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Highlight 

 An in-situ synthesis method for non-noble metal Bi decorated mulberry-like BiVO4; 

 Bi/BiVO4 exhibits full-spectrum (UV-Vis-NIR) responsive photocatalytic activities; 

 Surface plasmon resonance effects of Bi and synergetic effects between Bi and BiVO4. 

 Density functional theory (DFT) calculation verify the electron transfer mechanism. 

 

Abstract 

Due to its appropriate bandgap (~2.4 eV) and efficient light absorption, bismuth vanadate 

(BiVO4) shows promising photocatalysis activity. However, the charge carrier recombination 

and poor electron transmission often induce poor photocatalytic performance. Herein, we 

report a new method to in-situ synthesize non-noble metal Bi decorated mulberry-like BiVO4 

by a two-step calcination process. Comprehensive characterizations reveal that non-noble 

metal Bi nanoparticles grown in-situ on BiVO4 result in the red-shift of the absorbance edge, 

greatly extending the light absorption from the ultraviolet into the near-infrared region. The 

surface plasmon resonance excitation of Bi nanoparticles and synergetic effects between Bi 

and BiVO4 effectively improve the photocatalytic efficiency and promote the separation of 
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photoinduced electron-hole pairs in mulberry-like BiVO4. Density functional theory (DFT) 

calculation results further verify that the electrons are transferred from Bi to BiVO4 and the 

formation of •OH radical in Bi/BiVO4 is attributed to the lower simulated free energy, which 

supports our experimental outcomes. This work provides a novel strategy to enhance light 

absorption and promote efficient solar utilization of photocatalysts for practical applications. 

 

Key words: Bi; BiVO4; Photocatalysis; Full-spectrum; Density functional theory 

 

1. Introduction 

As a typical environmental-friendly and renewable energy source, solar energy has 

drawn extensive attention in the past decades [1]. Owing to its non-toxic and highly active 

features, TiO2 is a widely-used traditional photocatalyst. However, intrinsic TiO2 is only 

active by ultraviolet light illumination [2], thus to develop a suitable and efficient alternative 

to TiO2 is of significance. Recently, BiVO4 with an appropriate bandgap of 2.4 eV has been 

regarded as a promising photocatalyst for using full-spectrum sunlight [3]. However, its 

limited quantum yield with no response to near-infrared (NIR) wavelengths restricts the 

photodegradation efficiency [4]. In this regard, it is critical to develop a new strategy to 

enhance the light response and inhibit the recombination efficiency of the photoinduced 

electron-hole pairs. 

To achieve this goal, effective efforts such as introducing a small number of 

appropriate heteroatoms by doping have been performed [5], including N [6], F [7], and C 

[8]. For example, La/B co-doped BiVO4 prepared by a sol-gel method with a high specific 

surface area contributed a higher methyl orange degradation rate of more than 98.4% [9], 

derived from the significant effects of heteroatoms, which narrow the bandgap and promote 
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the separation of charge carriers. However, the low solid solution and inhomogeneous 

distribution of heteroatoms cause challenges to extend strong visible-light absorption [10,11]. 

Loading metal particles is another efficient strategy to inhibit the formation of 

recombination centers of photo-generated electron-holes pairs, such as W [12], Tm [13], Ag 

[14], Mo [15], and Eu [16]. In addition, benefiting from the surface plasmon resonance (SPR) 

effect, noble metals have been applied to approach the superior photocatalytic activity of 

semiconductor photocatalysts. It was reported that Ag-decorated BiVO4 photocatalyst was 

synthesized to improve charge separation efficiency with perfect photocatalytic activity than 

that of the pure BiVO4 [17]. However, the addition of expensive and scarce metals on BiVO4 

severely limits the practical applications as photocatalysts because of the high cost [18]. 

