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Abstract

:

In this work, the structural, optical, morphological, and sensing features of tungsten oxide (WO3) thin film deposited on a silicon substrate via hot-filament chemical vapor deposition (HFCVD) are described. The experimental characterization tools, such as X-ray diffraction (XRD), field emission scanning electron microscopy (FESEM), ultraviolet-visible (UV-Vis), and Fourier transform infra-red (FTIR) spectroscopies, etc., were used to determine the properties of WO3 NPys thin films. The grown WO3 thin film illustrated closely packed porous pyramidal nanostructures (NPys) of improved grain size properties. The diffraction analysis revealed (100) and (200) of WO3 phases, suggesting the classic monoclinic crystal WO3 structure. HFCVD grown WO3 NPys thin film was employed as electro-active electrode for detecting ethylenediamine in 10 mL of 0.1 M phosphate buffer solution (PBS) by varying the ethylenediamine concentrations from 10 μM to 200 μM at room temperature. With a detection of limit (LOD) of ~9.56 μM, and a quick reaction time (10 s), the constructed chemical sensor achieved a high sensitivity of ~161.33 μA μM−1 cm−2. The durability test displayed an excellent stability of electrochemical sensor by maintaining over 90% sensitivity after 4 weeks of operation. This work provides a strategy for a facile preparation of WO3 NPys thin film electrode for sensor applications.
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1. Introduction


Semiconductor metal oxides (MOs) show exceptional features of stability, tolerance, and chemical resistance [1,2,3,4]. Tungsten oxide (WO3) is highly conducting transition-metal oxide, which is widely used in electrochromic windows [5,6,7], infrared switching devices [8,9], writing-reading-erasing optical devices [10,11,12], gas/chemical sensors [13,14], solar cells [15], and charge storage material [16]. There are several deposition techniques to grow nanostructured WO3 thin films on substrate surface, including spray pyrolysis, sol-gel, chemical vapor deposition method, and physical vapor deposition method [17]. Chemical vapor deposition (CVD) is the proven cost-effective approach to produce nanostructured thin films [18]. The hot filament chemical vapor deposition (HFCVD) process uses heated coiled wire to breakdown the gas mixture’s precursor reactants and deposits a thin film on the substrate surface [18,19]. Thin films of different morphologies and thicknesses can be grown by controlling the parameters such as surrounding gases, deposition time, partial pressure and flow rate of the gases, filament temperature, and substrate temperature. Using a mixture of argon and oxygen gases, A. Jafari et al. created monoclinic WO3 nanowalls on silicon substrates at different temperatures [20,21]. S. Pal et al. [22] developed WO3 nanostructured thin films using hexacarbonyl or hexafluoride atmospheres. S. Ameen reported HFCVD deposited WO3 thin film with low substrate temperature for the detection of hydrogen (H2) gas at 100 ppm [18].



Ethylenediamine chemical is a colorless organic compound which is used for the production of several industrial chemicals. Ethylenediamine quickly combines with moisture in humid air to form a corrosive, poisonous, and irritating mist to which even brief exposure can result in major health consequences, causing irritation to the skin, eyes, lungs, and mucus membranes [23]. It is important to detect the ethylenediamine chemical at very low concentrations by the semiconductor modified chemical sensors. In the last few years, the advances in nanotechnology have resulted in a large increase in electrochemical sensors based on nanomaterials, especially metal oxides, for the detection of toxic chemicals [24]. Metal oxide nanomaterials derived electrochemical sensors are a promising candidate because of their high selectivity, quick response, wide linear dynamic range, low limit of detection, and high sensitivity, as well as their ease of manufacturing and low cost [25,26]. In this work, we report the growth of tungsten oxide (WO3) pyramidal nanostructures (NPys) on silicon substrates through HFCVD technique by using the mixture of oxygen and hydrogen. To the best of our knowledge, for the first time, HFCVD grown WO3 NPys thin film electrode is used to make an electrochemical sensor for a low-level detection of ethylenediamine chemical, exhibiting a high sensitivity of ~161.33 μA μm−1 cm−2 and a detection limit (LOD) of ~9.56 μM and a short response time (10 s).




