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Tungsten oxide based micro and nanosized structures possess good capacitance as well as enhanced

. rate capability. Such properties are useful in various applications including electrochemical
supercapacitors. Apart from supercapacitance, WO; and their 2D integrated structures have been

: modified using different methods to widen their range of the utility. Modification using layer coating,

. functionalization with other nanomaterial or molecules are methods that can be used to improve

. the core structure of WO;. But such modifications often alter electrochemical performance. The effects

. and outcomes of such modifications incorporated in WO, structures were studied using electrochemical
methods, sensing behavior, and morphological examination. One goal for such modifications was to

. improve robustness of the WO; structures apart from any change in supercapacitance performance.

. After detailed electrochemical analyses of WO; structures, a preliminary study was performed regarding

. the feasibility of the WO, based sensors for food safety applications based on electrochemical detection
of hazardous dyes in food. Preliminary results obtained after various electrochemical tests including

. pulsed voltammetry, cyclic voltammetry, and electrochemical impedance spectroscopy suggest the

© viability of WO; structures for food safety applications.

Highly porous and thin electrochemical supercapacitors are proven ideal candidates for the variety of sensing

applications due to superior thermal and chemical stability, large surface area, unique charge transport mech-

anism, and mechanically stability'~>. In general, due to the limitation of charge accumulation on the electrode,

a limited specific capacitance and a low energy density are observed in electrostatic super capacitor (EDLS)**.
© Pseudo capacitors on the other hand, show a high specific capacitance as well as high energy density and also can
. be used for trace level sensing applications**. The Ultrathin layers of transition metal dichalcogenides (TMDCs)
. and their analogues have been researched recently among other chalcogenides due to enormous extension and
© variability in terms of applications and durability. Among the useful applications, their utility in electronics,

sensing, and energy storage applications exhibited the revolutionary findings that can be linked with their per-
. formance. Hybrid electrical vehicles and digital communications need high power sources, and pseudocapaci-
. tors can fulfill these requirements®. The advantage of the supercapacitors is the utility of accumulated charges
. generated during faradaic reactions that result in higher capacitance than double layer capacitors®. Some of
. the representative examples are TaSe,, Nb-chalcogenides, HfS,, Mo-chalcogenides, W-chalcogenides, and
. V-chalcogenides’. It should be noted that pretreated chalcogenides extend their properties from other supercon-
© ductors (as in the case of Ta-chalcogenides) to insulators (as in the case of HfS,). Electrochemical capacitors, often
* known as supercapacitors, can efficiently exhibit faster charging-discharging, long cycle life, high power density,
. and a simple method of energy storage. In these groups and their family, 2D materials and metal chalcogenides

are often used for supercapacitor applications mainly due to large in-plane conductivity and enhanced surface
: area. Metal chalcogenides (e.g. some selected sulfides) are electrochemically active materials but their applica-
* tions are limited. Large surface area, enhanced structural stability, conductivity, and an ease of fabrication are
. some prerequisites for an electrochemically active material. W-based sulfides/chalcogenides possess intriguing
. properties mainly due to layers of S-W-S that are covalently bonded but disjoined by a Van der Waals gap. Such
© an interaction is also responsible for keeping adjacent sulfur sheets intact.
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Among oxides, many different transition metal based oxides have been utilized for pseudocapacitor applica-
tions, apart from selected conducting polymers®. Note that, not all transition metal based oxides are economi-
cally suitable for supercapacitor applications, especially Ru-oxides. Hence, other oxides were investigated for the
supercapacitor applications. The poor rate performance and reduced electrical conductivity restrict the use of
Mn-oxides for supercapacitor applications. Hence, a material that is more conductive with pore structures is more
suitable. In this line of investigation, ordered mesoporous WO, (tungsten oxide) was rigorously investigated. The
WO, possesses high electrical conductivity ~1.76 Scm™! as well as large surface area ~54.3 m?g™?, and hence
fulfils the requirement of ‘an efficient supercapacitor electrode material®. Mesoporous WO, exhibited a stable
cycle performance ~1200 cycles as well as the stability in acidic electrolyte®. In order to reduce the capacitance
losses at high scan rates, appropriate ionic/electronic conductivities are essential®. In a design point of view, the
mesoporous electrode should be integrated on a metal current collector that will be durable for long term usage.
Attempts have also been made to substantially improve the properties of the mesoporous material and the main
focus was given to improve surface area, reduce the diffusion path length for ions, and provide facile access to
the electrode. The direct growth of a mesoporous material on metallic substrates, especially nanowires or arrays
can not only serve the preceding purpose but also provide mechanical robustness of the electrodes. The reduced
capacitive loss is another addition in a series of these advantages.

In order to match the needs of lightweight portable electronic devices, sensors, and embedded supercapacitors,
more electroactive materials along with tubular and hierarchical architectures are needed. The unique topography
of hierarchical structures essentially promotes the ion diffusion and charge transport and thus enhanced cyclic
stability®. Specifically, mesoporous WO, was not only utilized for supercapacitor applications but also for a variety
of sensing applications including gas sensing'’, chemical sensors'!, pH sensing'?, and detection of pharmaceutical
products'®. Note that few bulk semiconductor materials show the measurable change in presence of very small
amount of analytes (in ppm). However, the advantage of the nanostructured porous material is the rapid penetra-
tion as well as the removal of the analytes. Fortunately, nanostructured WO; (enhanced specific surface area (SSA)
as discussed in preceding section) works very well in this regards'®. Another important characteristic of the semi-
conductor materials is change in the electrochemical behavior in presence of certain analytes. Few semiconductor
materials show the measurable change in presence of very small amount of these analytes (in ppm). These char-
acteristics of metal oxide lead to its use in sensor application. For example, TiO, has been widely used for sensing
organic compounds'>'¢. The sensing of the these analytes with the semiconductor is due to fact that in presence
of the analytes, the electric dipole moment of the semiconductor materials changes when interact with the dipole
moment of the analytes'. Also, it has been said that band gap of these semiconductor materials is important for
the observable change'. For example, detection of electrochemical behavior for TiO, due to narrow band gap
(3.2eV). Similar to TiO,, during the electrochemical degradation of organic compound, the electron generated
can easily be detected in form of increase in electric current due of low band gap of WO,". In a study'®, appli-
cation of the tungsten oxide based nanofilm for the detection of ethanol, NO; and NO, in gas phase up to 1000
ppm, 10 ppm and 3 ppm respectively, in a wide temperature range is reported. In the same line, ponzoni et al."®
showed the application of tungsten oxide for selective detection of NO, to a level of 50 ppb. The detection limit
of the tungsten oxide was further increased by surface modification using gold particles®. However, use of the
nanostructured tungsten oxide is moreover limited to the gas phase sensor application*'-2*. Recently, food quality
and associated safety have become very important to prevent foodborne illnesses. A possibility of food spoiling
exists due to wrong practices related to improper food additives, colors, and labeling. The detection of these
harmful chemicals have been using a sophisticated high performance liquid chromatography**. Although, the
spectroscopy detection techniques are powerful analytical method and widely used, these techniques are time
consuming, expensive, and require specific sample preparation. Electrochemical detection method on the other
hand is rapid, cost effective and easy to operate. Recently, few electrode materials are developed for the electro-
chemical detection of the dye chemicals such as rhodamine?*-%”. For example, glassy carbon electrode shown to
detect the rhodamine with a limit detection of 2.93 mgL~!%. In order to improve the reproducibility, Cu@carbon
sphere electrode was developed but the sensitivity was limited®. cyclodextrin-functionalized nanogold/hollow
carbon noospheres electrodes were recently developed to enhance the sensitivity of the detection?”. However,
most of these studies, are reporting only the carbon based electrode system for rhodamine detection. None of the
studies have shown the metal oxides based electrode materials for the rhodamine detection. Even though these
materials exhibited good performance, one concern regarding some of the carbon based electrode is dissolution
of the electrodes in the case of excessive organic solvent based tests?®. Hence, a search for the alternative electrode
material is a must. Metal oxides are known to have outstanding sensing properties such as high selectivity and
sensitivity, chemical and thermal stability, low cost, ease of synthesis, and ease of modification for sensing other
analytes. Considering the advantages of the metal oxides for sensors applications an attempt is made to develop
the WOx electrodes for the synthetic dye detection.

