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Materials and Chemicals

All the chemicals and materials were purchased of analytical grade and without further 

purification. Mili-Q water was used for all experiments unless mentioned otherwise. FTO glass 

substrate, Zn foil, disodium tungstate dihydrate (Na2WO4, 2H2O), cholesterol, glucose, dopamine 

and β-estradiol were purchased from Sigma-Aldrich. Disodium hydrogen orthophosphate 

(Na2HPO4), ascorbic acid, uric acid, urea and hydroquinone were purchased from Merck 

Specialties Private Limited, India. Hydrochloric acid (HCl), nitric acid (HNO3), phosphoric acid 

(H3PO4) and methanol (CH3OH) were purchased from Spectrochem Pvt. Ltd.

Physical characterizations

X-ray diffraction of the films were performed with an X’Pert PRO parallel beam X-ray 

diffractometer using Bragg-Brentano focusing geometry and monochromatic CuKα radiation (λ = 

1.540598 Å). Rietveld refinements were calculated using Full-Prof program in X’Pert PRO 

system. Thickness measurement of the samples were carried out with a Bruker Dektak XT 

stylus profilometer. Raman spectra were obtained on a Micro-Raman spectroscopy system RM 

2000 (Renishaw in Via-reflex, 785 nm excitation laser). The surface morphology and the cross-

sectional thickness of the synthesized thin films were examined under a field emission gun 

scanning electron microscopy (FEGSEM) (JEOL-JSM-7600F). Hitachi S-3400 N (EDX, Horiba 

EMAX) instrument was used to study energy dispersion X-ray spectroscopy (EDX). X-ray 

photoelectron spectra (Perkin-Elmer Physical Electronics 5600 spectrometer) were recorded to 

identify the chemical states of surface atoms and to confirm the existence of ZnO and WO3 on 

FTO substrate. The electronic absorption spectra were investigated with a Carry-60, Agilent 

Technologies UV-Vis spectrophotometer. The photoluminescence (PL) spectra and lifetime 



measurements were carried out with a Horiba Scientific Fluorolog instrument. All the 

electrochemical measurements were accomplished on a CHI660E Electrochemical Workstation.

Fig. S1: Pictorial representation of development of WO3 film on ZnO film using FTO substrate.



Fig. S2: X-ray diffraction patterns of as-deposited orthorhombic WO3 thin film and pure WO3.

Rietveld analysis of the films: To get a better conception of the structural parameters of thin 

films, Rietveld refined XRD analysis has been used, as shown in Fig. 1(a)-(c) (main manuscript). 

The Full-Prof program was applied to define XRD plane profile. The Rietveld refinement was 

implemented in X’Pert PRO system to calculate lattice constant (a, c), c/a ratio, unit cell volume 

(V), degree of distortion (R), interplanar distance (d) and bond length (along c axis) and have been 

presented in Table S1. The following equations were used to obtain the various data:

Degree of distortion:  ;                          Volume:  ;

Interplanar distance:  ; 

Bond length of M-O:  ;                       ;

The values of the structural parameters, as listed in Table S1 clearly depict that our synthesized 

thin film semiconductors are highly crystalline. The observed and calculated values matched well 



with previous literature data.1-3 The lattice parameters given in Table S1 (a and c) for the refined 

XRD patterns demonstrate a slight decrease for the composite film. This may be due to defects 

(such as vacancies, dislocation or interstitial), difference between the ionic radii of Zn2+ (0.74 Å) 

and W6+ (0.60 Å) or external strains grown because of temperature, etc.2 It is evident that the c/a 

ratio remains almost same for all the films, but the distortion factor (R) increases slightly when 

WO3 was deposited over ZnO film. This indicates that there must be some sort of distortion 

occurring in the crystal lattice.4,5 Along with the lattice parameters (a and c), the unit cell volumes 

(V) and the crystallite sizes (D) of both ZnO and WO3 films decreased progressively as the 

composite thin film gradually developed. The probable justification of the perceived trend is that 

there must be lattice contraction when the heterostructure grew. We have also noticed that the M-

O bond lengths decreased from 1.981 to 1.977 Å for ZnO and 4.238 to 4.236 Å for WO3 in 

ZnO/WO3. Like the M-O bond length, the interplanar distance of the most intense peaks also 

decreased. This can be attributed to the higher electronegativity of W (2.36) as compared to Zn 

(1.65). The difference in electronegativity causes an increase in the attractive force between Zn 

and O atoms with respect to the force between W and O atoms.5 Therefore, our synthesized 

annealed films match well with the structures of ZnO, WO3 and ZnO/WO3. 