2. Materials and Methods


The WO3 NPys thin film was grown in house made HFCVD (Figure 1), comprised of a stainless-steel chamber, gas mixer, vacuum pump, gas cylinder, and clean tungsten filament as a vapor and heating source. To improve the adhesion of the thin films, silicon substrates were cleaned by acetone under ultrasonic bath, followed by rinsing in alcohol and dried in air. During experiment, a distance of 1 cm was maintained between the substrates and tungsten (W) filament in a vacuum chamber. Hydrogen (H2) and oxygen (O2) gases were injected to the process chamber via shower head gas inlet situated at the top of the electrode. Required H2 is inserted as an inert gas with flow rate of ~6.0 sccm and thereafter, filament (W) was heated between the temperature ranges from 1300 °C–1400 °C, followed by the injection of O2 at flow rate of 10 sccm for the time duration of 20 min. During an experiment, tungsten (W) filament was oxidized and created WO3 layer at the filament surface which deposited on the silicon substrates under vacuum condition. Herein throughout the experiment, the substrate temperature was kept constant at 300 °C. To evaluate the sensing performances towards ethylenediamine chemical, two-electrodes electrochemical system was applied to measure the current–voltage (I–V) characteristics (Electrometer, Keithley, 6517A, USA), in which HFCVD grown WO3 NPys thin film as working electrode and Pt foil as a counter electrode. In 10 mL of 0.1 M phosphate buffer solution (PBS, pH = 7), the sensitivity was examined, and a wide range of ethylenediamine chemical concentrations from 10 μM to 200 μM was tested. The slope of the calibrated current against ethylenediamine chemical concentration plot was divided by the active area of the sensor/electrode to estimate the sensitivity of the constructed electrode (0.15 cm2), as displayed in Equation (1).


  S e n s i t i v i t y   =   S l o p e   o f   c a l i b r a t e d   c u r v e   A c t i v e   a r e a    



(1)







The current responses were analyzed by applying a voltage range from 0–2.0 V, whilst the response time of 10 s was estimated.



Materials Characterization


The grown WO3 thin film was morphologically examined by taking field emission scanning electron microscopic (FESEM, Hitachi S-4700, Phoenix, AZ, USA) images at low and high magnifications. The crystalline properties of grown WO3 thin film were investigated by measuring the X-ray diffraction (XRD, Rigaku, Cu-Kα, λ = 1.54178 Å, Tokyo, Japan) patterns. The structural and surface behavior of grown WO3 thin film were analyzed by Fourier transform infrared (FTIR, Nicolet, IR300, Shenzhen, China), Raman scattering (Raman micro-scope, Renishaw, Wotton-under-Edge, UK) and x-ray photoelectron spectroscopies (XPS, KRATOS AXIS-Nova, Manchester, UK). Energy dispersive spectroscopy (EDS) coupled with FESEM (Hitachi S-4700, Tokyo, Japan) system was utilized to check the elemental analysis of grown WO3 thin film. Optical behavior of grown WO3 thin film was detected by observing the ultraviolet-visible (UV–Vis, 2550 Shimadzu, Tokyo, Japan) spectroscopy. Brunauer–Emmett–Teller (BET, a Micromeritics Tristar 3000, Norcross, GA, USA) surface analyzer was used to investigate the surface properties of grown WO3 thin film.





3. Results


The morphology of HFCVD WO3 thin film for analyzing the growth is investigated by FESEM, and the presence of elements are detected by Energy Dispersive X-ray (EDAX). Figure 2a–c shows unique WO3 nano-pyramidal structures (NPys) on the surface of silicon substrate. The thin film growth appeared to begin with little grains, which then developed into pyramid-shaped grains as the deposition progresses. The surface FESEM images clearly display the evolution of the grains and the lateral sizes of the top of the grain are about ~20–25 nm. Importantly, HFCVD grown WO3 NPys thin film exhibits a good adhesion as qualitatively tested by scotch-tape method. The inset of Figure 2b reveals that the grown WO3 thin film possesses the average thickness of 12–15 μm. The EDX Figure 2d of WO3 NPys thin film clearly shows the atomic weight percentages (At. Wt.%) of ~74.40% and ~25.60%, respectively, for O and W elements. Herein, the traces of Pt are noticed, which might be due to the coating of Pt over substrate’s surface during the FESEM analysis.



