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 Evaluation of the Parameters Aﬀecting the Visible-Light-Induced Photocatalytic Activity of Monoclinic BiVO4 for Water Oxidation Sitaramanjaneya Mouli Thalluri,† Conrado Martinez Suarez,† Murid Hussain,†,‡ Simelys Hernandez,§ Alessandro Virga,† Guido Saracco,† and Nunzio Russo*,† †
 
 Department of Applied Science and Technology, Politecnico di Torino, Corso Duca degli Abruzzi 24, 10129 Torino, Italy Department of Chemical Engineering, COMSATS Institute of Information Technology, M.A. Jinnah Building, Defence Road, Oﬀ Raiwind Road, Lahore-54000, Pakistan § Center for Space Human Robotics, Istituto Italiano di Tecnologia, IIT@Polito, C.so Trento 21, 10129, Torino, Italy ‡
 
 ABSTRACT: Monoclinic BiVO4 powders have been synthesized by means of homogeneous coprecipitation, followed by calcination at diﬀerent temperatures. The eﬀect of the calcination temperature on the changes in the physicochemical parameters has been evaluated. It has been deduced that the crystallite size and band gap are responsible for water oxidation. The eﬀect of calcination temperatures on the variations, such as lone pair distortions on Bi3+ and changes in the V−O bond length in the local structure of BiVO4, has also been conﬁrmed from the changes in the intensities and the shift of the peak position in the Raman analysis.
 
 1. INTRODUCTION Since solar energy is the most abundant energy source, it has been widely exploited for thermal and electrical power generation.1,2 However, because of the greater convenience of chemical energy storage, such as H2, compared to electricity, solar fuels have been considered as one of the most promising technological concepts, because of their potential higher eﬃciency and environmental suitability.3−5 In this context, the photocatalytic water splitting into H2 and O2 is a topic of current interest.5,6 Furthermore, the development of a catalyst that can utilize the entire electromagnetic spectrum is preferable in order to enhance the overall water splitting eﬃciency of photocatalysts.7 Several water oxidation photocatalysts have been developed and assessed over the last few decades,7−10 and it has been reported that BiVO4 is one of the most active O2 evolution photocatalysts,7,11 because of its relatively low band gap of ∼2.4 eV for the monoclinic phase,12 which enables a more eﬃcient use of visible light, and due to the adequate position of the conduction and valence bands compared to the potential of water oxidation.11 In addition, BiVO4 is a nontoxic and relatively abundant material.11,13 It has been reported that, of the three occurring phases of BiVO4i.e., scheelite-tetragonal (s-t), zircon-tetragonal (z-t), and scheelite-monoclinic (s-m)the latter is highly active for O2 evolution under visible-light irradiation, because of its particular crystal and electronic structure.12,14 However, there is still a lack of knowledge concerning the physical properties of BiVO4 that lead to high photocatalytic activity, as well as of the formation processes correlated to this phenomenon. Several synthesis methods have been utilized to prepare BiVO4 powders, above all solid-state, aqueous-based, and hydrothermal methods.11,15−18 A simple solution-based preparation method, under acidic conditions, which involves the calcination of the obtained BiVO4 precipitates at diﬀerent temperatures, has been applied here. An in-depth analysis of some of the © 2013 American Chemical Society
 
 important physical parameters of as-obtained products has made it possible to make a coherent correlation with the diﬀerent photocatalytic O2 evolution activities. The information gained from this analysis contributes to the better understanding of the main parameters aﬀecting the activity and will ultimately lead to the optimized synthesis of more-eﬃcient photocatalytic materials.
 
