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Abstract 

Russelite bismuth tungstate (Bi2WO6) has been widely reported for the photocatalytic 

degradation and mineralization of a myriad of pollutants as well as organic compounds. These 

materials present perovskite-like structure with hierarchical morphologies, which confers 

excellent optoelectronic properties as potentials candidates for photocatalytic solar fuels 

production. Here, we propose the development of Bi2WO6/TiO2 heterojunctions for CO2 

photoreduction, as a promising solution to produce fuels, alleviate global warming and tackle 

fossil fuel shortage. Our results show an improvement of the photocatalytic activity of the 

heterojunctions compared to the pristine semiconductors. Near Ambient Pressure X-ray 

Photoelectron Spectroscopy (NAP-XPS) experiments reveals a preferential CO2 adsorption over 

TiO2. On the other hand, transient absorption spectroscopy measurements show that the 

charge transfer pathway in Bi2WO6/TiO2 hybrids leads to longer-lived photogenerated carriers 

in spatially separated redox active sites, which favour the reduction of CO2 into highly electron 

demanding fuels and chemicals, such as CH4 and C2H6. 

Keywords 

CO2 photoreduction; Bi2WO6/TiO2 heterojunction; CH4 production; Charge dynamics studies. 
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1. Introduction 

The large amounts of anthropogenic CO2 emissions, primarily from the burning of fossil fuels, 

are leading to a devastating impact on global climate and health. In this scenario, the 

development of sustainable and efficient carbon-neutral energy technologies is critical to 

address the harmful effects of greenhouse gases while fulfilling the future energy 

demand[1,2]. Sunlight plays a critical role in the development of emerging sustainable energy 

conversion and storage technologies[3]. Light-matter interactions govern a large number of 

important photochemical and photophysical processes that ultimately determine the existence 

of life on the Earth, such as natural photosynthesis[4]. One of the most promising energy 

conversion strategies is to mimic natural photosynthesis by converting sunlight into fuels and 

valuable chemicals, using abundant feedstocks like water and carbon dioxide[5,6]. If developed 

at industrial scale, this artificial photosynthesis approach would have the potential to 

significantly substitute fossil fuels and reduce CO2 emissions. 

Nevertheless, the activation of the stable CO2 molecule is one of the biggest challenges in 

chemistry, which necessarily requires the rational design of high-performance 

photocatalysts[7]. In general terms, photocatalytic activity is closely related to the structural 

properties of the catalyst and its electronic band structure. Aurivillius-based compounds 

characteristically form hierarchical structures with specific morphology and high order, which 

are interesting for catalytic applications and structure-reactivity studies. Among them, bismuth 

tungstate (Bi2WO6) is the simplest member of this oxide family and perhaps the most studied 

example for photocatalytic applications[8,9]. This material presents a perovskite-like structure 

with corner-sharing WO6 octahedrons sandwiched between (Bi2O2)2+ layers, which confers 

excellent optoelectronic properties and an appropriate bandgap for multitude of 

photocatalytic processes[10,11]. Generally, Bi2WO6 has been used to degrade organic 

pollutants[12], while its application for artificial photosynthesis, and especially for CO2 

reduction into fuels and chemicals, has been more limited to date[13]. An interesting strategy 

to increase the separation of photogenerated charge carriers and to improve the 

photocatalytic efficiencies is the development of semiconductor-based heterojunctions [14]. 

Among inorganic heterojunctions, coupling of Bi2WO6 with a wider band-gap semiconductor, 

such as the benchmark TiO2, may facilitate the separation and transfer of charge carriers 

through the heterostructure, due to the internal field induced by the different electronic band 

structures[15–17]. Based on this premise, this work explores the beneficial properties of 

Bi2WO6/TiO2 heterojunctions towards the photocatalytic production of fuels and chemicals by 

artificial photosynthesis. Moreover, this study presents experimental evidence for the charge 
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dynamics and the light-induced changes on the surface chemistry of Bi2WO6/TiO2 

heterojunctions, which may provide valuable insights for many other catalytic and 

environmental applications. 

2. Experimental 

2.1. Synthesis procedure  

Bi2WO6 photocatalyst was prepared through a hydrothermal process. All chemicals used were 

analytic grade reagents without further purification. In a typical procedure, 2.425 g of bismuth 

nitrate (Bi(NO3)3 ∙ 5H2O) and 0.907 g of sodium tungstate (Na2WO4 ∙ 2H2O) were mixed in 80 

mL Milli-Q water, according to a molar ratio W/Bi = 0.55. The obtained mixed solution was 

kept under vigorous stirring for 3 h and straightaway it was transferred to a 100 mL Teflon-

lined autoclave sealed into a stainless steel tank to carry out the hydrothermal treatment at 

160 ᵒC for 20 h. Then, the reactor was let to cool down to room-temperature naturally and 

after that, resulting sample was collected by filtration and washed with Milli-Q to remove any 

rest of precursors. Finally, the solid was dried at 90 ᵒC in air for 15 h. The resulting yellow 

product was ground into powder for further use. Sample was labeled as BiW. 

