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Abstract: 

Design and fabrication of artificial catalytic systems to mimic natural photosynthesis which can 

harvest solar energy and directly convert into usable or storable energy resources may resolve the 

global energy crisis. Remarkably, photocatalysis is an efficient approach to utilize solar photons 

in order to drive the thermodynamic uphill reaction to generate chemical fuels in presence of 

efficient photocatalyst. Bismuth tungsten oxide (Bi2WO6) is a typical Aurivillius double perovskite 

oxides photocatalyst and has received an increasing research interest for water splitting due to 

moderate bandgap, superior chemical and thermal stability. However, the solar light absorption of 

bare Bi2WO6 is not significant in visible region, and low charge separation efficiency limits the 

photocatalytic performance. In the present work, in situ doping of flower like Bi2WO6 

microstructure (6 to 8 m) by metal (Mo, Fe, Zn) may improve the absorption and charge transfer 

efficiency. The metal doping effectively reduces the bandgap of Bi2WO6 which in turn enhances 

light absorption in the visible region. Notably, photoelectrochemical water splitting highly 

improved after metal doping, for example, Mo doping showed highest photocurrent density which 

is fifty-seven times higher than bare Bi2WO6. The band structure of Bi2WO6 before and after 

doping has been investigated on the basis of valence band XPS and Mott-Schottky analysis to 

understand the effect of doping in optoelectronic properties. The enhanced activity may originate 

due to presence of additional electronic states via doping, lower ionization potential, work function 

energy and enhanced number of charge carriers at the electrode-electrolyte interface during water 

splitting. 
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1.1 Introduction 

The energy generation from sustainable, reliable and affordable sources is highly desirable to 

address the global environmental issues and energy crisis [1-3]. Direct conversion of photon into 

electron to store solar energy is an elegant way for overcoming the global demands [4-6]. 

Photoelectrochemical (PEC) water splitting is a potential way to harvest solar energy directly by 

semiconductor photocatalysts and become a key technology for green H2 generation [7-9]. Despite 

the worldwide attention in PEC technology, there are many parameters to explore and hurdles to 

overcome for reaching the viable photon to hydrogen conversion efficiency [10, 11]. The PEC 

efficiency can be improved by enhancing light absorption, electron-hole separation, surface charge 

transfer, surface kinetics and minimizing the overpotential through reducing the unwanted 

recombination [12-14]. Additionally, the electrode (semiconductor)-electrolyte interfaces play a 

decisive role in PEC performance as the photogenerated electrons and holes have to cross the 

junction for participating in the redox reactions [15]. Therefore, interfacial defects, nonradiative 

charge recombination at defect sites and alignment of energy levels are key factors which also 

affect the PEC performance of a photocatalyst. [12, 15, 16].  

Low bandgap semiconductors have attracted considerable research focus as photo-anode/cathode 

in PEC water splitting due to the ability to absorb visible light (43% of the total solar spectrum) 

[17, 18]. In particular, the photocatalyst composed of layered semiconductors have sparked 

widespread interest as they can provide large active sites and structural stability by the strong 

chemical bonding between the layers [17, 19-23]. The Bi2WO6, an Aurivillius phase double 

perovskite oxide has attracted intense attention in photocatalysis because of its layered structure 

[24-26]. The crystal structure can be depicted as the alternate [Bi2O2]
2+ layers stacking which are 

separated by [WO6]
2 octahedral layers along b-axis. Previously reported studies on crystal 
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structure demonstrated that [Bi2O2]
2+ layers were composed of three different Bi(1)O bond 

lengths and Bi(2)O bond lengths, whereas WO6 consists of six different WO bond lengths [27]. 

Owing to the different bond angles and the tilting of [WO6]
2 octahedra, the layers are heavily 

distorted in the crystal lattice, which results in different order-disorder levels. In addition, the 

stacking of different monolayer oxides may possess oxygen depleted surfaces which gives rise to 

huge number of active sites [24, 27-29]. In view of active photocatalyst, Bi2WO6 possess higher 

valence band potential than that of water oxidation potential of 1.23 eV vs RHE (Reversible 

Hydrogen Electrode) which is advantageous for water oxidation reaction, however the moderate 

band gap of ~2.9 eV limits its absorption in the visible region [28-31].  

Presently, doping of anion or cation in oxide-based semiconductor photocatalysts has been 

considered as an effective approach to expand the absorption range up to visible region by tuning 

the bandgap [32, 33]. The unwanted electron-hole recombination may be reduced by creating 

discrete energy levels near the conduction band minima (CBM) or valence band maxima (VBM), 

known as donor level and acceptor level, respectively [34, 35]. In addition, doping may affect the 

mobility of the excited electron and holes [36]. For example, Tian et al. [37] reported that Gd 

doping greatly influences the morphology and photocatalytic activity owing to half-filled 

electronic configuration of Gd3+ which traps the electrons and promotes charge separation 

efficiency. Shi et al. [38] shifted the VB of Bi2WO6 towards more positive potential by F 

substitution which resulted in two times higher catalytic activity for methylene blue degradation 

under visible light irradiation. The development of acceptor level near the VB of Bi2WO6 by Br 

doping enhanced the charge separation and migration during photocatalytic degradation of organic 

pollutant Rhodamine B because of the induced dipole moment by the distortion of local structure 

which in turn lower the band gap and decreased electronic effective mass [39]. Furthermore, Lu 
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[40], Ag [41], Cu [42], Zr [43], Er [44], Pt [45], Sr [46], Cd [47], La [48], and Ba [49] doped 

Bi2WO6 have been tested for organic pollutant molecules deterioration under visible light 

illumination. The effect of co-doping on Bi2WO6 has also been studied for organic pollutant 

degradation as it red shifted the absorption region towards longer wavelengths [50-52]. 