The X-Ray diffraction (XRD) is used to study the structural properties of HFCVD grown WO3 NPys thin film. Figure 3 shows the XRD pattern, exhibiting the diffraction peaks and corresponding miller planes at ~23.40° (200), ~24.64° (120), ~26.94° (112), ~28.98° (022), ~33.53° (202), ~34.43° (122), ~41.78° (222), ~45.73° (004), ~48.67° (020), ~50.27° (114), ~53.81° (024), ~54.48° (204), ~56.05° (142), ~60.40° (320). The acquired XRD diffraction peaks match quite well to JCPDS card no. 83-0950 [18]. The optimal orientation (200) for the WO3 has a narrow full width at half maximum (FWHM), indicating strong crystallinity and big particle size which is also corroborated by FESEM micrographs.



The molecular architectures and chemical contaminants of produced thin films are studied by using FTIR spectroscopy. Figure 4a exhibits FTIR spectroscopy, depicting a broad transmittance edge near ~746 cm−1, which refers to O–W–O bending modes of vibrations. The occurrence of IR band at ~820 cm−1 corresponds to W–O stretching mode of hexagonal WO confirms the hexagonal structure [27]. The structural and molecular information of prepared WO3 thin film is again checked by Raman spectroscopy (Raman microscope, Renishaw, Wotton-under-Edge, UK), as shown in Figure 4b. The Raman bands at ~274.2 cm−1 and ~326.7 cm−1 are assigned to W-O-W bridging oxide vibrations and bending, respectively [28,29]. However, the Raman bands positioned at ~716.8 cm−1 and ~808.1 cm−1 correspond to O–W–O stretching modes in WO6 octahedral units of monoclinic WO3 [28,29]. The prepared WO3 thin film is totally crystalline in nature which is indicated by the features Raman bands in the ~710–818 cm−1 region [20]. Herein, strong peak at ~808 cm−1 indicates a high crystallinity of the sample [30].



To further check the quality of thin film, the absorption spectroscopy of WO3 NPys thin film in the 300–800 nm range has been investigated, as given in Figure 5a. Sharp absorption peak at ~345 nm is evident of WO3 [30]. The direct bandgap is estimated from the corresponding Tauc plot (Figure 5b), and a reasonable band gap of ~2.3 eV is estimated for grown WO3 NPy thin film which is in good line with literature value [31].



Surface and chemical nature of grown WO3 NPys thin film are determined by means of XPS. The survey profile is shown in Figure 6a, exhibiting the distinctive binding energies of W 4f and O 1s. To elaborate the XPS analysis, the high-resolution W 4f and O 1s XPS spectra have been observed to further study the fitting of W 4f and O 1s binding energies. Figure 6b displays the fitted W 4f XPS plot which poses doublet binding energies at ~35.8 and ~37.9 eV, corresponding to W 4f5/2 and W 4f7/2, respectively. Generally, WO3 materials present two binding energies in the range of ~36–38 eV, deducing the presence of W6+ in stoichiometric WO3 [20]. The prepared WO3 NPy thin film displays the doublet binding energies in the range of 36–38 eV, confirming the stoichiometric WO3 [32,33]. It is notable that the weak binding energy at ~40.9 eV represents the existence of small traces of Wo state over the WO3 thin film. In addition, Figure 6c describes the fitted O 1s XPS plot. It shows two binding energies, one of higher intensity at ~530.2 eV and the other lower intensity peak at ~532.3 eV. The higher intensity at ~530.2 eV is normally originated from the O2- of oxide, again supporting the formation of W-O bond in the prepared WO3 thin film [34,35]. Herein, the lower energy peak at ~532.3 eV is associated with −OH or H2O species over the surface of thin film [36], as this contamination happens due to interaction of atmospheric moisture or the crystal water. Moreover, the atomic composition of W and O elements extracted by XPS analysis is depicted in the inset of Figure 6c-there is no inset). It is seen that W:O ratio is estimated to be 0.39 which is very close to the calculated W:O ratio of molecular formula, suggesting the nice stoichiometry in the grown WO3 thin film along with slight excess of oxygen species. Thus, with the small number of oxygenated defects, the prepared WO3 thin film is in good stoichiometric amount of W and O having typical M-O bonds.