In the present work, we investigated the possibility to enhance robustness of the nanostructured WO, films
by coating the film with the other metal chalcogenides. In addition, we explored the possible use of WO, based
sensors to address these concerns (See Fig. 1).

Results

The morphology of each deposited metal layer is crucial for pseudocapacitive performance. The morphology of
WO, layer on tungsten coated silicon obtained by annealing at different temperatures is shown in Fig. 2(a-f). At
400°C, the WO, rods do not form as evident from the Fig. 2(a,b). A lower magnification (Fig. 2a) SEM image of
the sample, annealed for 400 °C, shows a flat granular morphology. At higher magnification (Fig. 2b) a discontin-
uous film is observed, however, there is no nano rod formation observed at this temperature. When the annealing
temperature was increased to 500 °C, a significant change in the WO, film was observed (Fig. 2c). The WO, nano
rods started to form at this temperature as shown in Fig. 2¢c. At 600 °C, the complete rod-like morphology of
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Figure 1. Fabrication steps for WO, based electrochemical sensor and its use for food quality analysis. In a
typical sensing unit WO, electrode was used as a working electrode that was prepared using electrochemical
etching and annealing steps.

Figure 2. Scanning electron micrographs of WO, layer annealed at various temperatures on tungsten coated
Si substrate: (a) low magnification and (b) high magnification SEM image of WO, layer annealed at 400 °C
indicates the absence of WOx rods. (c¢) SEM image of WO, layer annealed at 500 °C, indicates the incipient
formation of WO, rods. (d) SEM image of WO, layer annealed at 700 °C, indicates that the WO, rods start to
dissolve at this temperature. (e) High magnification SEM micrographs of the WO, layer annealed at 600 °C,
indicate the formation of a fine rod morphology (f) SEM micrographs of the WO, acquired at relatively lowers
magnification to see global variation in the sizes and the shapes of the rods, inset shows the fines WO, needles
formation at this temperature.

WO, can be observed (Fig. 2(e,f)). The lower magnification SEM micrograph (Fig. 2f) of the WO, layer formed
by annealing at that temperature shows the distribution of WO, rods on the tungsten coated silicon substrate. As
can be seen, the WO, rods of length up to ~10 um and the diameter ranging from ~2 nm to 2 pm, have nano-grass
morphology. The inset in Fig. 2f shows the high magnification image of the nano-grass morphology. The diameter
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Figure 3. Scanning electron micrographs of WO, layer on tungsten: (a) High magnification SEM image of
WO layer, an inset shows the size and the shape of the rods indicates that the rods are finer and continuous
compare to the WO, rods grown on W coated Si (b) SEM image of the WO, layer at lower magnification shows
a relatively dense WO, rods. (¢) SEM micrographs of the WO, acquired at relatively higher magnification shows
relatively low variation in size and shapes.

of the grass varied from ~10nm to ~100 nm. When the annealing temperature increased to 650 °C, the forma-
tion of WOx rods was more uniform. Also, no nano-grass type structure was observed at this temperature.
Figure S1(a-c) shows the SEM micrographs of WO, layer deposited by annealing at 650 °C on tungsten coated
silicon substrate. Figure S1(b) indicates a uniform deposition of WO, layer. The rod-like morphology of WO,
in the layer is evident from Fig. S1(b and c). The rod length varied from ~100nm to ~10 um while the diameter
was less than ~5 pm at this temperature. The synthesis of KOH mediated micro-rods and associated formation
mechanism has been discussed in earlier reports®?. At 400 °C the size of rods was ~50-90 nm that subsequently
increases with increase in temperature. It can be seen in our study that the size (diameter/width and length) of the
tube extends from nanometers to a few microns, and that is consistent with their annealing temperature. It was
observed that their length also increases with temperature. When the temperature increased to 700 °C, a partial
dissolution of WO, rods in the film was observed as shown in Fig. 2d. This indicates that at this temperature, the
WO; micro-rods were not stable, therefore, for further studies, the WO, films grown at an annealing temperature
of 650 °C were chosen for analysis and sensor fabrication.

The WO, rods obtained by electrochemical etching and subsequent annealing at 650 °C of tungsten film
show a relatively low variation in length compared to rods grown on Si substrate, as shown in Fig. 3. It was also
observed that features on WO, layer grown on tungsten is denser than on silicon substrate (Fig. S1b and Fig. 3b).
In Fig. 3¢, uniform WO, rods in size and shape with the length 4 um and diameter ~100nm can be seen. A
relatively low WO, rod density is observed on the silicon substrate that may be due to the insufficient tungsten
available for WO, formation on silicon, since the tungsten thickness was less than 1 um on the silicon substrate.

SEM micrographs in Fig. S2(a—c) show the surface morphology of CdS layer deposited on WO,. The depos-
ited layer appears to be porous and adsorbed non-uniformly on the surface of WO, microrods. The duration of
deposition is also an important factor for film morphology, CBD was restricted (in this case) for shorter duration
in order to avoid pore filling. The local growth of the CdS can be seen in the nanorods, and the coverage of the
film on the WO, increases with time. The high magnification SEM image (Fig. S2(b and d)) shows irregular rough
shaped grains of CdS. The EDS mapping of the CdS layer provides the elemental distribution of Cd, S, W and O
in Fig. S2(d-h).

The morphology of WSe, film is shown in Fig. S3. In Fig. S3a, a rough uniform morphology of the film is
observed. When the SEM micrographs were captured at high magnification (Fig. S3b), highly oriented grains
were observed. The morphology looks like very thin flakes standing on the surface and matches well with earlier
reported oriented features of WSe,**3!.

