsorbed oxygen molecules 

on the surface of WO3 NFs take electrons from conduction band 

and converts into O- leaving behind a potential barrier (electron 

depletion region) at grain boundaries of WO3. Upon exposure 

to a reducing gas such as acetone, the chemisorbed oxygen ions 

react with the gas to release the bound electrons to the 

conduction band, which reduce the resistance (or increase 

conductivity) of the sensing material by reducing the potential 

barrier at the grain boundaries (Fig. 6).78 Consequently, the 

reaction current increases as the sensor is exposed to acetone 

and decreases when air is flushed through the system and 

reaches an equilibrium level. 

The reaction of acetone with chemisorbed oxygen can be 

explained as:

O2 (gas) ↔ O2 (ads) + e− ↔ 2O−
(ads) (2)

CH3COCH3 + 8O− → 3CO2 + 3H2O + 18e− (3)

Grain size has also a considerable influence on gas sensing 

performance. The developed WO3 NFs, a combination of 1D 

nanostructures with highly porous morphology provides large 

surface area and available reactive sites facilitating easy gas 

diffusion. The grain boundaries are the sensitive sites which 

influence the sensing properties. In this work, these grain 

boundaries can be easily controlled by the diameter of the 

nanoparticles used as well as the annealing temperatures. 

During photo-activation WO3 NFs absorb incoming photons that 

results in knocking out more electrons (and generating 

electron-hole pairs) from the valance band. These photo-

generated electrons interact with more oxygen molecules 

converting them in chemisorbed oxygen species increasing the 
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oxygen adsorption capacity of the sensor compared with dark 

environment. This phenomenon further increases the reaction 

current under UV irradiation. Acetone molecules interact with 

these chemisorbed species and desorb them from surface 

leaving electrons back to conduction band thus reducing the 

height of electron depletion region at grain boundaries resulting 

in higher reaction currents compared with dark environment. 

On the other hand, when the air is flushed through the system 

the oxygen again extracts the electrons from the conduction 

band, increasing the depletion region and reducing the analyte 

current as shown in Fig. 6. 

Repeatability is one of the critical performance parameters 

of gas sensors. Repeatability of the developed porous WO3 NFs 

based sensor is calculated to be ≥ 99 % using equation (1). 

Repeatability test of the porous WO3 NFs toward 12.5 ppm 

acetone in both dark and under light conditions at 350 °C is 

shown in Fig. 4(d, e). The sensor shows high repeatability with 

a minor reducing trend in response magnitude with increasing 

number of turns for 3 V and 7 V whereas, at 5 V it shows an 

increase in response magnitude (Fig. 4f). High repeatability 

might be attributed to the porous morphology of the developed 

porous WO3 NFs as it facilitates adsorption/desorption. The 

sensor has shown stable results over 7 days as shown in Fig. S9, 

SI.

Sub ppm level detection is one of the major requirements of 

gas sensors for biomedical and environmental applications. 

Detection limit (LD) of the porous WO3 nanofibers based sensor 

is calculated by determining the three standard deviation of 

their noise profiles and applying the method described by Kabir 

et al.79  The noise profiles of the sensor at 350 ℃ is recorded for 

a period of 1 hour while flushing the sensor chamber with dry 

air that were used later to calculate the LD. The acetone 

detection limit of the porous WO3 NFs has been summarized in 

Table 1. The developed sensor showed a lower detection limit 

of 70 ppb with photo-activation at lower bias voltage (3 V), 

whereas at higher bias voltages (5 V, and 7 V) sensor showed 

lower detection limit in dark environment. Selectivity of the 

developed porous WO3 NFs sensor was tested towards acetone 

at 350 ℃ and 7 V bias voltage in an interfering environment of 

CO2 and H2O. The sensor was exposed to 12 pulses of each 

interfering gases (20% relative humidity at 30 °C/27.595 g/m3 

(H2O) or 500 ppm of CO2), and mixed gases. The selectivity 

profile of porous WO3 sensor against CO2 as interfering gas is 

shown in Fig. 5. As can be seen the sensor showed a normalized 

response of 2% response towards CO2 and maximum response 

towards acetone. Normalized response magnitude is reduced to 

95% when the sensor was exposed to acetone and CO2 mixed 

environment. The normalized response magnitudes are shown 

in Fig. 5b. Cross-sensitivity of the porous WO3 sensor was also 

tested against humidity (Fig. S10, SI). Normalized response of 

the sensor reduced to 51.4% when exposed to humidity only, 

whereas normalized response increased to 285% when sensor 

exposed to mixed acetone and humidity environment. This in 

an indication that acetone reaction with the developed material 

is favourable in humid environment. This behaviour of sensor 

needs to be studied in-depth and will be done in future 

research. 

 Table 2 presents a literature review on the developed 

acetone sensors by electrospinning different type of materials 

with various morphologies (e.g. NFs; NTs; HNFs; NRs; NB). These 

sensors are based on conductometric sensing platform and a 

low detection limit of 20 ppb has been reported. It is difficult to 

perform a direct comparison between the current work and the 

reports in the literature since sensing measurements were 

taken differently. However, the experimental results from 

porous WO3 NFs are promising for acetone sensing with low 

detection limit of 1.8 ppm with relatively low 

response/recovery time. 

Fig. 4 Dynamic response of porous WO3 NFs toward acetone with different 

concentrations and various bias voltages at 350 °C in (a) dark; (b) UV; and (c) response 

magnitude as a function of acetone concentration. Repeatability test of porous WO3 NFs 

toward 12.5 ppm acetone at 350 ℃ in (d) dark and (e) UV; and (f) response magnitude.  