A series of Bi2WO6/TiO2 heterojunctions were prepared using commercial TiO2-anatase PC500 

(CrystalACTiV™) following a hydrothermal treatment[15]. In brief, the corresponding amount 

of TiO2 (0.6 - 75 wt%. TiO2) was first dispersed in 20 mL HNO3 (0.2M) to activate the powders 

before use, and then sonicated for 1 h. After that, TiO2 was added to the white suspension of 

the Bi-W precursors (molar ratio W/Bi = 0.55), following the procedure described above. The 

resulting mixture was submitted to hydrothermal treatment at 160 ᵒC for 18 h, drying at 90 ᵒC 

for 4 h and calcination in air at 400 °C for 4 h. Samples were labeled as BiW/Tix (where x: 0.6-

75 wt.% TiO2). 

2.2 General Characterization  

Elemental analyses (EA) were conducted by dynamic spontaneous combustion using a 

THERMO SCIENTIFIC Flash 2000 analyzer. ICP-OES analyses with a Perkin Elmer Optima 3300 

DV instrument by digesting the solid in a mixture of HF and HNO3. The crystal structure of 

Bi2WO6 was characterized by X-Ray diffraction (XRD) with a diffractometer Philips PW 3040/00 

X’Pert MPD/MRD, using Cu K radiation ( = 1.54178 Å) and a scanning rate of 0.2ᵒ s−1. Specific 

surface areas were measured on a QUADRASORB instrument from N2 physisorption at 77 K, 

after degassing samples in N2 at 105 ᵒC for 20 h. The BJH method was used to determine the 

pore size distribution. The morphology of the particles was observed by using a Hitachi TM‐
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1000 Scanning Electron Microscope (SEM), operating with tungsten filament working at 15 kV, 

a JEOL JSM-7900F Field Emission Scanning Electron Microscope (FESEM) equipped with an 

ULTIM Max 170 X-ray energy dispersive spectroscopy (X-EDS) detector, and a Philips Technai 

20 Transmission Electron Microscope (TEM) with tungsten filaments operating at 200 kV. 

Raman spectroscopy was conducted on a Jasco NRS-5100 spectrometer (532 nm laser 

wavelength, 5.3 mW power). Near-ambient pressure X-ray photoelectron spectroscopy (NAP-

XPS) of samples was done in a lab-based spectrometer (SPECS GmbH, Berlin) using a 

monochromated Al Kα1 source (hν = 1486.6 eV) at 50 W, and a 300 μm a spot size. The 

samples were studied on a 180° hemispherical energy analyzer (SPECS PHOIBOS 150 NAP 

analyser) with 150 mm mean radius, equipped with a nozzle with a 300 μm diameter orifice. 

The total energy resolution of the measurements was about 0.5 eV. The binding energy (BE) 

was calibrated against the Fermi level (EF) of Au. For NAP experiments, samples were exposed 

to a 1 mbar total pressure of a 4:1 CO2:H2O mixture at room temperature. The pressure was 

dwelled for 15 minutes before taking the spectra. Ultraviolet–visible diffuse reflectance 

spectra (UV–Vis DRS) of powdered samples were obtained by a Perkin Elmer Lambda 1050 

UV/Vis/NIR spectrometer. Quantification of the band gap transition was determined from the 

steep shape of the spectra and the equation αhν = A(hν – Eg)m  was employed where the 

absorption coefficient (α) is related to the incident photon energy (hν), A is constant, m is the 

index indicating the type of transition. Photoluminescence experiments were carried out with 

a Fluorescence Spectrometer Perkin Elmer LS 55, using an excitation wavelength of 300 nm 

and a cut-off filter at 350 nm. 

2.3. Theoretical calculations 

Periodic density functional theory (DFT) calculations were carried out using bulk Bi2WO6. 

Geometry and electronic structure were carried out using Viena ab initio simulation package 

(VASP). The total energies of the optimized geometries were estimated using the spin 

polarized version of the Perdew−Burke−Ernzerhof (PBE). A more accurate energy gap was 

fitted using the Heyd-Scuseria-Enzerhof hybrid functional (HSE06) with a mixing parameter of 

0.25. A cut-off of 500 eV was set for the kinetic energy of the plane-waves to ensure a total 

energy and force convergence higher than 10−4 eV and 0.01 eV/Å3, respectively. 