Substitution of Bi-site of Bi2WO6 with rare-earth ions such as Y3+, Er3+, Gd3+ and Ce3+ has been 

studied simultaneously to improve the photocatalytic activity [37, 53-56]. Hence, previous reports 

on doped Bi2WO6 photocatalysts mainly focused on organic pollutant degradation (Table S1), 

however the electronic factors that contribute to the photocatalytic activity and underlying 

mechanism are still not clear. Recently, some studies on photocatalytic H2 generation and 

photoelectrochemical water splitting have been reported using metal doped Bi2WO6 [57-59]. For 

example, Etogo et al. [58] demonstrated photocatalytic O2 evolution (147.2 mmol h1 g1) using 

Mo-doped Bi2WO6 biscuit-like microstructures under visible light due to the successful reduction 

of bandgap from 2.9 eV to 2.47 eV. Keerthana et al. [59] selected Ni as dopant for Bi2WO6 due to 

its high conductivity, mobility and low driving potential and used as efficient electrocatalyst for 

O2 evolution reaction. Very recently, Koteski et al. [60] investigated the structural, optical and 

electronic properties of Mo, Zn, Fe, Cr doped Bi2WO6 using density functional theory (DFT) and 

stated that Zn doping is more effective than others as it reduce the bandgap by inducing a shift 

near the top of VB toward higher energies.  

     In this work, we have partially substituted the W-site with Mo, Fe and Zn of Bi2WO6 and studied 

the effect in optical absorption and photoelectrochemical water splitting.  Mo has been selected as 

it is isoelectric with W, which may cause minimum perturbation of the host lattice and reduce the 

probability of extra phase generation. Depending on the theoretical investigation, Fe and Zn have 

been selected to study the effect in water splitting under visible light illumination. By varying 
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dopant concentration, catalytic activity has been tuned. Among various doping, the 6% Mo doped 

Bi2WO6 exhibits highest photocurrent density. The origin of the enhanced photoelectrochemical 

performance for Mo substitution at W-site has been investigated on the basis of band structure by 

utilizing UV-Visible absorption, valence-band X-ray photoelectron spectroscopy (VB-XPS), 

Nyquist and Mott–Schottky analysis.  

 

2. EXPERIMENTAL SECTION  

2.1 Chemicals 

Bismuth nitrate pentahydrate [Bi(NO3)3. 5H2O], sodium molybdate dihydrate [Na2MoO4. 2H2O], 

sodium tungstate dihydrate [Na2WO4. 2H2O], zinc nitrate hexahydrate [Zn(NO3)2. 6H2O], iron 

nitrate nonahydrate [Fe(NO3)3. 9H2O], acetic acid, Polyvinylpyrrolidone (PVP), ethelyne glycol, 

methanol and ethanol were obtained from Merck. Millipore System was used to get DI water (18.2 

M.cm). 

 

2.2 Synthesis of Bi2WO6 flower structure 

A facile hydrothermal method has been followed to synthesize assembled flower-like Bi2WO6 with 

some modification [58]. At first, 0.77 g Bi(NO3)3. 5H2O (0.02 M) and 1.6 g PVP were dissolved 

in 40 mL ethelyne glycol and stirred for 15 minutes at room temperature. In another beaker, 40 

mL of 0.01 M (0.26 g) Na2WO4 aqueous solution was prepared and then added into the Bi(NO3)3 

solution dropwise with vigorous stirring. A white precipitate was formed after being stirred for 

extra 1 h. Finally, the suspension was transferred into a 100 mL capacity autoclave, heated at 

220C for 20 h. The resulting sample was washed by centrifugation in DI water thrice and once in 
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ethanol. After that, the collected sample was dried overnight in an oven at 50C. The final powder 

of Bi2WO6 was marked as BiW. 

 

2.3 Synthesis of the metal (Mo, Fe, Zn) doped Bi2WO6 

To prepare Mo doped Bi2WO6, the stoichiometric amounts of [Bi(NO3)3. 5H2O], [Na2WO4. 2H2O], 

and [Na2MoO4. 2H2O] precursors were taken in a ratio of Bi : (W, Mo) = 2:1 and the Mo was taken 

as atomic percentage of 2%, 4%, 6%, 8%, and 10%. After being stirred for 1h, the suspension was 

transferred into a Teflon-lined autoclave, capacity 100 mL and heated at 220C for 20 h. The 

resulting sample was washed by centrifugation in DI water thrice and once in ethanol. After that, 

the collected sample was dried overnight in an oven at 50C. The final powder of Mo-doped 

Bi2WO6 was marked as BMW-2%, BMW-4%, BMW-6%, BMW-8%, BMW-10%. Following the 

similar reaction condition, Zn and Fe-doped Bi2WO6 have been prepared using [Zn(NO3)2. 6H2O] 

and [Fe(NO3)3. 9H2O] as Zn and Fe precursors, respectively. The Fe doped samples were marked 

as BFW-2%, BFW-4%, BFW-6%, BFW-8%, BFW-10% and Zn doped samples as BZW-2%, 

BZW-4%, BZW-6%, BZW-8%, BZW-10%.   