Non-noble metal Bi is an ideal alternative for noble metals because of its metal-like 

SPR effect [19,20]. For instance, Bi nanoparticles have been combined with some 

semiconductor photocatalysts, such as Bi2O2CO3 [21], Bi2WO6 [22], BiPO4 [23], and BiOBr 

[24]. As a result of the SPR of Bi metal and effective charge separation, the construction of 

Bi metal-modified semiconductors possesses a higher photocatalytic performance than that of 

the individual materials alone. Besides, it is easy to accomplish the reduction process from Bi 

ion to Bi metal due to the electron capture ability and the large work function of Bi [25]. 

Bi-based composites can be prepared by various in-situ reduction strategies, including 

photo-reduction, chemical reduction, and hydrothermal reduction [26]. In this work, we 

originally in-situ synthesize non-noble metal Bi decorated mulberry-like BiVO4 composites 

(Bi/BiVO4) by a two-step calcination process in a controlled atmosphere with monoclinic 

BiVO4 as the raw material. Benefiting from the noble-metal-like behavior of Bi and the 

synergetic effects between Bi and BiVO4, the Bi/BiVO4 composites show a substantial 

improvement in the light absorption, and provide a new strategy to tackle the problem of no 

response to near-infrared wavelengths. 
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2. Experimental details 

2.1. Synthesis of Bi/BiVO4 composites  

The Bi/BiVO4 composites were synthesized via a facile two-step calcination method. 

Firstly, 0.4 mmol Bi(NO3)3·5H2O was dissolved in 16 mL of glycerol with stirring for 1 hour 

(h). Then, the same amount of NaVO3·2H2O was dissolved in another 16 mL of deionized 

water, and it can be clearly observed that it gradually transformed into transparent and 

homogeneous after stirring for 0.5 h at room temperature. Afterward, a yellowish suspension 

was formed by mixing the above two solutions under stirring. For a solvothermal process, the 

above solution was heated at 180 ℃ for 8 h. Subsequently, the powder was obtained via 

washing with deionized water and ethanol and afterward drying overnight in a vacuum oven 

at 60 ℃. The BiVO4 precursor was obtained. Then, the precursor was transferred into a 

muffle furnace and calcined at 300 ℃ to make sure structural stability. After that, the product 

was calcined at 350 ℃ for 10 h with a heating rate of 5 ℃ min-1 in Ar/H2 (95%:5%, vol.%) to 

obtain Bi/BiVO4 composite. 

2.2. Sample characterization  

The microstructure and structural information of samples was analyzed by X-ray 

diffraction (XRD, D/Max-2200PC) and field emission scanning electron microscope (SEM, 

Hitachi S4600). The elemental analysis and microstructures of Bi/BiVO4 were taken on 

energy-dispersive X-ray spectroscopy (EDS) and transmission electron microscopy (TEM, 

JEM-2100F) with an accelerating voltage of 200 kV. Raman spectra were measured on the 

Renishaw-invia Raman spectroscope. X-ray photoelectron spectroscopy (XPS, AXIS 

SUPRA) was used to characterize the chemical bonding states of Bi/BiVO4. Optical spectra 

were obtained on a Cary 5000 spectrophotometer equipped with an integrating sphere and 

BaSO4 as a reflectance standard. Photoluminescence (PL) spectra were examined using a 

fluorescence spectrophotometer (F-4500, Hitachi, Japan). The photocurrents and 
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electrochemical impedance spectroscopy (EIS) of Bi/BiVO4 were obtained on a CHI660E 

electrochemical workstation at room temperature.  

2.3. Photocatalytic activity test  

Taking consideration into the practical applications, the sunlight covers ultraviolet, 

visible and near-infrared light (UV-vis-NIR), which can be widely used in actual production. 

On this regard, the photocatalytic performances of the prepared catalysts were determined by 

the degradation rate of Rhodamine B (RhB) and phenol under a simulated solar light, a 500 

W Xenon lamp as light source. The absorbance of RhB and phenol were examined by a UV-

vis detector (L5s). 20 mg of the powder sample was dispersed in 50 mL solution (10 mg L-1). 