2.4. Photoelectrochemical characterization 

Photoelectrodes preparation. For the preparation of the electrodes, an ink was prepared using 

5 mg of the precursor powder, 20 µl of 5 wt.% Nafion solution (Sigma-Aldrich) and 1 ml of a 3:1 

mixture of deionized water and isopropanol. Then the mixture is introduced in a vial, and an 
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ultrasonic treatment is performed to ensure the homogeneity. For the photoelectrodes 

preparation, the ink is drop-casted on FTO (F: SnO2) covered glass substrates.    

Photoelectrochemical measurements. Experiments were performed in a three-electrode 

configuration electrochemical cell, also equipped with a with a quartz window. Measurements 

were carried out using an aqueous solution of 0.5 M Na2SO3, an Ag/AgCl electrode (reference), 

a Pt wire (counter electrode) and the corresponding fabricated photoelectrode (working 

electrode). Analyses were carried out with a potentiostat-galvanostat PGSTAT204 equipped 

with an integrated impedance module FRAII (10 mV of modulation amplitude is used at 400 

Hz). A solar simulator (LOT LSH302 Xe lamp and an LSZ389 AM1.5 global filter) calibrated as 1 

Sun (100m W/cm2) was used as the illumination source. 

2.5. Photophysical characterization 

Steady-state and Time-Resolved Photoluminescence. Fluorescence measurements of powdered 

samples were performed on a Fluorescence Spectrometer Perkin Elmer LS 55 in front-face 

mode, using an excitation wavelength of 300 nm and a cut-off filter at 350 nm. Time resolved 

florescence measurements of powered samples were recorded in a Mini Tau system 

(Edinburgh Instruments), using an EPL-375 picosecond pulsed diode laser with fluorescence 

emission at exc = 372 nm. 

Transient Absorption Spectroscopy (TAS). Laser flash photolysis measurements were carried 

out with a LP980 equipment (Edinburgh Instruments) based on an optical parametric oscillator 

(OPO) pumped by the third harmonic of a Nd:YAG laser (EKSPLA). Measurements were 

performed using an excitation wavelength of 355 nm with either single low energy pulses of 

300 J or more energetic 2 mJ/pulse of ca. 5 ns duration. A pulsed xenon flash lamp (150 W) 

was employed as the detecting light source. The probe light was dispersed through a 

monochromator (TMS302-A, grating 150 lines/mm) and analysed on a PMT detector 

(Hamamatsu Photonics) to acquire temporal profiles. The absorbance of all dispersed solutions 

was kept at ∼0.3 at exc = 355 nm. All transient spectra were recorded at room temperature 

using 10 x 10 mm2 quartz cells, after bubbling with N2 for 15 min before acquisition. 

2.6. CO2 photoreduction 

CO2 photoreduction experiments were performed in a home-made reaction system under 

continuous-flow mode. The gas-phase photoreactor (280 mL) was made of steel with a 

borosilicate window for irradiation. Solid catalysts (0.1 g) were deposited on a glass microfiber 

filter. A mixture of CO2 (99.9999%, Praxair) and water vapour with a molar ratio of 7.25 
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(CO2:H2O) was generated in a Controller Evaporator Mixer (CEM) and fed to the reactor. UV 

illumination was performed using four 6 W lamps (maximum wavelength at 365 nm) with an 

average intensity of 71.7 W m−2 (measured by a Blue-Wave spectrometer in the range 330–400 

nm). The reaction conditions were set at 2 bars and 50 ᵒC. Reaction products were detected in 

continuous mode with a gas chromatograph (GC, Agilent 7890 A) equipped with two 

separation branches and two sampling loops. First separation branch contained two 

semicapillary columns (HP Plot Q and Molesieve 5A), a Thermal Conductivity Detector (TCD), a 

Flame Ionization Detector (FID) and a methanizer. Second separation branch contained a 

capillary column (CP-Sil 5B) and a second Flame Ionization Detector (FID). 

Prior to experiments, the reactor was degassed under vacuum at 80 ᵒC and then purged with 

Ar (100 mL min-1 for 1 h) to remove any residual organics weakly adsorbed on the catalyst 

surface. Then, the catalyst was exposed to the CO2 and H2O mixture for 1 h to establish an 

adsorption–desorption balance. Blank experiments did not detect any product formation 

under dark conditions or without any catalyst under UV illumination. However, GC analyses 

detected small amounts of CO2 (< 200 ppm) in the feed composition before starting the 

illumination. This finding indicates that even high purity reagents may contain impurities, 

which could form adsorbed species (e.g. carbonates/bicarbonates) that may participate in the 

reaction. All tests were performed under 0–15 h of illumination, and repeated at least twice to 

guarantee reproducibility. 