 

2.4 Characterizations 

Philips X’Pert instrument was used to study X-ray diffraction (XRD) of BiW samples before and 

after doping. The elemental presence and the morphology of bare semiconductors and 

heterojunction were recorded by field emission scanning electron microscopy (FESEM), for which 

Sigma (LEO. 430i) Carl-Zeiss instrument was employed. XPS was employed to measure the core-

level spectra, VB DoS, and secondary electron cutoff (SEC) of the as synthesized Bi2WO6 and Mo 

doped Bi2WO6 materials. XPS measurements were used for Mo doped Bi2WO6 as it exhibited 
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highest photocurrent density out of the three systems studied. The measurements were performed 

in a standard ultrahigh vacuum chamber operating at a base pressure of less than 2 × 10−10 mbar, 

with H2 as the main residual gas. The excitation source was monochromatized Al K X-ray 

radiation, operating at 250 W. The XPS was operated at a resolution of 0.38 eV as determined 

from the width of the Fermi edge of a polycrystalline Ag sample. Further experimental details, 

including the spectrometer calibration, can be found elsewhere [61, 62]. C 1s (284.5 eV) spectrum 

was considered as standard for charge correction. The UV-Visible absorption spectra of the 

semiconductor materials were taken at room temperature by using Cary 5000 UV-VIS-NIR 

spectrophotometer.  

 

2.5 Photoelectrochemical measurements 

The thin films of the materials were prepared by spin coating method at rpm of 4000 and time 

duration 1 min (catalyst concentration: 2mg/mL) on a FTO glass of area 1 cm2. In total, 300 L 

solution was used to prepare the three layers on the FTO slides and finally dried at 200C for 2h. 

A potentiostat (Autolab, PGSTAT302N, The Netherlands) was employed to measure the 

photoelectrochemical properties of the as prepared materials.  A three-electrode quartz cell having 

0.1 M Na2SO4, KCl saturated Ag/AgCl, Pt wire were used as electrolyte, reference electrode and 

counter electrode, respectively.  Thin film of the materials on the FTO coated glass has been taken 

as working electrode. The experiment was carried out under Xenon light source of 35 mW/cm2 

intensity. The photocurrent density of the bare BiW and doped BiW was recorded in the potential 

region of 0.4 V to 1V vs Ag/AgCl at scan rate of 10 mV s1 via linear sweep voltammetry (LSV). 

Furthermore, the light sensitivity and the stability were examined through chopped 

chronoamperometry (CA) at a fixed voltage of 0.26V vs Ag/AgCl. To investigate the conductivity 
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and electron-hole transfer resistance at the electrode-electrolyte interfaces, electrochemical 

impedance spectra (EIS) were taken. The frequency range for this EIS measurement was 100 KHz 

to 0.1 Hz and amplitude was 0.1 V. Moreover, the Mott-Schottky (M-S) study was carried out at 

1000 Hz frequency to study junction capacitance at the electrode-electrolyte interface, flat band 

potential, free charge carrier density and conductivity of the materials. The Nernst equation was 

employed to convert the potentials (EAg/AgCl) to normal hydrogen electrode scale (ERHE), as 

follows: 

                                  ERHE =  EAg/AgCl + 0.059 × pH + 0.197                                      (1) 

 

3. RESULT & DISCUSSIONS  

3.1 Physicochemical properties 

The characteristic X-ray diffraction peaks of 28.32°, 32.89°, 47.05°, 55.90°, 58.60°, corresponding 

to the (113), (200), (202), (331), and (262) planes of Bi2WO6, reveal that as prepared Bi2WO6 is 

highly crystalline and exists in orthorhombic phase with space group Pca21 (JCPDS no. 73-1126) 

[36]. The XRD pattern of the different Mo-doped Bi2WO6 are shown in Figure S1, where the 

similar diffractograms after Mo-doping suggests the isostructural nature of Mo-Bi2WO6 samples 

with pure orthorhombic Bi2WO6 phase [37, 38]. However, a shift of characteristic (113) peak 

towards larger 2 value indicates the shrinkage of the lattice parameters of (113) plane due to the 

W6+ substitution by Mo6+ [36, 58]. The XRD of 6% Mo, Fe, Zn-doped BiW, presented in Figure 

1, illustrates that metal substitution does not change the crystal arrangements of Bi2WO6. 

Additionally, no other additional peaks have been observed after metal doping, which implies that 

metal substitution did not result in new crystal development or crystal orientations [36-38]. 

However, a shift in the (131) diffraction peak at the range of 2 = 27–30 was observed towards a 

larger 2 value, which confirms the successful W6+ substitution by the smaller metal ions [58]. 
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Additionally, the shifting of 0.07, 0.05 and 0.04 have obtained for (113) plane after partial 

substitution of Mo, Fe and Zn, respectively, which implies that the crystal structure of doped-

Bi2WO6 remains in same orthorhombic phase with space group Pca21 [58].  The crystallite size, 

(D) of the pristine Bi2WO6 and metal doped Bi2WO6 have been calculated using the Scherrer 

formula of; 

                                                D =  
0.94 

 cos
                                                                                 (2) 

where,  is the wavelength of the X-ray beam (1.5406Å),  is full width at half maxima (FWHM) 

of the   highest intensity peak (radian). The crystallite size of the bare Bi2WO6 and 6 % metal-

doped Bi2WO6 are calculated for the (113) characteristic plane, which are presented in Table 1. It 

has been clearly observed that, after metal ion substitution the crystallite size reduces and attends 

minimum value for 6% Mo-doping. The partial substitution of W6+ by Mo6+ may causes a lattice 

distortion due to different ionic radii of W and Mo and prevent the grain growth, results decrease 

in crystallite size. Furthermore, the corresponding strains () have been evaluated as the distortion 

related with the strain present in the lattice, using the following equation: 

                                                   𝜀 =  
𝛽

4 𝑡𝑎𝑛𝜃
                                                                             (3)             

 As expected, the lattice stain increases after the metal ion substitution, which is well consistent 

with the previously reported studies (Table 1) [63-66].       