Before irradiation, the solution was stirred for 30 minutes (min) in darkness to achieve an 

adsorption-desorption equilibrium condition. At 20 min intervals, 4 mL of suspension was 

removed regularly and centrifuged to separate the photocatalyst. In order to weaken the heat 

generated by the lamp and reduce the thermal effect during photocatalytic degradation, the 

Xe lamp acts as light source and is equipped with cold trap, which is surrounded by 

circulating cooling water. Such a set-up aims to eliminate the effect of temperature shift on 

the photocatalytic activity. Then the concentration of RhB and phenol were measured by UV-

vis detector. 

The degradation efficiency (%) can be evaluated using the equation: 

Degradation efficency (%) = (𝐶0 − 𝐶) 𝐶0 × 100%⁄                                      (1) 

where C0 represents the initial concentration of RhB and phenol , and C refers to the RhB and 

phenol concentration after irradiation for a certain duration [27]. 

2.4. Density functional theory calculation  

The first-principles density functional theory (DFT) calculations are carried out with the 

projector augmented wave (PAW) method [28,29]. The exchange-functional is treated using 
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the generalized gradient approximation (GGA) of Perdew-Burke-Ernzerhof (PBE) [28] 

functional. The free energy was calculated using the equation [30]:  

𝐺 = 𝐸 + ZPE − 𝑇𝑆      (2) 

where G, E, ZPE and TS are the free energy, total energy from DFT calculations, zero point 

energy and entropic contributions (Temperature was set to be 300 K), respectively. 

3. Results and discussion 

3.1. Material properties 

To understand the microstructure and morphology of the pure BiVO4 and Bi/BiVO4, 

detailed SEM were performed, and the results are shown in Fig. 1(a) and (b). Fig. 1(c) 

illustrates that mulberry-like Bi/BiVO4 can be formed after partial reduction of BiVO4. 

BiVO4 and Bi/BiVO4 are assembled by many nanoparticles and have similar mulberry-like 

morphology. There is no significant morphological difference between pure BiVO4 and 

Bi/BiVO4, indicating that Bi grows in-situ on BiVO4, and the generation of Bi has little effect 

on the morphology of BiVO4. Such a growth process is governed by the Ostwald ripening 

process of microspheres [31], where the nanoparticles assemble at the primary stage of the 

solvothermal reaction, which is controlled by the nucleus to reduce surface energy. After 8 h 

of solvothermal process, irregular amorphous particles are stacked together to form the 

mulberry-like morphology. For photocatalysts, their activities are associated with the particle 

size. The larger crystal size can induce more surface recombination of photogenerated charge 

carriers. On the other hand, when the grain size reduces, the recombination rate decreases. 

Compared with the previous report [32], the mulberry-like Bi/BiVO4 shows smaller 

diameters of ~400-600 nm and is assembled by numerous nanoparticles, which should have 

larger surface area and volume ratio, leading to a higher photocatalytic activity because 

nanoparticles with small size distribution may result in shorter distances of excited electrons 
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moving to the surface, which not only decreases carriers recombination but also enhances 

photocatalytic activity [33]. 

To further investigate the microstructure and morphology of the pure BiVO4 and 

Bi/BiVO4, TEM were performed, and the results are displayed in Fig. 1(d-g). As can be seen, 

the mulberry-like morphology is assembled by nanoparticles. As shown in Fig. 1(g), the 

lattice fringes of 0.47 nm and 0.23 nm are corresponding to the (101) facets of BiVO4 (PDF. 

75-1867) and the (110) facets of Bi (PDF. 85-1331), respectively. The TEM image of 

Bi/BiVO4 further proves that non-noble metal Bi and monoclinic BiVO4 coexist in 

composites, which is in consistence with the XRD results. Fig. 1(h) shows the EDS elemental 

mapping images of Bi/BiVO4, indicating that O, V, and Bi are uniformly distributed. 

To illustrate the composition and crystalline structures of the pure BiVO4 and 

Bi/BiVO4, XRD was used to analyze BiVO4 and Bi/BiVO4, and the results are shown in Fig. 