Photonic efficiency (ƺ) calculation. Photonic efficiencies were calculated as the ratio of reaction 

rate and incident photon flux, according to Eq. (1).  

  
      ⁄

∫     
   

  
  

           Eq. (1) 

where 8 represents the number of electrons involved in the conversion of CO2 to CH4; dN/dt 

represents the CH4 evolution rate; and     
  is the incident photon flux within a defined 

wavelength range (eg. 250 – 400 nm or 400 – 600 nm for UV and visible light-driven 

experiments). The superscript 0 (zero) indicates that the incident number of photons (prior to 

absorption) is also considered. The incident photon flux was calculated from the emission 

spectra of the UV lamps (see Fig. S1), which was recorded with a StellarNet UVNb-50 

radiometer connected to an optical fibre.  
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3. Results and discussion 

SEM analysis shows that the BiW sample consists on well-dispersed flower-like 

microspheres[18] with average diameters of 2 – 4 m (Fig. 1a). Each individual microsphere is 

composed of numerous rectangular nanoplates that confer a macroporous aspect to the 

structure. TEM analysis further corroborates the formation of rectangular nanoplates with side 

lengths of about 60 ‐ 100 nm and widths of 30 ‐ 60 nm, gathered on 2 m diameter 

microspheres (Fig. 1b-c). FESEM images and EDX elemental mapping (Fig. S2) revealed a close 

surface proximity of Bi2WO6 and TiO2 in BiW/Ti heterostructures. TEM images (Fig. 1d-e) 

further showed the coexistence of both semiconductors and confirmed previous SEM 

observations, in which BiW/Ti samples are composed of Bi2WO6 nanoplates and TiO2 

nanoparticles between 5 ‐ 23 nm average diameters. 

Structural characterization by X-ray powder diffraction (Fig. S3a) shows that all diffraction 

peaks of bare BiW can be indexed to an orthorhombic well-crystallized Bi2WO6 phase with 

lattice parameters a = 5.457 Å, b = 5.436 Å and c = 16.427 Å (ICCD No. 73‐1126, Pca21 space 

group). Its structure consists on perovskite-like (WO4)n
2n− layers composed by WO6 octahedra 

layers separated by two (Bi2O2)n
2n+ layers of corner-sharing BiOx heptahedra[19] (Fig. 1e and 

Fig. S4). The crystal size is ca. 12 nm, based on the Scherrer equation. It was found that the 

intensity ratio of the (113) peak to the (200) peak in the sample is approximately 1.5 times 

higher than that of the russelite pattern, suggesting that the crystal has special anisotropic 

growth in (200) direction[20,21]. The lattice spacing of (200) plane is consistent with the 

interplanar distances of 0.27 nm measured from TEM images (Fig. 1d, inset)[20]. For BiW/Ti 

samples, both the typical diffraction peaks of Bi2WO6 and the anatase phase of TiO2 (ICDD No. 

21‐1272, I41/amd space group) are observed in the composites (Fig. S3a). Besides, the position 

and shape of Bi2WO6 peaks do not change in BiW/Ti samples, indicating that the incorporation 

of TiO2 in the heterojunction did not alter the lattice structure of Bi2WO6.  

The Raman spectra (Fig. S3b) also allowed to distinguish bands corresponding to Bi2WO6 and 

TiO2 within the BiW/Ti heterostructures. The characteristic bands of TiO2 anatase appear at 

147 (Eg), 394 (B1g), 515 (A1g + B1g) and 637 (Eg) cm−1[22]. The rest of the bands in the range 200–

1000 cm−1 are assigned to Raman actives modes for Aurivillius Bi2WO6 (2A1 + B1 + 3Eg)[23]. In 

particular, the bands located at 791 and 825 cm−1 are associated with the antisymmetric and 

symmetric stretching modes in WO6 octahedra, involving motions of the apical oxygen 

atoms[24,25]. The small band located at 709 cm−1 is related to W-O stretching modes of 

equatorial oxygens within WO6 octahedra. Finally, the bands in the 240–350 cm−1 region can 
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be assigned to the bending vibration of WO6 and stretching and bending vibration of BiO6 

polyhedra[23,26]. BiW/Ti samples exhibit the main Raman signals of both Bi2WO6 and TiO2-

anatase, as expected for a hybrid heterojunction. Besides, the BiW/Ti50 heterojunction shows 

a slight shift towards higher wavenumbers in the bands associated with the antisymmetric 

stretching mode in WO6 octahedra (ca. 793 cm-1) and the bending vibration of WO6 and BiO6 

polyhedra (ca. 308 cm-1), as compared to pure Bi2WO6 (ca. 791 and 305 cm-1, respectively) (Fig. 