Table 1 Crystallite size and lattice stain of pristine Bi2WO6 and metal doped (Mo, Fe, Zn)-Bi2WO6. 

Material 2 Full width at 

half maximum 

(FWHM, ) 

Crystallite size 

(D nm) 

Strain 

  103 

Bi2WO6 28.24 0.28 30.48 4.84 

6% Mo-Bi2WO6 28.53 0.48 17.79 8.27 

6% Fe-Bi2WO6 28.51 0.47 17.85 8.24 

6% Zn-Bi2WO6 28.48 0.41 20.89 7.05 
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Figure 1 (a) XRD patterns of bare Bi2WO6 (BiW), Mo-doped Bi2WO6 (Mo-BiW), Fe-doped 

Bi2WO6 (Fe-BiW) and Zn-doped Bi2WO6 (Zn-BiW). (b)  XRD patterns of the bare BiW and doped 

BiW in the 2 range of 27–30.  

 

A flower like assembled micro-structure of average size 1.5 m have been obtained for BiW, 

which consist of building blocks of individual small nanosheets (Figure 2a). The FESEM images 

of doped BiW are represented in Figure 2b-d. Interestingly, Mo doping does not affect the flower 

like structure of BiW, however it changes after Fe and Zn doping. The energy dispersive X-ray 

(EDX) analysis of 6% Mo-BiW has been studied to confirm the atomic percentage of Mo doping 

as well as presence of elements. Figure 3a shows the EDX of 6% Mo-BiW, where peaks for Bi, 

W, Mo and O are present with the atomic ratio of 20.26%, 7.05%, 5.3%, 67.39%, revealing excess 

O in the lattice. The mapping of the individual elements clearly reveals the presence of Bi, W, O 

and Mo (Figure 3b-e). 
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Figure 2 FESEM images of (a) bare Bi2WO6 (BiW), (b) Mo-doped Bi2WO6 (Mo-BiW), (c) Fe-

doped Bi2WO6 (Fe-BiW) and (d) Zn-doped Bi2WO6 (Zn-BiW).  

 

 

Figure 3 FESEM EDX of 6% Mo-BiW and the elemental mapping of Bi, W, O and Mo. 
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For better understanding the effect of Mo-doping in crystallinity of Bi2WO6, TEM and high 

resolution TEM (HRTEM) have been carried out. Figure 4a and 4c illustrate the TEM images of 

pristine Bi2WO6 and 6 % Mo-doped Bi2WO6, clearly reveal that nanosheets are stacked together 

and oriented in a certain direction to form flower like microstructure. The HRTEM images of 

Bi2WO6 and 6 % Mo-doped Bi2WO6 exhibit clear lattice fringes, indicate the highly crystalline 

nature of the as prepared materials. The interplanar spacing of 0.312 nm corresponds to the (113) 

plane of orthorhombic Bi2WO6] (Figure 4b and 4d) [67].  

 

Figure 4 (a) TEM image and (b) HRTM image of Bi2WO6. (c) TEM image and (d) HRTM image 

of Mo-doped Bi2WO6. 

 

To confirm the oxidation states and the chemical environment surrounding the elements, XPS 

analysis of BiW before and after Mo doping was performed. Figure S2 represents the surface 

(a) d=0.312 nm

(113)
(b)

(c) d=0.312 nm

(113)
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survey spectra of the bare BiW and the 6% Mo-BiW, which confirms the presence of Bi, W, O, C 

and Mo after doping. Further, the high-resolution spectra of the core levels were fitted using 

Gaussian-Lorentzian line shape analysis to determine the oxidation state of the elements. Details 

of the fitting procedure can be found elsewhere [62]. Figure 5a shows the Bi 4f core levels for bare 

BiW and 6% Mo-BiW. The Bi 4f spectra of BiW, fitted with two doublet peaks at the bonding 

energies of ~159.47 eV and ~164.75 eV with the spin orbit separation of 5.31 eV, corresponds to 

Bi 4f7/2 and Bi 4f5/2 respectively, and confirms the presence of Bi3+ state [68]. However, after Mo-

doping, both Bi 4f7/2 and Bi 4f5/2 appear asymmetric and have been fitted with two extra peaks 

(Figure 5a). The additional peaks at higher binding energies may arise due to presence of BiOBi 

bond, i.e. during doping some Bi2O4 may be formed at the surface [69]. However, in XRD no 

additional peak were observed after Mo-doping, clearly implying that it is mainly present in the 

surface or subsurface region of the materials. Two characteristic peaks in the W 4f spectrum at 

binding energies of ~35.8 eV and ~37.95 eV with spin orbit separation of 2.14 eV, ascribed to W 

4f7/2 and W 4f5/2, respectively, confirms the presence of W6+ state [58, 59]. In addition, two small 

peaks at ~34.59 eV and ~36.64 eV reveal the presence of W5+ state within Bi2WO6 which may 

arise due to appearance of defect sites, i.e. oxygen-deficient W within the crystal lattice [70]. 