In Fig. S4, SEM images of Te coated WO, substrates are shown. The low magnification SEM images (Fig. S4b)
indicated the formation of an adherent and more uniform coating of tellurium (Te). A higher magnification
image suggested the formation of a granular structure of Te. It can be observed that these granular structures are
WO, rods that are protruded out from a continuous film. Thus, it can be said that a thin continuous Te film is
formed on a substrate. However, the thickness of the film is lower than the size of the WO, rods as evident from
Fig. 2a. In other words, the growth of Te follows a pour filling mechanism, rather than a non-uniform concen-
trated growth (see other cases discussed) on specific portions of WO, rods. It also seems that Te growth occurred
by filling the gap between the rods, and probably due to insufficient deposition time, the layer could not grow to
a thickness that covers the size of the rods. The selected area for EDS mapping is shown in the inset of Fig. S4a.
The elemental maps of the major constituents are also shown as insets of the Fig. S4a. The EDS maps show the
uniform distribution of W, O, and Te. These results confirm the hypothesis of uniform deposition of Te layer on
the substrate but in insufficient thickness.
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Figure 4. Raman spectra of (a) WO, layer on tungsten shows the peaks at 522cm ™, 728 cm™*, 7897, 900 cm ™!
and 960 cm ™! (b) Se layer on tungsten shown the peaks at 256 cm™!, 396 cm ™! and 747 cm ™! with the highest
peak at 256 cm™; (c) Raman sharp bands have been observed for WO, grown on tungsten substrate (grown
after electrochemical etching). One band at ~717 cm ™! corresponds to asymmetric vibration of O-W-0 bond;
another band at ~807 cm ™! represent symmetric stretching.

Previous studies on Te layer deposition indicate that the morphology of the Te films is markedly affected by
the substrate temperature and the deposition rate. Preferential growth of Te has been reported and the extent of
preferential grain growth depends on the substrate temperature®2. In the present study we do not see any pref-
erential growth of Te film within the same temperature range. Therefore, it can be argued that the nature of the
substrate in the present case, has a substantial effect on Te film growth. The previous study on Te growth indicates
that the Te grows preferentially along certain directions on the substrate. The basic mechanism involves a prefer-
ential nucleation and growth of Te grains. In the present case, the WO, substrate does not provide any preferential
nucleation site because of its morphological constraints. The Te vapor deposits within the rod gaps and fills them.
Therefore, the basic mechanism is different in the sense that the Te does not grow from preferential nucleation
sites. The growth of Te in the present case, therefore, can be understood in terms of void filling which results in
very strong and smooth adherent film.

The Raman spectra for the WO, and WSe, at 785 nm laser excited at ~140 mW for the range of 300-900 cm ™!
and 200-1000 cm ! respectively are shown in Fig. 4(a) and (b). An additional Raman spectrum is shown for WO,
film grown using method 2 in Fig. 4(c). In the Raman spectrum of WO, film, 5 peaks located at 522, 728, 789, 900,
960 cm ™! can be seen with the highest intensity peak at 789 cm ™. Although the peak positions are in good agree-
ment with Raman spectrum of crystalline WO, the comparative study* indicates that this peak corresponds to
different structural states of WO;. For example, 789 cm™! corresponds close to orthorhombic 3 phase while peak
at 728 cm™! shows the presence of monoclinic N-WO;. Thus, it can be argued that a mixture of different struc-
tural states of WO; is present in the WOj; film at room temperature. This result supports the previous finding of
a mixture of different phases of WO, at room temperature®. However, it is believed that orthorhombic (3 phase
is dominant in the film owing to its highest intensity in the Raman spectrum. It is to be noted that 960 cm™!
peak corresponds to nanocrystalline WO,*, which confirms the nanocrystalline formation of WO, films on the
tungsten substrate. The formation of 900 cm~! peak may be related to a different organization of elemental WO,
octahedral®.

Our Raman spectrum measurement of WSe, in the range of 200-1000 cm ! reveals that the most prominent
Raman peak for WSe, film is located at 256 cm ™. The other dominant peak observed at 396 cm™!. These peaks are
consistent with that of WSe, Raman spectrum®. The Raman peak at 256 cm™! is characterized by the formation
of a bilayer film of WSe,*. Also, a peak located at 396 cm ™! corresponds to the WSe, monolayer®®. Therefore, the
Raman analysis indicates bilayer deposition of the WSe, film. This result coupled with the SEM micrographs
indicates the formation of the flaky bilayer of WSe, on WOj; substrate. We have also shown a Raman spectrum
of WO, grown on tungsten substrate (after electrochemical etching and annealing). It can be seen (see Fig. 4(c))
that this spectrum matches well earlier reported Raman spectra of crystalline monoclinic WO;¥, but it is a little
different from WO, grown on silicon substrate.
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Figure 5. Electrochemical characterization: CV curves at various scan rates for (a) WO; layer on W coated
silicon (b) CdS later on WO; layer (c) WO; on tungsten substrate shows EDLC reaction over faradic adsorption
(d) areal capacitance of WO; and CdS coating on silicon substrate calculated based using Eq. (4).

The typical cyclic voltammetry (CV) scans of WO; and CdS coated WO; on the silicon substrate, performed at
various scan rates, ranging from 5mV/s to 80 mV/s in voltage range of —0.3V to 0.3V are shown in Fig. 5a and b,
respectively. Also, the CV curve for WO; grown on tungsten substrate is shown in Fig. 5c. The CV curves exhibit
near symmetric loops for all scan rates indicating their good electrochemical performance. As can be observed,
the CV trends obtained for film grown on Si substrate (Fig. 5a and b) are different than the CV trend for WO,
on W film. This difference in CV behavior can be attributed to the morphology of the films on the substrate. The
morphological differences lead to different outer defects resulting in an overall different double layer capacitance
and the EDLC reaction. This results in variation in CV behavior of the films on the Si substrate and on the W film.
It can be observed that the electrochemical performance of WO, layer with micro-rod morphology on tungsten
substrate shows the best electrochemical performance among all. The calculated areal capacitance (C,) of various
samples including WO;, CdS coated WO; on silicon, and WO; on tungsten substrate based on their respective CV
curves are shown in Figs 5 and 6. The C, obtained for WO; and CdS coated WO; on silicon at 20mV/s scan rate
are 20.7 and 15.7 mF/cm? respectively which is significantly lower than the reported areal capacitance for WO,
material®*-%. In addition, a small reduction in areal capacitance (20.7 to 15.7 mF/cm?) was observed when the
CdS coating was applied to WO; coating. The WO; materials also showed good rate capability (maintaining ~65%
capacitance from 20 mV/s to 80 mV/s). When CdS coating was applied on WO, coating, the rate capability of the
film reduced and maintain only about ~54% of capacitance from 20 mV/s to 80 mV/s. The reduction in pseudo
capacitor performance by applying CdS layer on WOj; coating on the silicon substrate may be associated with the
masking effect on the chemical species diffusion reactions by random CdS layer.

The authors also conducted the ultrasonication test to show the robustness of the coated film on the sub-
strate (see supporting information-Fig. S5). It can be observed that the WO; film is easily peeled off from the Si
substrate after the ultrasonication for 5 minutes. However, the CdS coated film was intact on the substrate after
the same ultrasonication time. This shows the coating of WO; film with other metal chalcogenides enhances the
robustness of the WO, film on the substrate.