2(a). The sharp and distinct peaks suggest the high purity and crystallinity of products. An 

intensive peak of BiVO4 at ~33.7° could be well indexed to the (112) plane of phase-pure 

BiVO4 crystallites (PDF 75-1867), which is consistent with monoclinic BiVO4. In the case of 

Bi/BiVO4, the peaks of the crystalline patterns of BiVO4 and metallic Bi are co-existed, 

indicating that partial BiVO4 was reduced to metallic Bi, and Bi/BiVO4 composites were 

formed after the two-step calcination process. The formation of metallic Bi can be attributed 

to the in-situ reduction of Bi3+ profiting from the reduction effects of H2. The content of Bi in 

BiVO4 can be controlled by the reaction temperature, reaction time, and the Ar/H2 

atmosphere during calcination progress [34-37]. Because metallic Bi is easily oxidized under 

air, some weak peaks can be attributed to the formed thin layer of bismuth oxide, preventing 

the Bi metal from being further oxidized [38]. The two weak peaks at ~31.8° and ~32.8° are 

consistent with the Bi7VO13 crystallites (PDF 44-0322), which is an intermediate product 

during hydrothermal progress and is not discussed here. 
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To quantitatively investigate the size of crystalline materials, the Scherrer equation was 

applied to estimate the grain size of as-synthesized Bi/BiVO4 from the characteristic peaks in 

XRD pattern. The Scherrer equation can be expressed as follows: 

𝐷 =
𝜅𝜆

𝜏 cos 𝜃
      (3) 

where D is the crystal size, λ is the X-ray wavelength, κ is a shape factor constant, τ is full 

width at half maximum, and θ is the Braggs angle [39]. As a result, the crystallite sizes of 

Bi/BiVO4 determined by Scherrer equation are 40.3 nm for Bi and 29.1 nm for BiVO4. The 

calculated results indicate that the mulberry-like morphology with diameters ranging from 

400 to 600 nm is assembled by numerous Bi and BiVO4 nanoparticles, consistent with the 

SEM results in Fig. 1(b). 

The structure and bonding states of the pure BiVO4 and Bi/BiVO4 were characterized 

by Raman spectroscopy, and the results are presented in Fig. 2(b). The observed peaks 

centered at 137, 196, 332, and 817 cm-1 are in agreement with the Raman characteristics of 

monoclinic BiVO4 [40]. The peak at 817 cm-1 is attributed to the asymmetric and symmetric 

V-O stretching mode. Compared with BiVO4, the intensity of the peak centered at 817 cm-1 

for Bi/BiVO4 is significantly decreased, indicating the decrease of the V-O band. The 

decreased V-O band suggests that partial BiVO4 was reduced to metallic Bi, in accordance 

with the XRD results. The band centered at 332 cm-1 is associated with the asymmetric and 

symmetric bending vibration, which is attributed to the VO4 band. The peak centered at 196 

cm-1 can be ascribed to the external mode of rotation and translation [41]. From the above 

Raman observation, it can be concluded that the non-noble metal Bi decorated mulberry-like 

BiVO4 has been successfully in-situ synthesized by a two-step calcination process. Fig. 2(c) 

schematically illustrates this two-step calcination process, in which non-noble metal Bi is 

formed from BiVO4 at the second calcination. 
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To explore the presence of various elements and the chemical states of the pure BiVO4 

and Bi/BiVO4, XPS was further performed, and the results are shown in Fig. 3(a). Here, all 

data were adjusted in accordance with C 1s peak at 284.6 eV from adventitious carbon as a 

reference. Fig. 3(b-d) shows the slow-scanned XPS spectra of Bi 4f, V 2p and O 1s for the 

pure BiVO4 and Bi/BiVO4, respectively. In the fine spectrum of the Bi 4f region of BiVO4, 

two peaks centered at ~158.59 eV and 163.89 eV correspond to Bi 4f7/2 and Bi 4f5/2 states of 

Bi3+ species, respectively, due to spin-orbital splitting [42]. The two peaks shift to centers at 

158.76 and 164.05 eV for Bi/BiVO4, respectively [38]. Besides, two weak peaks centered at 

~157.14 eV and 162.67 eV can be detected and indexed as the feature of metallic Bi [19,38]. 