 2. EXPERIMENTAL DETAILS 2.1. Preparation of the Photocatalysts. Samples of BiVO4 powders were synthesized by dissolving 5 mmol of bismuth nitrate pentahydrate, Bi(NO3)3·5H2O (Sigma−Aldrich) in 100 mL of 1 M HNO3 until a clear solution was observed (ca. 30 min); 5 mmol of ammonium metavanadate, NH4VO3 (Sigma−Aldrich) was then added to the mixture, which was stirred overnight. The precipitate was collected by means of centrifugation, washed three times in distilled water and once in ethanol and then dried at 80 °C overnight. Finally, the samples were calcined in air at diﬀerent temperatures (350, 450, 550, 700, and 800 °C, respectively) for 3 h. 2.2. Characterization. Samples were characterized by Xray diﬀraction (XRD) using an X’Pert Phillips diﬀractometer equipped with Cu Kα radiation (λ = 1.5418 Å) at 40 kV and 30 mA. All the patterns were recorded in the range of 5°−60° at a step size of 0.02°. Ultraviolet−visible (UV-vis) diﬀuse reﬂectance spectra were recorded on a UV-vis Varian Cary 5000 spectrophotometer, using a quartz cell suitable for powder measurements. The morphology of the samples was investigated by ﬁeld-emission scanning electron microscopy (FESEM) taken with a high-resolution FE-SEM instrument (LEO 1525). Raman spectra were obtained by means of a Renishaw Received: Revised: Accepted: Published: 17414
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 inVia Reﬂex (Renishaw PLC, United Kingdom) micro-Raman spectrophotometer equipped with a cooled charge-coupled device (CCD) camera. Samples were excited with an Ar−Kr laser source (648 nm), providing a photon ﬂux lower than 60 W/cm2. The spectral resolution and integration time were 3 cm−1 and 30 s, respectively. All the Raman spectra excited with the same wavelength directly compared in the following sections were recorded under similar conditions. 2.3. Photocatalytic Activity Test. Photocatalytic O2 evolution of the samples was carried out from a silver nitrate (AgNO3) solution (50 mM, 110 mL), which was used as an electron acceptor. In a typical test, ca. 100 mg of overnightoutgassed BiVO4 powders were dispersed in the AgNO3 solution in a 200 cm3 Pyrex reactor cell equipped with an external cooling jacket to maintain a constant temperature. Argon gas was used as a carrier and ﬂuxed in the reactor cell under dark conditions in order to evacuate the air inside, and a constant ﬂow of 12 mL min−1 was kept during the test. The reactor cell was side-illuminated with a simulated solar light by using a plasma lamp (Solaronix, model LIFI STA-40), whereas the irradiance of incident light was measured to be 100 mW cm−2 using a photoradiometer (Delta Ohm, model HD2101.1). Illumination was maintained for 1 h and the amount of evolved O2 was determined in the out-ﬂowing gas using a gas chromatograph (Varian, Model 490-μGC; Molsieve 5A column, 10 m, micro-TCD detector) until no traces of O2 were measured, and the cumulative O2 evolution over 1 h of illumination was estimated by the integration of the GC measurements over time.
 
 D=
 
 Kλ β cos θ
 
 (1)
 
 where D is the approximate crystallite size, λ is the wavelength of the X-ray radiation (0.15418 nm); K is the shape factor (0.9); β is the peak width at half-maximum height, corrected for instrumental broadening; 2θ = 30.6°. Moreover, all the samples show the characteristic peak splitting diﬀractions at 2θ = 18.5°, 35°, and 46°.20 Although a monoclinic phase was observed at each calcination temperature, the splitting of these characteristic peaks became more pronounced as the calcination temperature increased, and this is most likely a sign of the increasing degree of crystallinity of the (s-m) phase in the BiVO4 samples.20,21 Moreover, this trend was also conﬁrmed by the further increased calcination temperature of 800 °C (see Figure 1, Table 1). However, higher temperature would not be appropriate, because of the approaching melting point of BiVO4 and also the economic point of view. No crystallinity was observed at lower temperature (100 °C) as the sample remained amorphous without any activity. The FE-SEM images of the BiVO4 powders are shown in Figure 2. Signiﬁcant diﬀerences can be observed between the diﬀerent samples. The samples calcined at 350 and 450 °C (Figures 2a and 2b) show crystals with well-deﬁned surfaces and a low degree of agglomeration. The powder samples calcined at 550, 700, and 800 °C (panels c−e) show a clear variation in morphology and in the degree of agglomeration of the particles, probably due to increased sintering at the higher calcination temperatures. Diﬀuse reﬂectance spectroscopy (DRS) has been used to calculate the electronic states of the semiconductor materials. The DRS analyses of the BiVO4 samples, calcined at diﬀerent temperatures, are shown in Figure 3. All the samples show absorption in the visible region of the electromagnetic spectrum, thus oﬀering information on the monoclinic nature of the BiVO4 samples.12 Changes in the absorption edges can be observed for the four BiVO4 samples. A red shift was observed for the samples as the calcination temperature was increased. The band gaps were calculated using the Tauc plot and resulted to be 2.49, 2.48, 2.41, 2.39, and 2.38 eV for the samples calcined at 350, 450, 550, 700, and 800 °C, respectively. The Raman spectra of the BiVO4 powders were excited using a red (648 nm) laser; the corresponding spectra are shown in Figure 4. Raman spectroscopy can provide structural information and is also a sensitive method for the investigation of the crystallization, local structure, and electronic properties of materials. Raman bands of ∼210, 324, 366, 640, 710, and 826 cm−1 were observed for all the samples. These are the typical vibrational bands of BiVO4.18,20,22 The structural information of BiVO4 is obtained from the band centered at 210 cm−1. The asymmetric and symmetric formations of the VO4 tetrahedron are given by the bands centered at 324 and 366 cm−1, respectively. The Raman band at 640 cm−1 can be assigned to the asymmetric stretching vibration of the shorter V−O bond. The stretching modes of the two vibrational modes of the V−O bonds are determined by the bands centered at 710 and 826 cm−1. These two bands provide valuable information on the structural variations in the powder samples calcined at diﬀerent temperatures. A positive shift in the vibrational mode of V−O, which varies from 825.30 cm−1 to 828.86 cm−1, has been observed. The shift follows a linear trend with the calcination temperature, that is, 825.30, 825.95, 826.62, 827.59, and 828.86 cm−1 for 350, 450, 550, 700, and 800 °C, respectively (see Table 1). This shift could be
 