S3b), thus suggesting a strong interaction between Bi2WO6 and TiO2 in BiW/Ti hybrids. 

Regarding the textural properties, BiW sample exhibits a typical type II isotherm with a H3-

type hysteresis loop (Fig. S5)[27]. Such kind of hysteresis loop is associated with aggregates of 

plate-like particles[28], in good agreement with the hierarchical morphology observed in SEM 

and TEM images (Fig. 1a-c). The Brunauer–Emmett–Teller (BET) surface area calculated from 

the N2 adsorption–desorption isotherms was 20 m2 g-1. As expected, increasing the TiO2 

content in BiW/Ti samples led to higher surface areas ranging from 18 to 88 m2 g-1 upon 

increasing the content of TiO2 (Table S1). 

The optical absorption properties of the samples were analyzed by DRS UV-vis spectroscopy. 

BiW presents an intense absorption band from the UV light region to visible wavelengths 

shorter than 450 nm (Fig. S6a), which is consistent with the yellowish colour of the powdered 

catalyst. The band gap of the photocatalyst is estimated to be 2.65 eV from the onset of the 

absorption edge (Fig. S6b), in good agreement with theoretical calculations (Fig. 1f). The steep 

shape of the DRS UV-vis spectra indicates that the visible light absorption arises from the 

electronic transition in Bi2WO6 rather than from impurity levels[29]. In the case of BiW/Ti 

hybrids, increasing ratios of Bi2WO6 led to a slightly red-shifted absorption edge within the 

visible-light range, thus extending the spectral response of the hybrids.  

Regarding the electronic structure of Bi2WO6, the total density of states (DOS) (Fig. 1f) shows 

that the valence band maximum (VBM) is composed by O 2p states hybridized with Bi 6s 6p 

orbitals, while the conduction band minimum (CBM) is mainly formed by O 2p and W 5d 

orbitals, both separated by an estimated band gap of 2.6 eV. Electron localization function 

(ELF) plot (Fig. 1g) shows a predominant charge distribution in Bi and O atoms, confirming the 

formation of hybridized orbitals 

Fig. S7 shows plots of the photoelectron spectrum of Bi2WO6 in the Bi 4f, W 4f, O 1s, and 

valence band regions. The Bi 4f and W 4f regions have peak of intensity at 159.7 eV and 36.0 

eV, respectively, which are expected values for Bi3+ and W6+ cation in BiW2O6[30]. The 

spectrum in the VB region has an onset at 2.6 eV, which coincides with theoretical and 
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experimental estimations of the band gap of this material (see UV-visible spectroscopy study in 

Fig. S6). Provided all photoelectron emission spectra are referenced to the Fermi level (i.e., the 

Fermi level is set as 0 eV), this indicates that the Fermi level (EF) in the synthesized material is 

close to the CBM, and therefore behaves as an n-type semiconductor. 

 

Fig. 1. (a) SEM image of BiW. TEM images of (b-c) BiW and (d) BiW/Ti17. (e) Schematic 

representation of the crystal structure and metal coordination of Bi2WO6 and TiO2 in BiW/Ti 

hybrids. (f) Density of states (DOS) and (g) electron localization function (ELF) plot for Bi2WO6. 

DOS colours: O 2p (red); Bi 5p (green), Bi 5s (blue), W 5d (magenta). Atom colours: O (red); Bi 

(green), W (magenta). (h) Band energy diagram of the Bi2WO6 and anatase TiO2. Fermi level 

extracted from photoelectrochemical measurements and previous studies[3] for Bi2WO6 and 

TiO2, respectively; Distance from fermi level to VBM calculated from XPS; band gap energy 

extracted from Tauc plot. 

3.1 Photocatalytic performance of BiW/Ti hybrids for the CO2 reduction. 

The gas-phase CO2 photoreduction performance of BiW and BiW/Ti hybrids was investigated 

under UV illumination to induce the excitation of both semiconductors. BiW is mainly active in 

the formation of CO and H2, together with minor amounts of CH4 and C2H4O2 (Table S2). On 

the other hand, coupling Bi2WO6 and TiO2 semiconductors in BiW/Ti hybrids led to a 39.8- and 

2.7-fold increase in CH4 production (Fig. 2a and Table S2), compared to that of bare BiW and 

TiO2, respectively. BiW/Ti catalysts also yield H2 and CO, as well as minor amounts of C2H4O2, 
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C2H4 and C2H6 (Table S2). The highest CH4 production is obtained with BiW/Ti50, reaching a 

value of 15.9 mol gcat
-1 after 15 h of UV illumination, which is higher than that obtained with 

both single materials (Fig. 2b). The selectivity of the hybrids clearly changed towards the 

formation of more electron-demanding products such as CH4 and C2+ products. Namely, H2 

productions decreased by half and accordingly, the selectivity towards CH4 increased by 5 to 6-

times in BiW/Ti hybrids compared to BiW (Table S2). 