Discussion

The charge storage mechanism in WO, material involves both the faradaic contribution (pseudocapacitance) and
nonfaradaic contribution from the electric double layer*'. However, the pseudocapacitance is a dominant mech-
anism responsible for the total capacitance of the material. It has also been shown that pseudocapacitive charge
transfer is a surface limited diffusive process*’. Therefore, reduction in the areal capacitance in CdS coated WO,
layer can be attributed to the surface diffusion barrier produced by CdS layer.
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Figure 6. (a) The specific capacitance of WO; and CdS coating on silicon substrate calculated based using Eq.
(2) and (b) the specific capacitance and areal capacitance of WO; on tungsten calculated using Eqs (4) and (5).

The WO; layer on tungsten electrode shows excellent areal capacitance (C,) of ~720 mF/cm? at a scan rate of
10 mV/s which may be attributed to the large surface area of the WO; micro rods. Most of the studies showing
the evaluation of the pseudocapacity of WOs, however, adopt gravimetric capacitance as standard. In the present
study, we have calculated both the areal (C,) and the gravimetric specific capacitance (C,) of WO; films to com-
pare with other studies. For gravimetric capacitance, the weight of the electrode materials was estimated by the
thickness measurement of the WO; layer on the substrate. A few studies®®**#* reporting the areal capacitance of
WO; or hybrid WO; materials 0.2 mF/cm? (scan rate of 1 mV/s) to 684 mF/cm? (scan rate of 10mV/s). An aerial
capacitance of ~2 mF/cm? for porous WO;-carbon composites was reported by Jo et al.**. It is known that the
large surface area of the electrodes possesses enhanced areal capacitance due to increased charge storage on the
surface®. An aerial capacitance of value ~684 mF/cm? was reported for nanoflower WO, based electrode®!. A high
value of areal capacitance achieved in his studied of WO; materials is attributed to the WO; structure with large
surface area. In the present study, the observed capacitance value (~720 mF/cm? at 10mV/s) of WO, materials
is close to the reported capacitance by Qiu ef al.*!. Thus, the large capacitance in the present study can be attrib-
uted to the large surface area of nano rods of WO;. The areal capacitance studies of nano rods of WO; are rare.
However, few studies report the specific capacitance of nano rods structured WO, material. Pal ef al.*° studied the
capacitance of this material and reported a specific capacitance of ~482F/g.

The specific capacitance of the WO, material is varied from as low as 81 F/g to as high as ~800 F/g**-*°. In this
study, we observe a large variation in specific capacitance of the WO; depending on the substrate. For the WO,
material coated on Si substrate shows Cg as small as 6 F/g at 20 mV/s (Fig. 6a). Even, CdS coating on WO, seems
no effect on the capacitance behavior and showed similar Cg as ~4 F/g at the same scan rate. When the WO; was
grown on the tungsten substrate, the Cg increased to ~200 F/g (Fig. 6b). An increased specific capacitance of WO,
on tungsten can be attributed to a relatively lower amount of WO; on Si substrate due to an insufficient amount
of tungsten for WO; growth. The present Cg value of ~200F/g is equivalent to the nano flower WO; (196 F/g)
reported by Qiu et al.*!. Therefore, it can be argued that the large surface area obtained by growing nano rods is
equivalent or better than the nano flower WO, supercapacitance performance. However, the nano-rod structure
is likely to facilitate charge conduction for charging and discharging more easily than nano flower due to the
reduced number of contact points.

Although the specific capacitance (C,) is a more common approach to show the capacitance behavior of the
materials, it is said that when the active electrode materials is small such as in micro devices the areal capacitance
(C,) is more relevant*. In the present study, we showed the high areal capacitance achieved for WO; and relatively
high specific capacitance (C,) by increasing the surface area morphology.

The nanostructured morphology of WO; showed an excellent balance of C, and C, compared to other reported
values®-#. It is observed that the robustness of the nanorods morphology of WO; can be further improved using
layer structure and at the same time the electrochemical performance of WO; can be optimized by layering with
other functional materials. This study showed the potential application of nanorod-WOj as a robust electrode
material for energy storage devices.

Recently, one-dimensional nanostructured semiconductor metal oxides showed the potential for gas sensing
application. This is due to the fact that these metal oxide structure provides the high surface to volume ratio and
at the same time maintaining good chemical and thermal stability. The use of WOj; in sensor application has
been shown recently. Its use as a selective and ultrasensitive sensor for the detection of NO and NO, is shown?’.
WO; has been used as potential pH sensor [9]. Due to its versatile sensor application, the nanostructured WO,
can also be utilized as sensor application for organic compounds. In the present study, the detection of organic
compounds used in food processing is explored using nanostructured WOj as sensing material. Given that food
safety is a critical issue, the development of WO, based sensor can provide an economic opportunity to use as the
point-of-use sensor to establish the food screening and safety. In the following section, the experimental investi-
gation of electrochemical sensing of organic compounds as methyl red, 3 carotene and Rhodamine 6G using the
nanorod structured WO; is discussed.
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Figure 7. The cyclic voltammograms of phosphate buffer (base line) and buffer of different concentrations
of (a) 3 carotene showing oxidation peak at ~0.6 V in the scan range of —1.5V and 1.5 V. A local section

of cyclic voltammogram in the range of 0.35 and 0.75 showing a very systematic change in peak current at
~0.6 V. An increase in peak current when (3 carotene concentration was increased from 0.0 ug/ml to 0.6 ug/
ml in the phosphate buffer (b) methyl red showing peak at ~0.55V in the scan range of —1.5V and 1.5V. A
voltammogram section in the range of 0. 5 and 0.8 (inset) showing a systematic shift from ~0.55V to ~0.65 V.
Simultaneously increase in the peak current change can also be observed when methyl red concentration was
increased from 0.0 ug/ml to 0.4 ug/ml in the phosphate buffer.

Utility of WO, for dye detection and food quality analysis. Synthetic edible chemicals are widely
used in food industries to improve the flavor, taste, and appearance. A strict guideline must be followed while
choosing these chemicals due to their use in edible foods*. A recent report indicated the use of synthetic
non-edible colors that were used for food coloring®. Many of these chemicals are toxic and have the carcinogenic
effect. One representative example is Rhodamine that is a potentially carcinogenic coloring agent that is found in
food in some underdeveloped countries®**!. Due to its negative impact on human health, its use in food indus-
tries is controlled or banned in many countries. However, its illegal use is predominant in many food industries.
Importing food from many countries introduces the risk of consuming these harmful chemicals. For example,
high levels Rhodamine 6G were found in the imported vegetable and dairy products in the U.K®2. Another exam-
ple is Methyl Red, which was also found in some food products and has similar health issues.