The porous surface of HFCVD prepared WO3 NPys thin film has been investigated by the Brunauer–Emmett–Teller (BET, a Micromeritics Tristar 3000) analysis and the surface analysis results are depicted in Figure 7. A classical IV sorption isotherm accompanied with H1-type hysteresis loop is observed in the N2 adsorption-desorption isotherms of HFCVD prepared WO3 NPys thin film, as depicted in Figure 7a. It clearly discloses that the capillary condensation associated with big pore channels in WO3 pyramidal structures. Figure 7b exhibits the pore size distributions plot of HFCVD prepared WO3 NPys thin film. HFCVD prepared WO3 thin film displays the distributions of pores in the range of ~10–30 nm, representing the mesopores of WO3 pyramidal thin film. By analyzing the BJH, a reasonably good surface area of 83.74 m2/g is accounted for HFCVD prepared WO3 thin film. Thus, HFCVD prepared WO3 thin film poses reasonable surface area with mesopores, which might tend to accelerate the sensing response towards amine chemical as film surface might have a large number of active sites.



The electrochemical response of HFCVD grown WO3 NPys thin film-based sensor is studied under various concentration of ethylenediamine to investigate the electrocatalytic activity. Cyclicvoltammetry (CV) measurements (Figure 8a), are performed to elucidate the electrochemical behavior of HFCVD prepared WO3 NPys thin film based sensor in 0.1 M PBS containing 10 μM of ethylenediamine chemical. The electrochemical activities are governed by the appearance of oxidation peak in CV plot. Upon the addition of ethylenediamine chemical in PBS, an oxidation potential is noticed at ~0.11 V, exhibiting the corresponding current of ~0.07 mA. This suggests a rapid response and a good electrocatalytic activity of HFCVD grown WO3 NPys thin film based sensor towards the detection of ethylenediamine chemical at its lowest concentration. Figure 8b shows the typical current-voltage (I-V) curve of HFCVD grown WO3 NPys thin film based sensor without and with (10 μM) ethylenediamine chemical in 0.1 M PBS (pH = 7.0). Herein, the addition of ethylenediamine into PBS electrolyte has drastically increased the current whereas, a low current response is observed in pristine PBS electrolyte. This prominent current enhancement indicates a quick sensing response of HFCVD grown WO3 NPys thin film sensor towards the detection of ethylenediamine chemical.



Figure 9a depicts the sensing measurements upon the integration of different ethylenediamine concentrations from 10 μM to 200 μM in 0.1 M PBS electrolyte. It has been seen that current increases linearly with an increase in analyte concentration, favoring the formation of a large number of ions and an increase in the solution’s ionic strength. As illustrated in Figure 9b, the calibration curve of current against concentration is displayed to examine the sensitivity of the fabricated chemical sensor. Herein, the current increases linearly, w.r.t the increase in concentration of ethylenediamine chemical and thereafter, the saturation arrives. The existence of saturation confirms the unavailability of active sites for the adsorption of ethylenediamine chemical over the surface of HFCVD grown WO3 NPys thin film sensor. High and consistent sensitivity of ~161.33 μA μm−1 cm−2 with a correlation coefficient (R) of ~0.98483, a detection limit (LOD) of ~9.56 μM, and a short response time (10 s) are observed by the fabricated ethylenediamine sensor which also demonstrates a strong linearity in 10 μM–200 μM range. The observed sensitivity in this case is better than those of reported chemical sensors, as summarized in Table 1.



To examine the stability, for four weeks, the I–V properties of an HFCVD produced WO3 NPys thin film sensor were evaluated twice a day, and no significant reduction in I–V properties towards the detection of ethylenediamine was seen, as shown in Figure 10a. It clearly confirms a good stability of HFCVD grown WO3 NPys thin film based sensor. The sensing mechanism of HFCVD grown WO3 NPys thin film based sensor is related to changes in electrode resistance and conductance when it is exposed to ethylenediamine, as shown in Figure 10b. Unique porous pyramids morphology of HFCVD grown WO3 NPys thin film shows a significant amount of surface area for molecular O2 adsorption from the air [37]. With n-type WO3 semiconducting behavior, the electrons in the conduction band adhere to surface chemisorbed O2 molecules and simultaneously transform into anionic containing the oxygenated species, as shown in below reactions. As a result of the loss of conduction band electrons, an electron depletion layer (EDL) with a sufficiently high resistance and low conductance forms [38,39].



O2 (gas) ↔ O2(ads)



O2(ads) + ē (CB of WO3) ↔ O2− (ads) → O−(ads)



8O− + C2H4(NH2)2 ↔ 4CO2 + 4H2O + 2N2 + 4ē



Thereafter, when the ethylenediamine comes into touch with these anionic oxygenated species, it undergoes oxidation. Herein, the liberated electrons return to the conduction band, resulting in lower EDL resistance and thickness, as well as higher oxidative (anodic) peak current [40]. Thus, the growth of unique porous pyramidal morphology on WO3 thin film with excellent electrocatalytic activity result in the reliable, emulative, and high sensitivity with superb linear dynamic range to ethylenediamine chemical.