It is believed that peak shifts of Bi 4f7/2 and Bi 4f5/2 should be attributed to the interaction of 

non-noble metal Bi and BiVO4 [43]. The fine spectrum of V in Fig. 3(c) contains two peaks 

centered at ~516.28 and 523.71 eV, which belong to V 2p3/2 and V 2p1/2 of V5+, respectively. 

These two peaks shift to 516.59 and 524.1 eV in Bi/BiVO4, respectively. The shifts of V 2p 

spectra are ascribed to the chemical environment change of V atoms, arising from the Bi 

defects [44]. For O 1s spectra (Fig. 3(d)), the peaks at 528.76 eV and 532.12 eV correspond 

to the lattice oxide (OI) species and adsorbed oxygen (OII) species. It is also observed that the 

binding energy centered at 530.6 eV belongs to the oxygen in the BiVO4 lattice, which is 

shifted to 530.79 eV in the Bi/BiVO4 composite photocatalysts [32]. On this basis, we 

suspect that the shifts of Bi/BiVO4 in XPS spectra may be attributed to the surface Bi defects. 

Similar phenomena were also observed in the previous reports [32,45]. Fig. 3(e) shows the 

Fourier transform infrared (FTIR) spectra of BiVO4 and Bi/BiVO4. For monoclinic BiVO4 

and Bi/BiVO4, the vibrational peak centered at 739 cm-1 can be observed, which is indicative 

of asymmetric stretching vibration of the ν3 (VO4) [46]. The particle morphology and size 

distributions of the non-noble metal Bi modified mulberry-like BiVO4 are shown in Fig. 3(f), 

indicating that the catalysts present regular refined particles. The inset of Fig. 3(f) shows the 
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distribution of particle diameters, from which the particles are agglomerated with an average 

size of ~540 nm. 

To illustrate the optical absorption properties of BiVO4 and Bi/BiVO4, UV-vis 

absorption spectroscopy was performed, and the results are shown in Fig. 4(a). As can be 

seen, Bi/BiVO4 has much higher absorption efficiency in UV-vis-NIR region. The absorption 

edge of BiVO4 was located at ~500 nm. In comparison with BiVO4, the photo-response of 

Bi/BiVO4 increases to the NIR region after the in-situ generation of Bi nanoparticles. 

Moreover, the photo-response of Bi/BiVO4 increases to a considerable extent in UV and 

visible region. The intense and extensive absorptions are larger than 500 nm, which should 

derive from the strong SPR effect of the non-noble metallic Bi nanoparticles [47]. 

Meanwhile, the high absorption intensity of Bi/BiVO4 in NIR region is observed, which 

should be attributed to the interaction of metallic Bi and BiVO4. Such phenomena should be 

beneficial to the photocatalytic activity, which is similar to the reported result [48]. On the 

basis of the formula [49]: 

𝛼ℎ𝜈 = 𝐴(ℎ𝜈 − 𝐸g)𝑛 2⁄      (4) 

where α is the absorption coefficient, h is the Planck constant, υ is the light frequency, and A 

is the proportionality constant, respectively. Here, the n value is 1 for direct-gap 

semiconductor and 4 for indirect-gap semiconductor, the bandgap (Eg) for BiVO4 and 

Bi/BiVO4 can be estimated to be 2.45 and 1.90 eV, as shown in Fig. 4(b). 

The valence band (VB) and conduction band (CB) potentials can be determined by the 

following equations [26,50]: 

𝐸CB = 𝑋 − 𝐸e − 𝐸g 2⁄      (5) 

𝐸VB = 𝐸CB + 𝐸g      (6) 

where X is the electronegativity of the semiconductor, EVB is the valence band potential, ECB 

is the conduction band potential, and Ee is the energy of free electrons on the hydrogen scale 
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about 4.5 V, respectively. Besides, the position of EVB of BiVO4 is +2.81 eV. According to 

the above equations, the position of ECB can be calculated to be +0.36 eV. 