Table S1: Rietveld refinement of PXRD parameters of ZnO, WO3 and ZnO/WO3 thin films. 
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Fig. S3: (a), (b) and (c) are EDS spectra and corresponding EDS results of ZnO, WO3 and 

ZnO/WO3 thin films, respectively. 
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Fig. S4: (a) Thickness measurement of Layer-by-layer deposited ZnO/WO3 on FTO by Stylus 

profilometry, (b) Survey scan of XPS for ZnO and ZnO/WO3 thin films, (c) and (d) deconvoluted 

high resolution Zn 2p and O 1s peaks of ZnO film, respectively.



(a) (b) (c)

Fig. S5: Electrochemical Impedance-potential (Mott-Schottky) analyses of (a) ZnO, (b) WO3 

and (c) ZnO/WO3 thin films.

Fig. S6: Schematic representation of band energy diagram of ZnO/WO3 heterostructure thin film 

for the electro-oxidation of ChOH. 



Fig. S7: CV profiles of ZnO/WO3 composite thin films in different electrolytic solutions in 

presence of 30 μM ChOH at a scan rate of 50 mV/S.

(a) (b)

Fig. S8: (a) CV profiles of ZnO/WO3 composite thin film in absence and presence of 30 μM 

ChOH in PBS at 50 mV/S scan rate; (b) DPV of ZnO/WO3 thin film at different pH in presence 

of 45 μM ChOH in PBS.



Calculation of electron transfer kinetics:

The electrochemical activities of our thin film sensor are mostly represented by electron transfer 

rate constant (Ks)  and electron transfer coefficient (α) of the diffusion controlled system by using 

Laviron’s equation (eqn. b, 1980) as follows:6

Where, E0, EPA, T, R, F, n and ν are the formal potential, anodic peak potential, temparature, gas 

constant, Faraday’s constant, electron trnasfer number, and scan rate, respectively. Fig. S9 exhibits 

the linear calibration plot of EPA with log of different sweep rates at fixed concentration of ChOH. 

From the slope of the plot, we have evaluated α and Ks and the values were found to be 0.37 and 

13.34 s-1. 

Fig. S9: Linear calibration plot of ZnO/WO3 composite film using Laviron’s equation of anodic 

peak current vs. log sweep rate. 



Calculation of Electrochemical Active Surface Area

The electrochemical active surface area (ECSA) of all catalysts was calculated from the

double-layer capacitance (Cdl) according to the following equation:7

ECSA = Cdl/Cs

Where Cs is the ideal specific capacitance of a smooth planar surface made of the same material

per unit area under identical electrolyte conditions. The specific capacitance of the samples in the 

three-electrode system can be calculated from the CV curve using following equation:8,9

Cs = 

𝑄
𝑚Δ𝑉

Where, Q is the average charge during charging and discharging in coulomb, m is the mass of the 

active material in gram, ΔV is the potential window in volts. 

Therefore, the Cs of the film can also be calculated from the charge-discharge of the CV curve as 

follows, 

Cs = 

𝑉2

∫
𝑉1

𝐼𝑣𝑑𝑣

2𝜔𝑚Δ𝑉

 represents the absolute area of the charging-discharging CV curve in the potential window 

𝑉2

∫
𝑉1

𝐼𝑣𝑑𝑣

of V1 to V2, and ω is the scan rate of the voltammogram in volts per sec. In our case the mass of 

the deposited sample was 3mg for ZnO/FTO and WO3/FTO and 4mg for WO3/ZnO/FTO film. 

Therefore, Cs can be calculated from the slope (2mCsΔV) of the linear plot of of absolute area vs. 

scan rate (Fig. S9).



Fig. S10: Linear plot of absolute area vs. scan rate of ZnO, WO3 and ZnO/WO3 thin films in 

0.1(M) PBS (pH = 7.2). 
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Fig. S11: (a) and (c) are electrochemical DPV measurements of ZnO and WO3 thin films with 

different concentrations of ChOH, (b) and (d) are peak current vs. concentration of Cholesterol 

calibration curves of corresponding films (inset is linear range of the calibration plots).   



(a) (b)

Fig. S12: (a) DPV measurements for selectivity test of ZnO/WO3 layer-by-layer composite thin 

film in presence of Cholesterol (only 10μM) and for other anti-interfering compounds with 100μM 

conc. (b) corresponding bar diagram.

(a) (b)

Fig. S13: (a) reproducibility test and (b) stability test of ZnO/WO3 composite thin film in 0.1(M) 
PBS containing 60μM ChOH, respectively. 
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Fig. S14: (a) and (b) XRD and FESEM images of the ZnO/WO3 composite thin film before and 
after the electro-oxidation of Cholesterol, respectively. 



Table S2: Comparative study of the electrochemical non-enzymatic Cholesterol sensing
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