Interestingly, the W5+ state was not observed after Mo-doping at the W-site, and significantly the 

peak position shifted towards lower binding energies, which indicates the change of surface 

electron density for W after Mo substitution (Figure 5b) [36, 58]. The O1s lineshape for bare 

Bi2WO6 was fitted with three peaks at binding energies of ~530.15 eV, ~530.74 eV and ~532.4 

eV, related to the lattice oxygens of WO, BiO and surface adsorbed oxygen, respectively [71]. 

As expected, the O1s lineshape of Mo-Bi2WO6 was more complex and fitted with four peaks 
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correspond to BiO (~530.15 eV), WO (~530.85 eV), MoO (~531.99 eV) and adsorbed O 

(~533.6 eV) (Figure 5c) [72].   

 

Figure 5 Core level XPS spectra of (a) Bi 4f, (b) W 4f, (c) O1s and (d) Mo 3d of bare BiW and 

Mo-BiW. 

 

The main Mo 3d peaks at ~232.7 eV and ~235.9 eV are in good agreement with Mo in the Mo6+ 

state (Figure 5d) [58]. Although W and Mo remains in same oxidation state (W6+ and Mo6+), slight 

difference in binding energy has been founded for WO and MoO (Figure 5c), which may 

possibly for the different electronegativity of W (2.36) and Mo (2.16). It is noted that the Mo 3d 

lineshape has a slight asymmetry towards lower binding energies and the core level doublets have 

been fitted with two extra peaks to account for the asymmetry (Figure 5d) [29]. The minor peaks 

168 166 164 162 160 158 156

Bi
3+

4f
5/2Mo-BiW

Binding Energy/eV

In
te

n
s

it
y

/a
.u

.

BiW

Bi 4f
4f

7/2

Bi-O-Bi

40 39 38 37 36 35 34 33

4f
5/2

W
6+

Mo-BiW

In
te

n
s

it
y

/a
.u

.

Binding Energy/eV

BiW

W  4f

W
5+

4f
7/2

238 236 234 232 230

3d
3/2

Binding Energy/eV

In
te

n
s

it
y

/a
.u

.

Mo-BiW Mo 3d
3d

5/2

(a) (b)

(c) (d)

536 534 532 530 528 526

MoO

Adsorbed O

O 1s

In
te

n
s

it
y

/a
.u

.

Binding Energy/eV

BiW

Mo-BiW

BiO

BiO

WO

Adsorbed O WO



15 

 

centered at ~231.66 eV and ~234.7 eV are attributed to the presence of Mo5+ state, which are well 

consistent with the previously reported literatures [73, 74]. Furthermore, the FTIR analysis have 

been carried out for pristine BiW and metal-doped BiW to confirm the chemical bonds present in 

the molecules (Figure S3). The characteristic absorption band at ~731 cm1 corresponds to WO 

and BiO stretching vibrations, which has been reduced after metal substitution [75]. The decrease 

in band intensity confirms that metal doping may significantly affect the WO and BiO bonds. 

The band at 500 to 600 cm1 is related to the bridging vibration W–O–W [76]. The characteristic 

bands at ~1625 cm1 and ~3423 cm1 are ascribed to the bending and stretching vibrations of OH 

bond. 

The light absorption and the band gaps of the bare BiW and the 6% metal doped BiW have been 

studied by UV-Vis absorption spectra (Figure 6a). Bare semiconductor BiW has very low 

absorption in visible region due to large band gap of 2.9 eV. As expected, the light absorption 

ability of BiW was increased and extended to the visible region after metal doping due to the 

reduction of bandgap energy. The bandgap energy (Eg) of BiW and metal doped BiW are 

calculated using Kubelka–Munk equation of [77]; 

                           (h) = C(h − Eg)
n                                                               (4) 

Where, h denotes photon energy, α is linear absorption coefficient, C is proportionality constant. 

The value of n is related to electronic transitions of the material. The value of n = ½, 3/2, 2, 3 

corresponds to direct allowed, direct forbidden, indirect allowed, and indirect forbidden electronic 

transition, respectively. For BiW, it is widely accepted that electronic transition is indirect allowed 

i.e. n = 2, [36, 58]. The calculated Eg values are 2.9 eV, 2.54 eV, 2.6 eV and 2.82 eV for BiW, Mo-

BiW, Fe-BiW and Zn-BiW, respectively (Figure 6b). Thus, Mo-doping successfully narrowed the 
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Eg compared to Fe and Zn-doping, due to the hybridized conduction band of Mo 4d and W5d 

orbitals which may generate an impurity level below the CBM.  

 

Figure 6 (a) The UV-Vis absorption spectra and corresponding (b) Kubelka–Munk [(αhν)2 vs 

photon energy (hν)] plots of bare BiW (Inset of Figure 6b), Mo-BiW, Fe-BiW and Zn-BiW. 

 

The generation of extra electronic state boosts the electron excitation from the VBM to CBM and 

improves the light absorption by narrowing the band gap. In addition, the degree of delocalized 

excitation energy because of crystal structure distortion through Mo substitution may have an 

effect in bandgap reducing [36, 58].  