It is important to note that the U.S. imports a large quantity of food from other countries. Some of these
countries were major suppliers of food and agricultural products (~150,000 mt) for the U.S. in 2014°*%*, For safety
assessment, it is essential to establish a procedure to screen the contamination in imported food supply. Several
analytical methods were developed and have been used in identifying the chemicals in food>*. However, the asso-
ciated complexity and cost with the current method for detection of these chemicals potentially restrict its use as
a screening tool for the large quantity of food. Use of point-of-care sensors, therefore, can be utilized to screen
this chemical in the food in bulk. In order to fulfill this requirement, we propose and demonstrate the use of
nanocrystalline tungsten oxide in the detection of chemicals in contaminated food. Note that tungsten oxide was
already used for detection of nitrogen oxide*’, ammonia'®, hydrogen sulfide?! and hydrocarbons®. In the present
investigation, we have systematically studied the trace level sensing of selected edible and non-edible dyes using
electrochemical tests with a fixed scan rate with nanocrystalline WO; used in the working electrode. Although, it
has been reported that a high scan rate was found to be suitable for improved sensitivity>”®, the present investi-
gation focused on the utility of nanostructured WO, for the detection of dyes.

The approach to this problem was to examine the cyclic voltammograms of different edible and non-edible
dyes and document the differences in their responses. We have chosen edible dye (3 carotene), and two non-edible
dyes (Rhodamine and methyl red) for analysis.

Analysis of cyclic voltammetry results for 3 carotene. 3 carotene has been often used to provide yel-
low to orange color to food. Cyclic voltammograms using the three-electrode system cell with phosphate buffer
and buffer with the different concentration of 3 carotene is shown in Fig. 7a. In the electrochemical cell, the
nanorods of tungsten dioxide on tungsten substrate was the working electrode while a platinum plate was the
counter electrode. A saturated calomel electrode was used as a reference electrode for the CV analysis. It can be
seen that phosphate buffer shows a distinct peak at ~0.6 V in the scan range of —1.5V to 1.5V. A systematic shift
of the peaks towards high current was observed when the 3 carotene concentration was increased from 0.0 pg/ml
to 0.6 pug/ml. The peak shift is evident in the magnified portion of the graphs as shown in Fig. 7 inset. The observed
change in current due to an addition of 3 carotene suggest that the nanostructured tungsten oxide has a potential
for sensing (3 carotene in food.

Analysis of cyclic voltammetry results for methyl red. Nanostructured tungsten oxide was also uti-
lized in CV experiments for methyl red detection. CVs were recorded for methyl red in phosphate buffer solu-
tion of concentration from 0.0 ug/ml to 8.0 ug/ml. Figure 7b shows the cyclic voltammograms for methyl red
buffer solution. An oxidation peak for the methyl red buffer solution with 0.0 pg/ml was observed at ~0.55V

SCIENTIFICREPORTS | (2018) 8:3348 | DOI:10.1038/s41598-018-21605-5 8



www.nature.com/scientificreports/

300
— + Buffer base line
c 40.1 pg/ml
X 250 | | Do.2ue/ml e%e @
g 0.3 pg/ml *
) e
o * *
S 200 | .
o *
@
3 150 "
E .
*
g2 N
c 100 | .0
S K
© 1
E s S
S A
v A
o LI . En
0 200 400 600 800

Real Impedance (kQ)

Figure 8. Nyquist plot of phosphate buffer (baseline) and the buffer of different concentrations of Rhodamine
6G, showing the reduction in diameter of the semi-circular region with the increase in concentration.

(anodic). The peak at ~0.55 V shifts towards positive voltage from ~0.55V to ~0.65V when methyl red concen-
tration increased from 0.0 pg/ml to 0.6 pg/ml. In addition to the peak shift, an increase in peak height can also be
observed with the increased concentration of methyl red in buffer solution (inset Fig. 7). From these results, it can
be concluded that tungsten oxide can be utilized for trace level detection of the methyl red using electrochemical
techniques.

Electrochemical impedance analysis for Rhodamine 6G.  Electrochemical Impedance Spectroscopy
(EIS) technique has inherent potential of detecting the chemical and biological change and has been reported
to be effective in the fat content determination in meat® as well as for the detection of several toxins in food®.
This technique in based on determining the impedance (Z) of the system as a function of signal perturbance
frequency. For present EIS experiment, a constant sinusoidal voltage was applied to the tungsten oxide sensor
with a frequency sweep of 1 Hz to 10 kHz. To observe the sensor response due to the Rhodamine 6G, the phos-
phate solution was spiked with different concentrations of Rhodamine 6G varied from 0.0 ug/ml to 0.3 ug/ml. The
Nyquist plot obtained for the different concentrations of Rhodamine 6G is shown in Fig. 8. The plot shows the
semi-circular region with different diameters corresponding to Rhodamine 6G concentration in the test solution.
In general, the Nyquist plots are analyzed based on Randel’s cell model concept®, where solution resistance, dou-
ble layer capacitance, and the charge transfer is considered. In such model, double layer capacitance is parallelly
connected with charge transfer resistance (some time it is called polarization resistance). Such a parallel connec-
tion system is again connected in series with solution resistance. However, one must note that this is a most sim-
plified cell based model. In case of mixed kinetic and diffusion process, the analysis of model is more rigorous. In
case of present WO; morphology, because it is a slightly porous material, pore resistance of ion conducting chan-
nels will also come in the picture. In a realistic sense, for appropriate and detailed analysis, double layer capaci-
tance, intact capacitance, as well as charge transfer should be considered apart from solution resistance and pore
resistance. However, it is very clear that overall impedance of the system reduces due to addition of Rhodamine
6G. Hence it is most likely that oxidation causing the release of the electrons that in turn alters the charge transfer
that can affect the EIS output as revealed in Fig. 8. The Rhodamine 6G molecules adsorbed on the tungsten oxide
electrode surface as a result of electron transfer from the electrode. Therefore, the higher the concentration of the
Rhodamine 6G, higher the charge transfer occurs leading to the relatively smaller diameter of the semi-circular
region in Nyquist plot. This clearly indicates that semiconductor tungsten oxide can be utilized as the sensor for
the detection of harmful Rhodamine in food.

Sensing Mechanism. It has been reported!>®2¢? that sensing capabilities of sensors are based on oxide con-
ductivity adjustments that occur on the surface or near the surface of oxide based sensors as a consequence of
electrochemical reaction with the organic molecules. The organic dyes, 3 carotene and methyl red, electrochem-
ically oxidized and hence, can be corroborated with the oxidation peaks observed in the respective CV analysis
(Fig. 7). The dye oxidation could be possible by electro-oxidation and the hydroxyl ions (OH )%, The adsorp-
tion of dyes and by-product formation due at the anode surface play an important role. It is well known that WO,
is an n-type semiconductor and in the presence of OH™ groups the conductivity of n-type sensors increases.
Because of the presence of OH™~ on the WO; sensor surface, the formation of a stable complex with dye is possible,
and such new complex electrochemical signature is different.