Table 1. Response, and recovery time and detection limit of porous WO3 NFs toward 12.5 

ppm acetone at 350 ℃ for various bias voltages.

Tres (sec) Trec (sec) LD (ppm)

Bias 

voltage

dark light dark light dark light

3 V 24 24 51 36 0.1 0.07

5 V 36 33 53 38 0.06 0.65

7 V 42 33 54 42 0.02 0.7

Fig. 5 (a) Selectivity profile and (b) normalized response magnitude of the porous WO3 
NFs in CO2 as interfering gas in dark toward 12.5 ppm acetone at 350 ℃.
Table 2. Acetone sensing properties of different type of electrospun nanomaterials.

Mater
ial

Morphol
ogy

Tempe
rature 
[°C]

Response
/acetone 
[ppm]

Dete
ction 
limit

Response/
Recovery 
time

Re

f

TiO
2

NRs 500 9.0/10
10 
ppm

11–14 s/4–
8 s

80

WO
3

NFs 270 55.6/50
0.1 
ppm

6-13 s/4-9 
s

6
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WO3 NTs 250 19.7/40
0.5 
ppm

5 s/22 s
28

SnO
2

NBs 260 6.7/5
5 
ppm

38 s /9 s
81

ZnO HNFs 220 7.1/1
1 
ppm

12–17 
s/11–23 s

82

ZnO NTs 500 12.3/2000
10 
ppm

5 s/10 s
83

In2O3 HNFs 300 151/5
20 
ppb

5 s/2 s
84

Sm-
doped 
α-
Fe2O3 

NTs 240 33/50
500 
ppb

6 s/11 s
85

Ce-
doped 
α-
Fe2O3

NTs 240 21.5/50
1 
ppm

3 s/8 s
86

Ca-
doped 
α-
Fe2O3

NTs 200 24.9/100
5 
ppm

1 s/3 s
87

Ce-
doped 
ZnO

NFs 230 71.2/500
10 
ppm

-
88

Ce-
doped 
ZnO

HNFs 260 75.04/100
5 
ppm

-
89

Mn-
doped 
ZnO

NFs 340 76.2/50
50 
ppm

17 s/4 s
90

Co-
doped 
ZnO

NFs 360 16/100
5 
ppm

6 s/4 s
91

La-
doped 
ZnO

NFs 340 64/200 - 16 s/8 s
92

La2O3-
doped 
WO3

NFs 350 12.7/100
0.8 
ppm

-
30

Cu-
doepd 
WO3

HNFs 300 6.43/20
0.25 
ppm

5 s/20 s
27

Pt-
doped 
WO3

Hemitub
e

350 4.11/2
120 
ppb

-
53

Eu-
doped 
In2O3

NTs 240 20/20
200 
ppb

3 s/90 s
93

TiO2-
SnO2

core–
shell 
heterost
ructure 
NFs

280 13.7/100 10 
ppm

2 s/60 s 94

SnO2–
ZnO

Heteroju
nctions 
NFs

300 84/100 5 
ppm

19 s/9 s 95

SnO2/
α-
Fe2O3

NTs 200 10.07/100 5 
ppm

4 s/12 s 96

SnO2/
α-
Fe2O3

hierarchi
cally 
Core-
shell 
HNFs

340 30.363/10
0

2 
ppm

5 s/13 s 97

a-
Fe2O3

/SnO2

Cage-like 
composi
te NFs

275 5.3/100 100 
ppm

1.5 s/2.5 s 98

ZnO–
In2O3

Composi
te NTs

280 43.2/60 0.12
5 
ppm

5 s/25 s 99

In2O3–
Fe2O3

Composi
te NTs

240 25/100 1 
ppm

3 s/7 s 100

In2O3–
WO3

Heteroju
nction 
NFs

275 12.9/50 0.4 
ppm

6 s/64 s 29

α-
Fe2O3

/SnO2

Heterost
ructure 
NTs

300 33.4/100 1 
ppm

4.9–5.9 
s/15.8–
22.5 s

101

WO3-
NiO

Heteroju
nction 
NFs

375 22.5/100 20 
ppm

6 s/11 s 57

ZnO NFs RT 0.3µA/20 -- -- 73

WO3 Porous 
NFs

350 1.79 
µA/12.5

1.8 
ppm

33 s/42 s Thi

s 

W

or

k

NFs (nanofibers); NTs (nanotubes); HNFs (hollow nanofibers); NRs 

(nanorods); NB (nanobelts).

Fig. 6 Acetone sensing mechanism of the developed porous WO3 NFs in dark and UV 

irradiation.

Conclusions

Highly porous WO3 NFs were successfully synthesized using a 

simple technique by dispersing directly WO3 nanoparticles 

(diameter of 90-120 nm) into a PVP solution followed by 

electrospinning and annealing. The annealing process were 

optimised using two steps to obtain crystalline and porous WO3 

nanofibers. SEM and TEM characterizations revealed highly 

porous and crystalline with a triclinic structure of WO3 

nanofibers that resulted in a highly responsive, and repeatable 

acetone sensor with a repeatability ≥ 99%. XRD analysis also 

confirmed pure triclinic WO3 structure. Photo-activated 
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amperometric response of the porous WO3 nanofibers were 

investigated toward acetone with various concentrations (1.8 

ppm – 12.5 ppm) at different bias voltages between 3 – 7 V. A 

maximum photo-activated response of 1.79 µA was obtained at 

7 V for 12.5 ppm acetone at optimal operating temperature of 

350 ℃. The developed sensor showed a sub-ppm detection limit 

(70 ppb) at lower bias voltage. Experimental results confirmed 

that the porous WO3 nanofibers are promising for gas sensing 

applications including non-invasive health monitoring.
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