 

3.2 Photoelectrochemical properties 

Photoelectrochemical properties of the prepared thin films have been studied to check the photo-

response as well as stability of material under light illumination. Figure 7(a-d) represents the linear 

sweep voltammetry (LSV) spectra of bare BiW and 6% metal (Mo, Fe, Zn) doped BiW under dark 

and light irradiation. As expected, Mo-doping effectively enhances the photocurrent density up to 

0.4 mA cm2 which is much higher than bare BiW (7.07 A cm2). Moreover, the Mo-BiW exhibits 

2.3 fold and 57 fold higher current density compared to Fe-BiW (0.17 mA cm2) and Zn-BiW 
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(8.49 A cm2), respectively. The LSV of the as prepared materials under chopped light condition 

were also studied to determine the onset potential as well as the photo bleaching effect of the 

material. The onset potential of BiW, 6% Mo-BiW, 6% Fe-BiW and 6% Zn-BiW are 0.3 V, 

0.4V, 0.44V and 0.15 V (vs Ag/AgCl), respectively.  

 

Figure 7 LSV spectra of (a) bare BiW, (b) Mo-BiW (6 % doping), (c) Fe-BiW (6 % doping) and 

(d) Zn-BiW (6 % doping) under dark, continuous light and chopped light illumination. The 

experiment was performed in a three-electrode cell, Ag/AgCl as reference electrode and Pt wire 

as counter electrode and 0.1 M Na2SO4 solution as electrolyte.  

 

Therefore, it can be concluded that Mo and Fe substitution effectively reduces the work function 

energy of BiW for water splitting under visible light illumination. Furthermore, the effect of dopant 
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concentration in water splitting has been studied through chopped LSV for Mo-BiW materials 

(Figure S4). Among various dopant concentration, 6% Mo-BiW exhibits highest photocurrent 

response which might be attributed to the suitable amount of Mo doping and reduced bandgap, 

thereby allowing better visible light absorption and charge separation [58, 78].  

Chronoamperometry (CA) of the prepared photoanodes has been performed to check the photo-

response and stability of the materials. As shown in Figure 8a, 6% Mo-BiW represents three times 

higher photo current density as well as stability compared to 6% Fe-BiW. To compare the results, 

CA of bare BiW and 6% Zn-BiW have been studied and presented in Figure 8b. From the result, 

it is clear that metal-doping successfully enhances the photo-stability and reduces the photo-

bleaching effect of BiW. The reusability of the photoanode has been tested by taking the linear 

sweep voltammetry (LSV) spectra of Mo-doped Bi2WO6 for five successive runs, where the 

photocurrent density almost remain same upto three runs (Figure S5a). Furthermore, photo 

bleaching effect of Mo-BiW has been studied by taking CA for 10 mins under continuous visible 

light illumination, where a stable current density obtained, revels the low photobleaching effect 

(Figure S5b). Further, morphology of the photoanode has been checked after ten successive LSV 

runs to analysis the morphological change. From the Figure S5c, it can be clearly observed that 

assembled flower like structure are present along with some agglomeration. Thus, it can be 

concluded that prepared photoanode of Mo-Bi2WO6 is reusable and stable. To understand the 

origin of highest performance of Mo-doping, charge transfer resistance of the doped and undoped 

BiW at the electrode-electrolyte interface have been measured through electrochemical impedance 

spectra under visible light illumination (Figure 8c). The diameter of the semicircular arc indicates 

the charge transfer resistance of the photoanode material at the electrode-electrolyte interface [66]. 

The 6% Mo-doping results minimum charge transfer resistance of ~1200  than that of 6% Fe-
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BiW (~9 k) and 6% Zn-BiW (~21 k), implies higher conductivity and facile charge transfer in 

case of Mo-doping under light illumination. Furthermore the effect of light illumination on the 

charge transfer resistance has been studied for 6% Mo-BiW, where charge transfer resistance 

significantly decreases after light illuminations (Figure S6), indicating improved activity by the 

photogenerated charge species. The lower charge transfer resistance and improved redox activity 

of Mo-BiW resulted three times higher H2 generation rate compared to pristine Bi2WO6 (Figure 

S7). 

 

Figure 8 (a) Transient photocurrent spectra of Mo-BiW (6 % doping) and Fe-BiW (6 % doping) 

through chronoamperometry under chopped light condition. (b) Transient photocurrent spectra of 

bare BiW and Zn-BiW (6 % doping) through chronoamperometry under chopped light condition. 

(c) Nyquist plot of Mo-BiW (6 % doping) and Fe-BiW (6 % doping) and Zn-BW (6 % doping) at 

a fixed potential of 0.26 V vs Ag/AgCl in 0.1 M Na2SO4 electrolyte under visible light.  
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3.3 Mechanism 

For better understanding the electronic structure and the parameters which influence the enhanced 

catalytic activity of Mo-BiW, junction capacitance at the electrode-electrolyte interfaces through 

Mott-Schottky (M-S) and valence band XPS (VB-XPS) have been studied. The M-S studies have 

been performed in presence of 0.1 M Na2SO4 electrolyte to get the information about nature of the 

semiconductors, determination of flat band potential (Efb), number of free charge carriers and 

effect of doping in electronic structure. All of the materials exhibit positive slopes in M-S 

measurement i.e. confirm n-type conductivity (Figure 9) [80]. The flat band potentials (Efb) of the 

materials have been calculated from the slope of 1/C2 vs potential plot at 1/C2 = 0 using the 

equation of [81, 82]; 