Studies have demonstrated the direct electro-oxidation of methyl red using anodes such as PbO,% and
TiO,%%. These anodes at the surface generates hydroxyl radicals from the water as

H,0 — *OH + H" + e~ (1)

The hydroxyl radicals oxidize the organic dyes. One of the early work has shown the complete oxidation of
methyl red to CO, by hydroxyl radicals generated by utilizing PbO, as anode following the reaction®:
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Figure 9. (a) A schematic diagram showing the surface modification (sensitization steps) on WO,
nanostructure with methyl thiophene aldehyde for selective detection of the organic dye molecule. The
nanostructured rods of WO, were dipped into the 1,2 ethanedithiol followed by dipping in the methyl
thiophene aldehyde (b) Raman spectrum of the methyl thiophene aldehyde coating on nanotubular structure
showing a characteristic peak at ~1740 cm™! (for ~-CHO group); (c) possible interactions of analyte with sensing
molecules.

CysHsN,0, + 86°0OH — 15 CO, + 3NO, ™ + 3H' + 49H,0 )

The methyl red oxidation is facilitated following the two mechanisms. In the first mechanism, the hydroxyl
ions generated by the oxidation of OH- or H,O by the photo-generated holes®® which oxidize the methyl group of
methyl red. Another mechanism is based on the formation of hydroxyl radicals that react with the aromatic rings
of the dye leading to the formation of hydroxylate by- product. The mechanism is known to be operative inde-
pendently. In both the reactions, the creation of the hydroxyl radical is of great importance. In the present case
where the photoelectron is absent, the hydroxyl radical is generated following Eq. 1. It is hypothesized that methyl
red oxidation occurred due to the reaction of radicals with the aromatic rings which may lead to the formation of
3.3’ isomers compound®’.

Similarly, electrochemical reaction causes 3 carotene to oxidize which leads to electron transfer. The elec-
trochemical oxidation of 3 carotene study using a platinum electrode indicated that the irreversible oxidation
process. The process of oxidation takes place by two electron transfer and the oxygen radical plays an important
role. It is known that the oxygen-related defect sites of metal oxide are the most favorable for the adsorption of
the organic molecules. Oxygen molecules can be dissociated and adsorbed at the oxygen vacant sites of the metal
oxide. The organic 3 carotene molecule at these sites at the WO, surface react with the oxygen molecules and
generates the electron. The current signal that has been reported during this experiment may be a result of this
reaction mechanism.

Similar mechanisms have been envisaged for the interaction of Rhodamine 6 G with the WO; sensor. The
oxidation species are adsorbed to the WO; nanorod surface and react with adsorbed hydroxyl groups releasing
water and a free electron following the reaction:

OH (ads) + OH (ads) — H,O + O(ads) + e~ 3)

The adsorbed molecules can also be directly oxidized or dehydrogenated by the surface-adsorbed oxygen
releasing free electrons to the oxide surface that effectively reduces the sensor resistance of the n-type WO; nano-
rods as observed in Fig. 8. The increase in current response (oxidation peak height) with the increase in the
concentration indicates the strong interaction between the sensor surface and the dye. The unique characteristics
of WO; nanorods in electron transfer and OH™ adsorption make it a suitable and highly favorable reaction. The
structure of these nanorods provides not only stability and increased surface area of the interaction between the
metal ions and organic dye but the rod structure also enables greater electron transfer during the oxidative inter-
action with minimal losses. The current signal that has been reported during this experiment may be a result of
this formation of OH™ and the complex formation.

Application of nanostructured tungsten oxide for the detection of the model dyes in food. It
is demonstrated that the developed nanostructured tungsten oxide can detect the model dye color used in food

SCIENTIFICREPORTS | (2018) 8:3348 | DOI:10.1038/s41598-018-21605-5 10



www.nature.com/scientificreports/

processing in a concentration level as low as 0.1 ug/ml. In the present study, the detection tests of the model
dyes (rhodamine 6 G and methyl red) in the real food sample have been performed using the surface modi-
fied (see Fig. 9 and method section) nanostructured WO,. Many different compounds can be proposed to sense
Rhodamine 6 G, however, it should be noted that rhodamine 6 G contains carboxylic, ether, and amino group. The
presence of variety of groups in single organic compounds makes it more complicate and challenging to detect
the concentration accurately. As described in the previous section, the chemical species are adsorbed to the WO,
nanorod surface and react electrochemically with the reactant groups leading to generation of free electrons.
Therefore, for a selective detection of the species there should be a good interaction of the organic species on the
sensor. In order to achieve the selective adsorption of organic molecule we functionalized the WO; nanostruc-
tured with methyl thiophene aldehyde. A recent report based on rotational spectroscopy concepts, suggests that
carboxylic acid and aldehyde group can be bonded through classical OH-O and relatively weak CH-O bond®.
The report also suggests that such interaction is quite rigid®. Therefore, it is expected that the functionalization
leads to a bond formation between the nanostructured material and the chemical species. It is necessary to create
an active group that is necessary for binding of the chemical species. Therefore, depending on the active group
the chemical functionalization is required for better sensor performance. In this case, due to potential for steric
hindrance of the amino group”® we restricted our study for detection of carboxylic acid group of rhodamine
6 G. Based on CV experiment, we show that Rhodamine 6 G in the concentration level as low as 2 ppm can be
selectively detected using the surface modified WOx (Fig. S7). Apart from this interaction, Lewis acid-Lewis base
interaction (See Fig. 9) is also very useful in many cases and improved the performance and selectivity of the
sensor’"72, In our case of rhodamine 6 G, the use of aldehyde compound coating for WO, surface functionaliza-
tion serves these two purposes. It is important to note that the behavior of functional material coated electrode is
unique because in this case the results are generally rationalized in terms of the electrostatic interactions between
the dissolved species and the functional molecule coated on the electrode, apart from the occurrences of regular
oxidation-reduction reactions’>~’>. Such an interaction can be attraction or repulsion, depending on the species
and solution condition (pH, temperature, range of potential). Other advantages of these functionalization are
enhancing the utility in the continuous flow system, protection from surface poisoning, modified electrocatalytic
activity, and specificity towards analytes. The mixture of the phenol and 4-hydroxybenzaldehyde have been earlier
utilized for serving this purpose. Using this type of method, a variety of compounds including dopamine (DA),
glucose, and formaldehyde have been detected. Many different reports followed a similar model to explain sens-
ing. Some examples are listed in references’>">.

Beetroot juice and carrot juice were chosen as food samples since both produce the representative color of
methyl red and rhodamine 6 G respectively (Fig. 10c and d). Figure 10(a and g) shows the partial cyclic voltam-
mograms in voltage range of (—1.2 to —0.6 V) for Rhodamine 6 G and methyl red in beetroot juice and carrot
juice of concentration from 0.0 ug/ml to 3.0 ug/ml and 0.0 ug/ml to 4.5 ug/ml respectively.