 

Fig. 2. Gas-phase photocatalytic CO2 reduction towards CH4 over BiW, BiW/Ti hybrids and bare 

TiO2. (a) Cumulative production (bars) and photonic efficiencies (dots) after 15 h of UV 

illumination. (b) CH4 evolution rates. 

Interestingly, the CH4 production of BiW/Ti50 reaches or even surpasses the state-of-the-art 

literature[16,31,32] with Bi2WO6/TiO2, but here using a significantly lower density of power 

illumination (ca. 19.1-times less UV power)[32]. Besides, this material presents a photonic 

efficiency towards CH4 of 0.028%, which is 28-times higher than that of BiW (Fig. 2a). 

A study of CO2/H2O interaction with different catalysts on near-ambient pressure XPS (NAP-

XPS) suggests that CO2 adsorption is preferable over TiO2 active sites. Fig. S8a shows the XPS of 

Bi2WO6 in the C 1s region under a CO2/H2O environment. Contributions from aliphatic C and C-

O species (284.6 eV and 286.5 eV, respectively) can be fitted in the spectrum; however, the 

region of C=O associated with carbonate/bicarbonate species[33] is completely flat. On the 

other hand, as shown in Fig. S8b, an additional contribution associated with C=O species 

(289.5 eV) can be fitted in the C 1s spectrum of BiW/Ti50 under the same CO2/H2O 

environment. In this case, the concentration of C=O species is 5%. Such increase of oxygenated 

species on the catalyst surface of BiW/Ti is associated with the unavoidable presence of 

adsorbed carbonates [33]. For comparison purpose, Fig. S8c shows the XPS of TiO2 in the C 1s 

region under the same CO2/H2O environment. As expected, the spectrum can be fitted with 
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strong contributions from C=O (289.7 eV) with concentrations of 11%. These results indicate 

that the adsorption of CO2 preferentially occurs on TiO2 as carbonate/bicarbonate species, that 

participate in both reaction and deactivation pathways[33,34]. This fact can be associated to 

the decrease in the methane production for higher TiO2 concentrations. 

3.2. Photocarrier characterization 

Fig. 3a shows the open circuit potential (OCP) of the Bi2WO6 under chopped illumination, 

revealing a photocathodic behavior, since the OCP increases under illumination. On the other 

hand, Fig. 3b shows the aspect of a linear sweep voltammetry under chopped illumination of 

BiW. As it can observed, the sample shows a photo-responsive behavior in both cathodic and 

anodic directions with an experimental value of the flat band potential (VFB) around 0.82 V vs 

RHE. Although an n-type semiconductor like Bi2WO6 is expected to behave as a photoanode 

(like TiO2 o BiVO4), such positive VFB value is more typical in well-known photocathode 

materials like CuO and Cu2O, which may result in the observed dual photoelectrocatalytic 

behavior that has indeed been recently reported for Bi2WO6 photoelectrodes[35]. This fact 

also indicates that the bands energy position in Bi2WO6 are deeper than those of TiO2, and also 

deeper than the redox potential of hydrogen production from water splitting (i.e. E0 (H+/H2) = 0 

VRHE), as depicted in Fig. 1h. 
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Fig. 3. (a) Open Circuit Potential (OCP) under dark and under illumination and (b) Linear sweep 

voltammetry under chopped illumination for BiW sample. Comparison between the Nyquist 

plots acquired in the BiW and BiW/Ti50 samples under illumination at (c) the cathodic region 

at 0.45 V vs RHE and (d) the anodic region at 1.1 V vs RHE. 

Moreover, Electrochemical Impedance Spectroscopy (EIS) measurements were performed to 

gain mechanistic insights regarding the charge transfer processes. Fig. 3c and 3d show the 

comparison between the Nyquist plots corresponding to BiW and BiW/Ti50 samples under 

illumination at 0.45 and 1.1 V vs RHE, respectively. In both regions, the hybrid BiW/Ti50 

sample shows a lower resistance than the BiW reference, as it can be observed in Fig. S9, 

which is a direct indication of an enhanced charge transfer process in the hybrid compound 

compared with bare BiW reference. 