1

Cs
2 =  

2

eNdεε0
 (E − Efb −  

KT

e
)                                               (5) 

where, CS indicates space charge capacitance at the electrode-electrolyte junction (in F cm–2), Nd 

is the free charge carrier density (in cm–3), e is electronic charge (in C), ε and ε0 are dielectric 

constants of semiconductor and permittivity of free space, K and T are Boltzmann constant and 

temperature (in K), respectively. It is well known that, in case of n-type semiconductors the flat 

band potentials are located near the CB. Previously reported studies stated that the difference 

between CBM and Efb, i.e. E is 0.2V for conductivity in the order of 102  [83]. Considering this 

E, the conduction band minima (CBM) and valence band maxima (VBM) are calculated and 

presented in Table 2. The CBM potentials for BiW and Mo-BiW are 0.08 eV and 0.35 eV, 

respectively, thereby a shift of 0.27 eV in CBM happened due to Mo doping, which boosts the 

water reduction efficiency. Notably, the Fe and Zn-doping also shifted the CBM towards more 

negative potential. With the help of the Eg values which are determined from the Kubelka–Munk 

plots, the position of the VBM was further calculated [68]. The VBM of bare BiW, Mo-BiW, Fe-
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BiW and Zn-BiW are 2.82 eV, 2.19 eV, 2.64 eV and 2.72 eV, respectively, therefore VBM are 

pushed up after metal doping. Interestingly, 6% Mo-doping narrowed the bandgap and resulted 

VBM position near the water oxidation potential (1.23 V vs RHE) and highly negative CBM which 

is suitable for water reduction (0 V vs RHE). In addition, free charge carrier concentrations of 

doped BiW have been calculated, where 6% Mo-BiW shows highest value (311.5  1016 cm3) 

than that of 6% Fe-BiW (260.6  1016 cm3), 6% Zn-BiW (101.5  1016 cm3) and bare BiW (69.6 

1016 cm3). Thus, higher number of free charge carriers and the suitable oxidation and reduction 

potential of 6% Mo-BiW are two basic parameters for the enhanced water splitting capability.   

 

Figure 9 Mott-Schottky plots of (a) bare BiW, (b) Mo-BiW, (c) Fe-BiW and (d) Zn-BiW at 

frequency of 1000 Hz.  
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Table 2 Calculated Flat band potentials, CBM and VBM from the Mott-Schottky plots. 

Material Efb 

V vs 

Ag/AgCl 

Efb 

V vs RHE 

CBM 

eV 

VBM 

eV 

Eg 

eV 

BiW 0.49  0.12 0.08 2.82 2.9 

Mo-BiW 0.76  0.15 0.35 2.19 2.54 

Fe-BiW 0.54 0.07 0.13 2.64 2.77 

Zn-BiW 0.51  0.1 0.1 2.72 2.82 

 

Further, to validate the M-S results and understand the band alignment of the as developed 

materials, work function energies and the ionization potentials for the BiW and Mo-BiW were 

determined from the Secondary Electron Cutoff (SEC) and the valence band maxima (VBM) [59, 

60]. Figure 10a represents the SEC spectra from where the secondary electron cutoff energies have 

been determined by the tangent at the linear portion of the spectra. The work function energies () 

and the ionization potentials (IP) are presented in Table 3. It has been clearly observed that, after 

Mo-substitution the  of Bi2WO6 decreases, which may be attributed to the enhancement of ion 

mobility [13]. More interestingly, the IP of Mo-BiW is less compared to the bare BiW, which 

strongly reveals the successful doping of Mo [13, 84].  

 

Table 3 The secondary electron cutoff, work function energies, VBM position and ionization 

potential of the as developed materials. 

Material Secondary 

Electron 

Cutoff (SEC) 

Work 

function 

energy (), eV 

VBM 

position eV 

Ionization 

Potential (IP) 

eV 

BiW 1482.05 4.55 2.82 7.37 

Mo-BiW 1483 3.6 2.22 5.82 
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The valence band spectra for the BiW and Mo-BiW are shown in Figure 10b. The VBM energies 

were determined by fitting the tangent to the rising edge and its intersection with the background 

line. It is noted that there is a small density of states between the Fermi level (0 eV) and the band 

edge after Mo-doping. This is possibly due to unreacted Mo metal or presence of defects in the 

material [62]. A schematic band structures of bare BiW and Mo-BiW have been presented in 

Figure 10c, which are drawn based on the values of VBM, work function and ionization potential 

energies. The measurements show that the materials exhibit n-type conductivity, which is well 

consistent with the M-S measurement. Furthermore, Figure 10c illustrates that IP is pushed up by 

Mo doping, which facilitates the photocatalytic activity for water splitting. 

 

Figure 10 (a) Secondary Electron Cutoff (SEC) spectra of bare BiW and Mo-BiW. (b) The valence 

band maxima (VBM) spectra Mo-BiW. Inset: VBM of bare BiW. (c) Schematic Band structure of 

bare BiW and Mo-BiW. 
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4. Conclusions 

In summary, a stable metal (Fe, Zn, Mo) doped Bi2WO6 double perovskite has been synthesized 

via one-pot hydrothermal method to achieve efficient charge separation under visible light 

irradiation. The doping of metals was confirmed from the XRD, EDX and (for Mo) XPS core level 

analysis. Among Mo, Fe, Zn doping, Mo-doped BiW showed superior catalytic activity in water 

splitting due to the synergistic effect of high mobility, higher number of free charge carriers and 

the reduced work function energy. Moreover, the lower ionization potential for Mo-BiW indicates 

improved charge separation and possibly electron mobility. The flat band potential for Mo-BiW 

shifted towards negative potential compared to that of bare BiW, indicating reduced onset potential 

which is related to low work function energy. As a result, fifty-seven times higher photocurrent 

density was achieved for Mo-BiW, compared to that from bare BiW. Thus, this study provides 

insight into the effect in metal doping in bandgap tuning and water splitting, thereby opening up 

an avenue for rational design of visible light active double perovskite-based photocatalyst.  
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Supporting Information 

 

 
Figure S1 XRD patterns of bare BiW and Mo-BiW at different percentage of Mo doping. 