To investigate the separation efficiency of photogenerated electron-hole pairs, the PL 

spectra of the pure BiVO4 and Bi/BiVO4 is performed, and the results are shown in Fig. 4(c). 

It is well-known that weaker PL intensity represents a lower recombination rate [51]. 

Compared with that of BiVO4, the emission peak intensity of Bi/BiVO4 is considerably 

diminished, implying the lower recombination rate of electron-hole pairs. This should be 

ascribed to the SPR effect of metallic Bi, which can restrain the recombination of photo-

generated electrons and holes [52]. 

3.2. Photocatalytic properties and stability 

To evaluate the photocatalytic properties of BiVO4 and Bi/BiVO4, RhB degradation 

efficiencies under the same conditions were measured, and the results are shown in Fig. 4(d). 

For comparison, the experiment on direct photolysis of RhB was also conducted under the 

same conditions. Apparently, the RhB conversion is quite lower after 120 min, confirming 

that the direct photolysis of RhB can be negligible. Similarly, the photocatalysis without light 

of the samples can be negligible. As can be seen, pure BiVO4 displays relatively poor 

degradation efficiency. Also, when BiVO4 interacts with Bi, the RhB degradation rate of 

Bi/BiVO4 is obviously increased. Notably, Bi/BiVO4 shows the highest RhB degradation 

ability of 80.9% within 120 min irradiation, exceeding that of the pure BiVO4 (13.6%) by a 

factor of 6 (Fig. 4(e)). In addition, the photocatalytic activity of Bi/BiVO4 was also detected 

by phenol degradation under simulated sunlight irradiation. Owing to the stability of phenol, 

the adsorption and conversion of phenol can be negligible without photocatalysts during the 

photocatalytic process. The degradation ratios for the phenol dye of pure BiVO4 and 

Bi/BiVO4 in 180 min are exhibited in Fig. 4(h). Apparently, the Bi/BiVO4 shows an 

enhanced photocatalytic efficiency of 73.3% compared to the pure BiVO4 (17.1%). The 

Jo
ur

na
l P

re
-p

ro
of



 13 

results further reveal that the constructed Bi/BiVO4 composite photocatalyst displays 

enhanced photocatalytic performance due to the SPR of Bi. Meanwhile, the synergistic effect 

of Bi and BiVO4 can prevent the photogenerated electron and holes from recombining, and 

play a crucial role in the enhanced photocatalytic activity [53]. To confirm the photochemical 

stability of Bi/BiVO4, the catalytic recycling experiments in the photodegradation of RhB 

were performed and the results are plotted in Fig 4(f). After testing more than five times, the 

performance of Bi/BiVO4 only shows a slight decrease, illustrating its convenient reuse and 

excellent stability, which is particularly significant for its practical application. 

To further investigate the degradation kinetics, the variations in ln(C/C0) as a function 

of reaction time are calculated, and the results are shown in Fig. 4(g) and (i). The pseudo-

first-order kinetic equation is given by [54]: 

ln(𝐶 𝐶0⁄ ) = −𝑘a𝑡     (7) 

where C is the concentration of RhB and phenol at time t, C0 is the initial RhB and phenol 

concentration before irradiation, and ka is the first-order apparent rate constant. The rate 

constants and relative coefficients (R2) were presented in Table 1. The linear relation 

demonstrates that the photocatalytic reaction can be regarded as a pseudo-first-order reaction. 

Obviously, the kinetic constant of Bi/BiVO4 is faster than that of pure BiVO4, which further 

confirms that the SPR effect of non-noble metallic Bi and the synergistic effect between 

BiVO4 and Bi can benefit the photocatalytic activity. 