Further, it is well-known that there is a strong correlation between photophysical properties 

and photocatalytic performance. Therefore, we carried out a combined study of 

photoluminescence (PL), time-resolved photoluminescence (TR PL) and transient absorption 

spectroscopy (TAS) to study the recombination of photogenerated charges in all prepared 

materials. 
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Fig. S10a shows a significantly lower PL intensity of all BiW/Ti hybrids compared to pure BiW or 

TiO2 (Fig. S10a, green and grey traces, respectively); however, since both materials absorb in 

the UV range, it is difficult to discern if the reduction originates from the heterojunction or 

from a filter effect contribution. To avoid this effect, TR PL was performed upon UV 

illumination (exc = 372 nm, band-pass of 450 nm), showing a progressive reduction in the 

lifetime (F) in the first 1-2 ns upon increasing the TiO2 content. This was accompanied with an 

enhance in the signal after 2 ns, which showed an isosbestic point as a consequence of the 

synergetic effect of the hybrids. This finding suggests a more efficient suppression of radiative 

recombination of photo-excited electrons and holes within the heterostructures[16]. From 2 

ns, the signal approaches to TiO2 control (Fig. S10b). Clearly, the signals observed in the 

hybrids do not correspond to the sum of the contributions of the bare materials. The greatest 

effect was observed for the hybrid BiW/Ti50. According to the diagram of CB/VB bands (Fig. 

1h), an interfacial charge transfer could occur from Bi2WO6 to TiO2, mostly in timescales faster 

than a few nanoseconds. 

After photon absorption, the generation and trapping of photogenerated charges in 

semiconductors occur in the fs to ps timescale[36,37]. However, recombination and 

dynamic charge transfer events can be monitored by nanosecond-microsecond 

transient absorption spectroscopy (TAS) [38,39]. 

For Bi2WO6 semiconductor, no specific references of TAS measurements were found in 

the ns - s timescale. For this reason, we first studied the photophysical behaviour of 

the benchmark TiO2 and compared it with the Bi2WO6 semiconductor (Supplementary 

Materials, section Transient Absorption Spectroscopy studies and Fig. S11 and S12). In 

order to identify the transient absorption bands and its corresponding kinetics, TiO2 and 

Bi2WO6 aqueous suspension solutions were measured in the absence or presence of 

acceptor-donor scavengers. Specifically, an aqueous solution of potassium persulfate 

K2S2O8 10 mM or 1 wt.% Pt were used as electron acceptors for the identification of the 

photoholes signal, while methanol (10% v/v) was employed as hole scavenger. 

From this study we concluded that at low laser pulse energies (300 J), both electron 

and hole species coexist with different percentage contribution; whereas mainly 

photogenerated electrons can be observed at higher energies (2 mJ). Furthermore, bare 

Bi2WO6 exhibited short-lived carriers ( = 25 ns, exc = 355 nm, 2 mJ/pulse) than pristine 

TiO2 ( = 50 ns), in consistency with the higher photocatalytic H2 production of TiO2. This 

highlights the need to improve the photocatalytic properties of Bi2WO6 by combination 

with titania in the hybrid materials. 
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TAS measurements for hybrids and their corresponding bare materials were performed to gain 

insights into the charge transfer mechanism. Several examples have been reported in 

literature, which show that the hybrid structure facilitates the efficient dissociation of charge 

carriers at the interface of the photocatalyst[40–42]. Following the exciton (e-/h+ pair) 

formation upon illumination, electrons and holes can be easily transferred to electron and hole 

acceptors, respectively, as previously demonstrated herein. The quantum efficiency of these 

processes competes with the charge-transfer rate at the interface of the hybrids, and with the 

intrinsic recombination rate within the particles. 

To clearly monitor the electron transfer process in the hybrids, TAS measurements were 

carried out with MeOH (10%v/v) and a laser pulse energy of 2 mJ to favour a greater 

generation of photoelectrons and to avoid the mixture of hole + electron TAS signal observed 

at low energy excitation (Fig. S10 and S11). The transient absorption spectral profile of the 

most active hybrid (BiW/Ti50) shows a higher contribution of electrons in visible range than 

Bi2WO6 (Fig. 4a), consistently with the enhanced photocatalytic efficiency of the hybrids 

compared with that of the bare semiconductor. This signal is higher than the corresponding 

theoretical signal considering a 50% wt/wt of each semiconductor (Fig. 4a). 