A systematic increase in the current response was observed when the concentration of the Rhodamine 6 G
was increased in the beetroot juice (Fig. 10a). The current increased from 0.004 mA to 0.007 mA when the con-
centration increased from 0.0 ug/ml to 3.0 ug/ml respectively. To understand the response from the Rhodamine
6 G, square wave voltammetry (SWV) was used. As shown in Fig. 10b, a higher current response (~3 times) was
observed for Rhodamine 6 G (higher peak current) compared to the current response from beetroot juice (rela-
tively lower peak current). Also, when exposed to rhodamine 6 G and the beetroot for a given time period, there
is a significant difference in the current response. The difference in current response is repetitive as shown in inset
in Fig. 10b. These results clearly indicate that surface modified WO; is very selective to the rhodamine 6 G. The
authors also conducted square wave pulse test to compare the performance of the sensor for sugar addition in the
beet root juice (see supporting information-Fig. S6). It can be seen that the current change was much less than in
the rhodamine-beet root case. The current response observed from both the rhodamine and the sugar sample in
beetroot juice is shown in Fig. 10e. As can be observed that the normalized current response for rhodamine 6 G
contained beetroot is significantly higher (almost double) than the beetroot containing sugar even though the
concentration of Rhodamine is 3 order of magnitude less than sugar in beetroot juice. This result clearly suggests
that the surface modified nanostructured WO; is very selective in detection of rhodamine in the food sample.
The authors also conducted square wave pulse test to compare the performance of the sensor for sugar addition
in the beet root juice (see supporting information-Fig. $6). It can be seen that the current change was much less
than rhodamine-beet root case.

Similar to the rhodamine 6G, the current response increased with the increment in the concentration of
methyl red in the carrot juice (Fig. 10g). The square wave voltammetry was also performed for the methyl red
and carrot juice. The SW voltammogram shown in Fig. 10f indicates a significant difference in current response
when exposed to carrot juice and methyl red. This indicates that the nanostructured WO; response was selective
to the organic compound, therefore, can be utilized for detecting the methyl sample in carrot juice. A difference
in current response pattern can be clearly seen in Fig. 10e (inset). Also, a repeatability in the sensor response
can be observed. Although, beetroot juice has a variety of chemical compounds such as Betalains, polyphenols,
flavonoids, dietary nitrates, and several other compounds including sugar components that can affect the sensor
performance and selectivity. However, analysis of each individual compound of the beetroot juice is challenging
and needs techniques such as Folin-Ciocalteu method’®. Nevertheless most of the experiments were performed
after appropriate filtration steps. From the results obtained from the electrochemical tests in the present study,
it can be argued that the functionalized WO; nanostructured materials is very sensitive to the synthetic dye
(rhodamine 6 G and Methyl red) and selectively detect these compound in the real food sample. From the same
study, the detection limit of WO, for Rhodamine 6 G and Methyl red in the food was estimated at around 0.5 ug/
ml and ~2 pg/ml respectively.

In summary, the nanorods of WO, prepared using electrochemical etching method, exhibit the areal and
gravimetric capacitance of ~225 mF/cm? and ~200 F/g respectively. The study described the simple synthesis
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Figure 10. (a) A local cyclic voltammogram in the range of —1.2 to —0.6 V of beetroot juice (base line) and
juice of different concentrations of Rhodamine 6 G showing a systematic increase in the current when the
concentration was increased from 0.0 ug/ml to 3.0 ug/ml. An increment in current from 0.004 mA for 0.5 ug/ml
t0 0.007 mA for 3.0 ug/ml is evident. (b) The square wave voltammogram (SQV) of Rhodamine 6G and Beetroot
showing a current response difference. A high current response was observed for Rhodamine 6G compare

to the beetroot juice. Inset figure indicates the repeatability of sensor response from Rhodamine 6G and the
beetroot juice. (c) Optical image indicates that visually no difference between the Rhodamine 6G solution and
the beetroot juice. (d) Optical image showing no visual difference between Methyl red and the carrot juice. (e)
Bar graph showing the absolute current response of the sensor when exposed to beetroot spiked with sugar
(0.25 gm was added in 1 ml of beetroot juice) and beetroot with Rhodamine 6 G (4.5 ug Rhodamine in 1 ml
beetroot juice). A significant higher current observed for rhodamine 6 G compared to the sugar. This clearly
indicates the WO; is selective towards the rhodamine in the food sample. (f) SQV of Methyl red and carrot juice
showing the difference in current response. A high current response was observed for carrot juice compare

to the methyl red solution. Inset figure indicates the sensor response is repeatable from Methyl red and carrot
juice. (g) A local cyclic voltammogram section (—1.2 to —0.6 V) of carrot juice (base line) and juice of different
concentrations of methyl red showing a systematic change in the current with the increased concentration. An
increase in the current can be observed when methyl red concentration was increased from 0.0 pg/ml to 4.5 pg/
ml in the carrot juice.

method for the synthesis of the nanorod type morphology of tungsten oxide and their modifications. A secondary
thin layer of CdS, tellurium, and tungsten selenide was also grown, respectively, in order to improve the robust-
ness and stability of the sensors. The layering causes reduced capacitance values that can be attributed to the
charge masking effect due to the layer on WO,. However, in some cases, the secondary layer causes impregnation
and enhanced anchoring of oriented WO,.

Initial studies on the electrochemical detection of three different organic chemicals have demonstrated the
sensing ability of the nanostructured tungsten oxide for the various organic compounds that are used in food pro-
cessing. A systematic change in the current response was observed when the methyl red and (3 carotene concen-
tration was varied in a buffer solution. The Nyquist plot study showed that systematic conductivity change with
the small change in the concentration of rhodamine 6 G in the buffer solution. The present study demonstrated
that the application of surface modified nanostructured WO; in electrochemical detection of the dye chemicals
such as Rhodamine 6 G and methyl red. Hence, the outcomes from the present study provide an opportunity for
the further research in developing a low-cost miniature sensor with a reliable sensing system for commercial food
safety use.

Methods

Growth of WO, layer. Two distinct approaches were followed in order to grow WO,. In the first approach,
a spin casting method was used. In this approach, the commercial W-coated Si substrate was first cleaned using
ethanol and acetone solution and dried. Next, KOH solution in water (concentration ~0.1 M) was spin cast using
a spin coater with a rotation speed of 2500 rotation/min for 30s. The substrate was initially dried in air and sub-
sequently annealed in a tube furnace for ~2hours at 650 °C. The authors also conducted the experiments at other
temperatures (i.e. 400 °C, 500 °C, 600 °C and 700 °C) in order to examine the effect of temperature on tube mor-
phology. After completion of annealing, the substrate was taken out and finally cleaned in ethanol and dried for
further use. In the second approach, electrochemical etching of tungsten film at 30 V for approximately 120 s was
performed followed by annealing at 650 °C. Prior to electrochemical tests, the phase and purity were confirmed
using Raman spectroscopy’’. The morphology of WO, was examined using scanning electron microscopy. After
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these sets of validations, coatings of other layers were also applied to evaluate the performance and cyclic stability
of the film.

Coating of CdS layer. The CdS coating was grown on WOx substrate using a chemical bath deposition
method. The chemical bath for CdS deposition was prepared using an aqueous solution of 0.03 M cadmium ace-
tate (Cd(CH;COO0),), 0.06 M thiourea (CH,N,S) and 1.0 M ammonia acetate (NH,CH,;CO,). The substrate area
of ~2.5 cm? was immersed in solution vertically for 2 hours followed by air drying. The as-deposited substrate was
heated to 300°C at a rate of 10 C/min in a vacuum furnace followed by annealing at that temperature for 1 hour
in a vacuum (1072 torr).