 3. RESULTS AND DISCUSSION 3.1. Characterization of the BiVO4 Material. The XRD patterns of the BiVO4 samples calcined at diﬀerent temperatures are shown in Figure 1; all these samples exhibit the
 
 Figure 1. XRD patterns of the BiVO4 samples synthesized at diﬀerent calcination temperatures (a) 350, (b) 450, (c) 550, (d) 700, and (e) 800 °C.
 
 scheelite-monoclinic (s-m) phase, as their diﬀraction peaks are in good agreement with the standard Joint Committee on Powder Diﬀraction Standards (JCPDS) Card No. 14-0688 (space group I2/a, a = 5.195 Å, b = 11.701 Å, c = 5.092 Å, β = 90.38°). The crystallite sizes of the samples were estimated using the Scherrer formula:19 17415
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 Table 1. Physical Properties and O2 Evolution Activities of BiVO4 Samples Synthesized at Diﬀerent Calcination Temperatures sample (a) (b) (c) (d) (e)
 
 350 450 550 700 800
 
 °C °C °C °C °C
 
 BET surface area [m2/g]
 
 crystallite size [nm]
 
 band gap [eV]
 
 stretching Raman shift V−OI [cm−1]
 
 bond length V−OI [Å]
 
 cumulative O2 evolution [μmol g−1 catalyst]
 
 0.11 0.10 0.09 0.07 0.06
 
 79 68 80 95 109
 
 2.49 2.48 2.41 2.39 2.38
 
 825.30 825.95 826.62 827.59 828.86
 
 1.6964 1.6960 1.6956 1.6950 1.6936
 
 2.6 5.6 17.9 57.6 60.9
 
 Figure 4. Raman spectra of the BiVO4 samples synthesized at diﬀerent calcination temperatures: (a) 350, (b) 450, (c) 550, (d) 700, and (e) 800 °C excited by means of a red-line laser (648 nm).
 
 frequencies and the respective metal−oxygen bond lengths have an inverse relationship. This means that a higher stretching frequency corresponds to a lower metal−oxygen bond length. If the following expression for the bond length23,24 is utilized,
 
 Figure 2. Field-emission scanning electron microscopy (FE-SEM) images of BiVO4 samples synthesized at diﬀerent calcination temperatures: (a) 350, (b) 450, (c) 550, (d) 700, and (e) 800 °C.
 
 v (cm−1) = 21349 exp( −1.9176R(Å))
 