3.3. Electrochemical properties 

To further analyze the enhanced charge transfer and separation efficiency in pure BiVO4 

and Bi/BiVO4, electrochemical impedance spectroscopy (EIS) was performed, and the results 

are plotted in Fig. 5(a). The transfer resistance of surface charge during redox reaction is 

measured by the arc radius in EIS spectroscopy. A smaller radius in a high-frequency region 

represents a lower impedance and a higher efficiency of charge transfer [55]. The impedance 
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arc radius of Bi/BiVO4 is obviously smaller in comparison with BiVO4, indicating that more 

electrons across the electrolyte interface in Bi/BiVO4. The SPR effect of semimetal Bi would 

be beneficial for promoting the storage and shuttle of electrons. Therefore, the transfer 

efficiency of the charge carriers in Bi/BiVO4 can be effectively enhanced. The equivalent 

electrical circuit is inserted and the corresponding values were computed by Zview software, 

listed in Table 2. The Rs, Rct, CPE and W1 can be interpreted as the overall electrolyte 

resistance, the charge transfer resistance, the constant phase element and the Warburg 

impedance, respectively [3]. As shown in Table 2, the Rct value for Bi/BiVO4 (10.87 Ω) is 

smaller than that of BiVO4 (18.36 Ω), suggesting the less charge transfer resistance and the 

rapid electron transportation. This demonstrates that the SPR excitation of Bi nanoparticles 

and the synergistic effects between BiVO4 and Bi can promote the charge transformation, 

thus enhancing its electrical conductivity. These results can be further affirmed via 

photocurrent responses of BiVO4 and Bi/BiVO4, as shown in Fig. 5(b). At a given potential, 

the working electrode of Bi/BiVO4 exhibits much higher photocurrent density than that of 

pure BiVO4. Moreover, during the five repeated on/off light cycles, the photocurrent remains 

stable. Through comparison of these two different results, it is obvious that the semimetal Bi 

in-situ grown on the surface of BiVO4 plays a crucial role in generating photocurrent density 

profiting from the SPR effect [56]. 

3.4. Enhanced full-spectrum responsive activity 

Although some BiVO4-based catalysts have been studied [13,17,44,57-65], our work 

shows the expanding light response range, as summarized in Fig. 5(c). As can be seen, most 

of the reported Bi/BiVO4 catalysts aim to improve degradation efficiency, and their light 

response ranges were ~400-600 nm with less response to near-infrared wavelength. In 

contrast, we achieve an enhanced full-spectrum responsive photocatalytic activity of non-

noble metal Bi decorated mulberry-like BiVO4. The results indicate that the photo-response 
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of Bi/BiVO4 extends from UV to visible and then to the NIR with absorption intensity above 

1 when Bi in-situ grows on BiVO4 through two-step calcination. Such unique light absorption 

is attributed to the strong SPR effect of non-noble metallic Bi nanoparticles and the 

interaction of metallic Bi and BiVO4, which is also conducive to the degradation rate, as 

shown in Fig. 5(d) that compared to reported works [66-73]. 

3.5. Mechanism of photocatalytic performance 

3.5.1. Photocatalytic mechanism 

According to the above analysis, Fig. 6 schematically illustrates the possible 

photocatalytic mechanism of charge separation and transportation in Bi/BiVO4. Under the 

solar-simulated light irradiation, the electrons on the VB can be excited to the CB of 

Bi/BiVO4 by the high energy photon, and the equal photogenerated holes are generated. 

Meanwhile, the SPR of non-noble metallic Bi is excited, promoting the charge separation and 

transfer at the BiVO4 interface [74]. Bi acts as the activation sites for reactants activation [38] 

and the photoinduced electrons are easily transferred from Bi to BiVO4 through the interface 

[75]. The enhanced photocatalytic properties of BiVO4 result from the integration of the 

plasmonic component through plasmonic sensitization. h+ can also easily oxidize pollutant 

with high potential and oxidize OH- to •OH [76]. The photogenerated electrons and electrons 

transferred to BiVO4 reduce O2 to H2O2 [77]. Then, H2O2 captures an electron to form •OH 

radicals, while the •OH with high oxidation ability can oxidize pollutant [38]. 