Coating of WSe, layer. A WSe, layer was deposited on WO, by annealing WO, coated silicon-substrate
in a selenium environment. Elemental selenium (>99.99%) powder was heated in a tube furnace at ~500 °C for
2hours. Prior to an annealing treatment, the tube furnace was flushed with high purity argon gas. Selenium (Se)
powder was poured in a quartz boat and subsequently heated to 500 °C at a rate of 10 °C/min. The deposited Se
layer was characterized using Raman spectroscopy and X-ray diffraction. The layer morphology was evaluated
using scanning electron microscopy. The energy dispersive spectroscopy (EDS) was employed for the composi-
tion analysis of the layer.

Coating of Te layer. In our continued efforts to evaluate properties of other chalcogenides (apart from
WSe,)-WOx combination, tellurium is one of the obvious candidates. Various techniques of Te thin film growth
has been employed previously such as electrochemical deposition, sputter coating, vacuum deposition’®”. In the
present study, the Tellurium (Te) film on WO, substrate was prepared by thermal evaporation method due to the
fact that the thermal deposition method yields high-quality thin films with a very simple deposition procedure.
The pure Te material (99.999%) was used as the source of Te for the deposition on the substrate. The substrate
was cleaned with ethanol and dried in air. Te was placed in an alumina boat along with the cleaned substrate in a
vacuum tube furnace. A vacuum of 1 x 1072 torr was applied, followed by a continuous heating at a rate of 5°C/
min to 150 °C. The temperature of the furnace was kept at 150 °C for 1 hour followed by furnace cooling to room
temperature. The as-deposited substrate was taken out from the cooled furnace and dipped in ethanol to clean
the surface. The cleaned surface was dried with flowing air. The morphology of the coated sample was determined
using a scanning electron microscope.

Layer characterization. The phase and structural analysis of the films and layered structures were per-
formed using Raman spectroscopy and X-ray diffraction. Raman spectroscopy was carried out using a portable
Raman spectrometer (Raman system: make R 3000 QE) with a 785 nm laser excitation at power ~140 mW. The
Raman spectroscopy provides wavelength stability with less than 1 cm™! drift for over a 12 h period. XRD was
performed using a Rigaku make R 3000 QE X-ray diffractometer with CuKa radiation over the 26 range of 20-80°
with the step size of 0.005° and a scan rate of 2°/min.

The morphology of each deposited layer was studied using a scanning electron microscope. Morphological
examination (surface and cross section) of the thin films was carried out using a field emission scanning electron
microscope (Hitachi S-4800 SEM) with a tungsten filament based field emission gun at 5kV accelerating volt-
age and ~18 pA emission current. The chemical analysis of the deposited layers was carried out with an energy
dispersive X-ray spectroscopic analysis (EDS). For such analysis of the film, an Oxford (X-Max) EDAX detector
attached to the SEM, was utilized. EDS analysis was carried out at 20kV accelerating voltage and high probe cur-
rent with a given magnification. An AZtecEnergy acquisition method and EDS analysis software synchronized
with the X-Max detector was used for mapping and spectral analysis.

Supercapacitor Performance Measurements. To examine the pseudocapacitive behavior, cyclic
voltammetry (CV) experiments were performed in a three-electrode cell system with the layer coated silicon sub-
strate as working electrode, a platinum wire as the counter electrode and saturated Ag/AgCl reference electrode.
The CV was performed using a Gamry Potentiostat (equipped with Virtual Front Panel Software) in a potential
range of —0.1 and 0.9V in 1 M Na,SO, at various scan rates (5 to 80 mV/s). Samples were cleaned in ethanol
prior to CV experiments. In our tests, we measured the CV after stabilizing the WO, electrode in the solution
for 60 seconds and also the electrode were immersed in the solution throughout the experiment. The aerial (C,)
and the specific capacitance (C,) for the capacitor was calculated based on data obtained from the CV using the

equation®:
_ -1
C, = 2[As(AV)] f 1(V)dv @
and the specific capacitance of the supercapacitors was calculated using the formula”?;
G, = 20ms(AV)I™! [1(v)av )

where f I(V)dV is the area under the curve of CV scan, A is the area of the electrode, m is the mass of the working
electrode used, s is the scan rate and AV is the working potential window. It can be seen from Eqgs (4) and (5), that
the capacitance depends on parameters m, s, and f I(V)dV (determined the swept area). As can be seen as the
scan rate increases the capacitance will decrease. The increase in the f I(V)dV will increase the capacitance of
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material. The response from | I(V)dV directly depends on the inherent materials and electronic properties of the
materials. Ideal supercapacitors should have maximum swept areas.

Detection of dye. The electrochemical tests were performed using a Gamry PCI4/750 potentiostat equipped
with virtual panel software. For the electrochemical tests, a phosphate buffer baseline solution (no additional
chemicals) as well as with different concentration of chemicals (Rhodamine 6 G, Methyl orange, and beta caro-
tene) in an electrochemical cell mounted in a quartz cuvette connected to the potentiostat was utilized.

Detection of dye in the real food sample. For the dye detection in a real food sample, the food sam-
ple was chosen based on the fact that the food source should have the similar color (or appearance) to that
of our model dye. Based on that, we have selected beetroot juice and carrot juice representative (in color) of
Rhodamine 6 G and methyl red, respectively. The beetroot and carrot were purchased from the local market and
their respective juices were obtained using a standard juice maker. The juice was filtered using Whatman filter
paper. The electrochemical tests (cyclic voltammetry and square wave voltammetry: amplitude: 1.0 V; DC offset:
—200 mV; signal frequency: 1.0 Hz) were performed following the same technique mentioned above on the raw
juice (baseline) as well as different concentration of chemicals (Rhodamine 6 G and Methyl red) in the respective
food (juice). For these tests, the tungsten oxide nanorods layer surface was modified (sensitized) using methyl
thiophene aldehyde in order to increase the selectivity for the model chemicals in the juice. For the surface mod-
ification, the nanostructured WO, was first dipped into the 1, 2 ethanedithlol overnight followed by dipping of
the sample in methyl thiophene aldehyde. Note that thiophene aldehyde based compounds have been earlier
used for sensing applications®!. A schematic diagram showing the surface modification of nanostructured WO, is
presented in Fig. 9. To confirm the methyl thiophene aldehyde coating formation on the nanostructured tungsten
oxide, the Raman spectroscopy®? was carried out by using a 785 nm laser with an excitation power of ~140 mW.
The Raman spectrometer provides wavelength stability of less than 1 cm™" drift for over a 12hour period. The
obtained Raman spectrum is shown in Fig. 9b, a distinct aldehyde peak can be seen at wavenumber ~1740 cm ™.

Data availability. The data that support the findings of this study are available from the authors and the same
will be provided upon reasonable request.
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