 

 

 

 
Figure S2 Surface survey XPS spectra of bare BiW and 6% Mo-BiW. 
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Figure S3 FTIR spectra of pristine Bi2WO6 and 6% metal-doped (Mo, Fe, Zn) Bi2WO6.    

 

 

 

 
Figure S4 Chopped LSV spectra of Mo doped BiW with different dopant percentage. 
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Figure S5 (a) Successive LSV scans and (b) chronoamperometry spectra of Mo-doped Bi2WO6 

under continuous visible light illumination. (c) FESEM image of Mo-doped Bi2WO6 after ten 

successive LSV scans.        

 

 

Figure S6 Nyquist plot of 6% Mo-BiW at 0.26 V vs Ag/AgCl in 0.1 M Na2SO4 electrolyte under 

dark and visible light illumination.  
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Figure S7 Photocatalytic H2 generation using pristine Bi2WO6 and Mo-doped Bi2WO6.    

 

 

Table S1 Comparative table of doped Bi2WO6 and Bi2WO6-based heterostructures used for 

various photocatalytic applications. 

 

Material Photocatalytic Activity Performance Reference 
2D Bi2WO6 Photocatalytic H2 generation 56.9 mol/g/h 3 

(001)-Bi2WO6 PEC Water splitting 150 A/cm2 photo-current 

density 
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Monolayer Bi2WO6 Photocatalytic H2 generation 16 mol/g 17 

Bi2WO6 nano flower Photocatalytic H2 generation 11 mmol 18 

Bismuth vacancy 

mediated single unit 

cell Bi2WO6 

Photocatalytic O2 generation 110 mol/g/h 20 

Cu-doped Bi2WO6 Photocatalytic degradation 

of NOF 

89.27% activity 30 

Pd/PdCl2-doped 

Bi2WO6 

phenol degradation 98% efficiency in 40 min 40 
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removal 

87.6 % removal efficiency 41 

Zr4+-doped Bi2WO6 photodegradation of 

rhodamine B (RhB)  

100% degradation in 20 

min 

31 

Boron doped Bi2WO6 photodegradation of RhB 100% degradation in 180 

min 
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NOR and CIP removal 1% Mg/Bi2WO6 exhibited 

the highest degradation 

rate of 89.44% for NOR 

and 99.11% for CIP 

28 

Er-doped Bi2WO6 degradation of RhB 99% in 4h 44 
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degradation of RhB 93% in 7h 56 

Mo-doped Bi2WO6 degradation of RhB 0.045 min1 24 
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Sm-doped Bi2WO6 degradation of RhB 98.4% removal rate within 

30 min 

34 

Mo-doped Bi2WO6 O2 evolution 147.2 mol h1g1  

3.1% apparent quantum 

efficiency at 420nm 

48 

Ni doped Bi2WO6 electrochemical OER 

activity 

272 mA/g 50 

Zn-doped Bi2WO6 PEC water splitting 0.1 mA cm2 42 

Carbon quantum dot 

decorated Bi2WO6 

CO2 reduction CH4, CO production a 

g-C3N4/Bi2WO6  decomposition of TC and 

RhB under visible light 

90% degradation b 

2D Bi2WO6 Photocatalytic H2 generation 56.9 mol/g/h c 

Bi/g‑C3N4/Bi2WO6 Photocatalytic MO and RhB 

degradation 

80% degradation d 

Bi2Fe4O9/Bi2WO6 Photodegradation of RhB 99 % degradation e 

CdS/Ag/Bi2MoO6 photocatalytic decolorization 

of RhB aqueous solution 

under visible light 

98% degradation f 

ZnMoO4 

/BiFeWO6/RGO 

degradation of AB 25 80 % degradation g 

ZnIn2S4/Bi2WO6  decomposition of aqueous 

metronidazole (MTZ) under 

visible-light irradiation 

96% degradation h 

AgBr/Bi2WO6 Photocatalytic degradation 

of methylene blue 

92% degradation i 

Ag/Bi2WO6 Photocatalytic degradation 

of phenol 

99 % degradation j 

Bi2WO6-Cu3P Water splitting 8 mol/g, H2 

4 mol/g, O2 

k 

RGO-Bi2WO6 Photocatalytic H2 generation 6 mmol l 

Bi2WO6 nano flower Photocatalytic H2 generation 11 mmol m 

Bi2WO6/RGO/g-C3N4 Water splitting 0.55 mol, H2 

2.55 mol, O2 

n 

(001)-Bi2WO6 PEC Water splitting 150 A/cm2 photo-current 

density 

o 

Ag3PO4/Bi2WO6 degradation of phenol 98% degradation p 

Monolayer Bi2WO6 Photocatalytic H2 generation 16 mol/g q 

Mo, Fe, Zn-doped 

Bi2WO6 

PEC water splitting 0.4 mA cm2 for Mo-

Bi2WO6 

0.17 mA cm2 for  

Fe-Bi2WO6 

8.49 A cm2 for Fe-

Bi2WO6 

7.07 A cm2 for 
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