[image: Table] 





Table 1. Sensing parameters of WO3 NPys electrode based sensors compared with reported chemical sensors.
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	Materials
	Chemical
	Sensitivity
	LOD
	Linear Dynamic
	Refs.





	Al − ZnO
	Phenyl-hydrazine
	1.143 μA·mM−1·cm−2
	1.215 μM
	10 μM–50 mM
	[41]



	CuO − ZnO
	NH4OH
	1.549 μA·mM−1·cm−2
	8.9 μM
	77 μM–7.7 M
	[42]



	Fe,Ni − ZnO
	Hexahydropyridine
	62.28 μA·μM−1·cm−2
	79 μM
	0.1 μM–1 mM
	[43]



	ZnO nanopencils
	Ammonia
	26.58 μA·cm−2·μM−1
	5 nM
	-
	[44]



	ZnO nanonails
	Hydrazine
	8.56 μA·cm−2·μM−1
	0.2 μM
	-
	[45]



	WO3 NPys
	Ethylenediamine
	161.33μA·μM−1·cm−2
	9.56 μM
	10–200 μM
	This work











4. Conclusions


WO3 thin films of highly dense pyramidal nanostructures are successfully synthesized at low temperature of ~300 °C by HFCVD process. Highly crystalline and large grain size WO3 NPys thin films are utilized for the fabrication of ethylenediamine chemical sensor. WO3 NPys thin film sensor readily detects ethylenediamine chemical at low concentration and displays a high sensitivity of ~161.33 μA μm−1 cm−2 with a correlation coefficient (R) of ~0.98483, a LOD of ~9.56 μM, and a short response time (10 s). The fabricated HFCVD prepared WO3 NPys thin film based sensor is promising and could be used to evaluate other harmful compounds in the future.
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Figure 1. A representation of HFCVD process for the growth of WO3 NPys thin film. 
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Figure 2. FESEM images (a–c) and EDAX spectrum (d) of HFCVD deposited WO3 NPys thin film. Inset shows the cross-section of WO3 NPys thin film. 
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Figure 3. XRD patterns of HFCVD grown WO3 NPys thin film with corresponding JCPDS. 
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Figure 4. (a) FTIR spectroscopy and (b) Raman spectroscopy of HFCVD grown WO3 NPys thin film. 






Figure 4. (a) FTIR spectroscopy and (b) Raman spectroscopy of HFCVD grown WO3 NPys thin film.



[image: Chemosensors 09 00257 g004]







[image: Chemosensors 09 00257 g005 550] 





Figure 5. (a) UV-Vis spectrum and (b) its corresponding tauc plot of HFCVD grown WO3 NPys thin film. 
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Figure 6. (a) Survey, (b) W 4f and (c) O 1s XPs of HFCVD grown WO3 NPys thin film. Inset shows the element composition analysis by XPS measurement. 






Figure 6. (a) Survey, (b) W 4f and (c) O 1s XPs of HFCVD grown WO3 NPys thin film. Inset shows the element composition analysis by XPS measurement.



[image: Chemosensors 09 00257 g006]







[image: Chemosensors 09 00257 g007 550] 





Figure 7. (a) N2 adsorption–desorption isotherms and (b) pore size distributions of HFCVD prepared WO3 NPys thin film. 
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Figure 8. (a) Cyclicvoltametry plot with ethylenediamine chemical (10 μM) in 0.1 M PBS of HFCVD grown WO3 NPys thin film and (b) I-V curves of HFCVD grown WO3 NPys thin film based chemical sensor without and with ethylenediamine chemical (10 μM) in 0.1 M PBS. 
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Figure 9. (a) Typical I-V curves with varying ethylenediamine concentrations from 10 μM to 200 μM and (b) calibrated current versus concentration of ethylenediamine chemical of HFCVD grown WO3 NPys thin film based chemical sensor. 
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Figure 10. (a) Stability test through I-V measurements in the presence of 10 μM ethylenediamine chemical in 0.1 M PBS and (b) schematic mechanism of the fabricated ethylenediamine chemical sensor based on HFCVD grown WO3 NPys thin film. 
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