Next, the temporal profiles for the four hybrids and bare semiconductors were compared upon 

excitation at 460 nm (Fig. 4b). The hybrids show a remarkable enhancement of the lifetimes at 

mon = 460 nm compared to that of Bi2WO6, confirming a lower electron-hole recombination 

process. Increasing the amount of TiO2 in the hybrids was expected to lead to a more 

significant spectral overlap and stronger coupling between the donor and acceptor states, thus 

resulting in a faster electron transfer. Electron−phonon relaxation for both Bi2WO6 and TiO2 

competes with the electron transfer process in the hybrids and results in an electronic energy 

loss. In the hybrids, the electrons and holes in TiO2 decay within the bandgap to the edges of 

the corresponding conduction and valence bands, and survive for longer lifetimes promoting 

the interaction with the Bi2WO6 counterpart at the interface, thus leading to a higher oxidative 

and reductive power of the hybrids. 
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Fig. 4. (a) Transient absorption spectra (λexc = 355 nm) for Bi2WO6 (red), TiO2 (grey) and the 

hybrid BiW/Ti50 (blue) under deaerated aqueous suspension solutions containing MeOH (10% 

v/v). Theoretical TA spectra (pink squares) is included for comparison. (b) Normalized transient 

decays (λexc = 355 nm, λmon = 460 nm) for Bi2WO6 (red), TiO2 (grey) and the hybrids in deaerated 

aqueous methanol 10 vol% suspensions. (c) Relationship between CO2 photoreduction 

reaction vs transient lifetime for the bare BiWO6 and hybrids heterojunctions with TiO2. (d) 

Charge transfer mechanism in Bi2WO6/TiO2 heterojunctions. 

Decays in Fig. 4b show two differentiated regions that explain the observed enhancement in 

the hybrids’ lifetime. First, a short timescale up to 20 ns where no changes were detected with 

the controls, and which probably corresponds to the tail of the photogenerated electrons after 

the laser pulse (usually in the femtosecond scale). Secondly, a higher lifetimes region around 

20-500 ns, in which there is an increase in the hybrids’ signals as a result of the migration and 

delocalization of the electrons, leading to higher charge separation efficiencies. In this second 

region, BiW/Ti50 exhibits the longest lifetime (Fig. 4b) in good agreement with the greater 

photocatalytic activity for this hybrid compared to the bare Bi2WO6 semiconductor. This 

behavior agrees with the improved performance of other TiO2-based hybrids[43] due to their 

longer carriers lifetime. Finally, no changes were observed at a longer microsecond timescale. 
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These findings, combined with the calculated redox potentials (Fig. 1h), clearly indicate that 

the electron population in TiO2 occurs from Bi2WO6 following the electron transfer mechanism 

showed in Fig. 4d. These results are consistent with the reported literature for BiW/Ti systems 

or hybrids containing BiW[44–49], although it had not been demonstrated by TAS until now. A 

direct relationship between the transients of the hybrids and their CO2 photoreduction 

performance was observed by plotting lifetimes against photoactivity (Fig. 4c). The transient 

signal of BiW/Ti50 surpasses that of Bi2WO6 or TiO2, confirming the synergetic effect between 

the two inorganic semiconductors within the heterojunction. 

4. Conclusions 

A bismuth-tungsten mixed oxide and a series of Bi2WO6/TiO2 heterojunctions were prepared 

following hydrothermal methods. All materials are photocatalytically active towards the CO2 

reduction with water as reductant agent, although hybrid heterojunctions show considerably 

improved performances. Interestingly, CO2 photoreduction tests clearly show a selectivity 

change for the hybrids towards the formation of more electron-demanding products. Among 

them, BiW/Ti50 exhibits the highest CH4 production, surpassing that obtained with single 

Bi2WO6 and TiO2. The superior photoactivity of BiW/Ti hybrids compared to bare Bi2WO6 is 

ascribed to the more efficient charge transfer mechanism in the heterojunction. 

Photoelectrochemical measurements demonstrate an enhanced charge transfer in hybrids, 

showing a decrease in the charge transfer resistance upon illumination. Besides, charge 

dynamics studies reveal a prolonged lifetime of photogenerated carriers in hybrids and 

retarded recombination rates due to the enhanced charge transfer mechanism in the 

heterojunction. In addition, NAP-XPS studies show a preferential adsorption of CO2 as 

carbonate/bicarbonate species over TiO2 active sites, which participate in both reaction and 

deactivation pathways. These findings seem to indicate that the improvement in the 

photoactivity of the hybrids is due to an enhanced charge transfer that contributes to the 

creation of spatially separated photocatalytic sites, in which reduction and oxidation occur on 

TiO2 and Bi2WO6, respectively. 

Appendix A. Supplementary data 

Supplementary data associated with this article can be found in the online version at: 
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