 (2)
 
 where v is the stretching Raman frequency for V−O, it can be seen that the bond length varies over a range of 1.6964−1.6950 Å for the 350−800 °C samples, respectively. The synthesized BiVO4 samples were all investigated to determine their photocatalytic O2 evolution activity (AgNO3 was used as a sacriﬁcial reagent). The cumulative O2 evolution of the four samples synthesized at diﬀerent calcination temperatures is shown in Figure 5. It can be observed that the photocatalytic activity increases as the calcination temperature increases. The total amount of O2 evolved after 1 h of illumination under simulated solar irradiation for the samples calcined at 350, 450, 550, 700, and 800 °C was 2.6, 5.6, 17.9, 57.6, and 60.9 μmol gcatalyst−1, respectively. 3.2. Photocatalytic Water Oxidation. It has been noted here that certain parameters, such as the crystallite sizes that can be acquired from X-ray diﬀraction (XRD) and the band gap that is obtained from UV-vis spectroscopy, are very important for the water oxidation reaction. The crystal sizes were calculated according to eq 1. As the calcination temperature increases, there is an increase in the crystallite size of the powder samples. As shown in Table 1, because of aggregation at higher temperature, an opposite trend has been observed in the relation of calcination temperature with BET speciﬁc surface area. However, because of the liquid−solid reaction
 
 Figure 3. Ultraviolet-visible (UV−vis) diﬀuse reﬂectance spectra of BiVO4 powders synthesized at diﬀerent calcination temperatures: (a) 350, (b) 450, (c) 550, (d) 700, and (e) 800 °C. Inset shows Tauc plots, revealing the eﬀect of calcination temperature on the band-gap energy shift.
 
 correlated to the variations in bond length of the V−O, which can be calculated by means of eq 2. The Raman stretching 17416
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 Therefore, there is more distortion in lone pairs in samples calcined at 700 and 800 °C than in the samples calcined at 350 °C. The band structure in (s-m) BiVO4 is formed by the Bi 6s, O 2p, and V 3d atomic orbitals; the valence band is formed by means of the hybridization of Bi 6s and O 2p atomic orbitals, while the conduction band is formed by V 3d atomic orbitals.25 A distinct variation has been observed in the electronic structure of the samples when distortion of the VO43− tetrahedron occurs. This distortion is due to the lone pair electron of Bi3+ in the local structure of the BiVO4. A change in the extent of the overlapping of Bi 6s and O 2p orbitals occurs with the distortion of the VO43− tetrahedron. This overlapping is directly proportional to the degree of distortion, which, in turn, helps the mobility of the photogenerated holes.18 Thus, on the basis of XRD, Raman, and UV-vis spectroscopy, it can be stated that an increase in crystallinity of the samples leads to an increase in the delocalization of the electron and hole pairs and greater overlapping between the Bi 6s and O 2p orbitals, which increases the O2 evolution activity of BiVO4.
 
 Figure 5. Photocatalytic activity of O2 evolution on BiVO4 calcined at diﬀerent temperatures.
 
 phase, surface area has no speciﬁc role here to aﬀect the activity. Moreover, there is a good correlation between crystalline size, band gap, V−O bond length, and O2 evolution, as can be seen in Table 1 and Figure 6. Although all the samples showed the same monoclinic phase, diﬀerences that describe small variations in the structural parameters of the powder samples were observed among the intensities and half-widths of the peaks. This can be elucidated from the UV-vis spectra and Raman analysis. The diﬀerences in the intensities and peak position of the bands in the Raman spectra clearly demonstrate the variations in the local crystal structure of the powder samples, as the frequencies related to the VO4 tetrahedron and V−O bonds are directly related to the interactive forces between the Bi3+ and V5+ cations. It can be noticed, from the relative intensities of the Raman spectra, that VO 4 3− tetrahedrons with diﬀerent VO4 space symmetries were formed. It can also be noticed that variations in one of the V−O bond lengths can be explained on the basis of the packing of the structure. The stronger the packing, the shorter the V−O bond length and the higher the photocatalytic activity. This can be directly correlated to the lone pair distortion around the Bi cation, since it has a negative eﬀect on the V−O bond length.
 
 4. CONCLUSIONS In this study, the importance of crystal-size and band gap on photochemical water oxidation has been conﬁrmed. The importance of using the Raman analysis to understand the variations in a crystal structure has also been explained in detail. Thus, if the crystal size and the band gap are taken into consideration, it would be possible to improve the activity of the BiVO4 photocatalyst.
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