3.5.2. Electron transfer mechanism and the formation of •OH radical 

To build up the insight into the electron transfer mechanism of Bi/BiVO4 during the 

photocatalytic process, DFT calculations were performed by using the GGA-PBE method. 

Fig. 7(a-d) illustrates the calculated structure and the corresponding energy band of Bi and 

BiVO4 [78]. It can be observed that the CB bottom and VB top of BiVO4 are located between 

the symmetry point of P and N, which belongs to the indirect band gap semiconductor [79]. 
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When the Fermi level is set to be zero, the band gaps of Bi and BiVO4 are ~0.9 eV and 2.5 

eV. From Fig. 4(b), the experimental energy band gap can be determined to be 2.45 eV. 

Obviously, the simulated value is close to the experimental value, which is similar to the 

previous report [64]. 

To clearly analyze their band structures and hybridization states, the partial density of 

states (PDOS) between -5 eV and 5 eV for V, O and Bi atoms of Bi and BiVO4 are simulated 

and plotted in Fig. 7(e) and (f). As a reference, the Fermi level is assigned the value of zero. 

By analyzing the PDOS of BiVO4, we notice that the valence band maximum (VBM) is 

primarily occupied by O 2p states [80]. There are also some hybridizations with Bi 6p and V 

3d states in the CBM, resulting in the V-O and Bi-O bond. Thus, the conduction band 

minimum (CBM) is predominantly dominated by V 3d states, including some hybridization 

with Bi 6p and O 2p orbitals [64]. 

Fig. 8(a) and (b) shows the calculated structure and band position of Bi/BiVO4. It is 

well known that the electrons transfer from the high to low energy level. As shown in Fig. 

8(b), the positions of the CB bottom and the VB top are both higher than that of BiVO4. 

Therefore, the charge transfer easily occurs from Bi to BiVO4 through the interface, further 

supporting the previous mechanism analysis as discussed in Fig. 6 [38,81]. When the 

photocatalyst absorbs the energy under the solar-simulated light irradiation, the electrons on 

the VB are excited to the CB and the holes should be left at the same time. Moreover, the 

photoinduced electrons of Bi are injected into the CB of BiVO4 via the interface, according to 

the band gap positions. The metallic Bi can effectively accept partial electrons of BiVO4 in 

VB before turning back to its original state, which is similar to that of Ag [34]. The transfer 

can sufficiently separate the electron-hole pairs and effectively prolong the lifetime of the 

carriers in BiVO4. Meanwhile, the SPR of non-noble metallic Bi happens during the 

photocatalytic process, facilitating the charge separation and transfer [82]. The oxidation of 
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pollutant and OH- occurs at the VB, attributed to the presence of h+, while the conversion of 

O2, H2O2 and •OH radicals occurs at the CB. Their free energy and corresponding structure 

during the conversion progress are exhibited in Fig. 8(c). It can be seen that compared with 

pure BiVO4, the simulated free energy of Bi/BiVO4 is obviously smaller, which is beneficial 

to promote the reaction [38]. Therefore, the Bi/BiVO4 not only efficiently inhibits 

recombination of electron-hole pairs and promotes the separation of charge carriers, but also 

enhances the photocatalytic activity. Taking consideration into the above results, it can be 

concluded that Bi/BiVO4 exhibits an enhanced performance profiting from the improved 

separation efficiency and the SPR effect of non-noble metallic Bi [83]. 

4. Conclusion 

In summary, non-noble metal Bi decorated mulberry-like BiVO4 photocatalysts are in-

situ fabricated by two-step calcination. The as-grown Bi nanoparticles on BiVO4 lead to the 

red-shift of the absorbance edge, which significantly extends the light absorption from UV 

into NIR. Their photocatalytic efficiency is considerably improved by the surface plasmon 

resonance excitation of the Bi nanoparticles and the synergetic effects between Bi and 

BiVO4, and the separation of photo-induced electron-hole pairs in mulberry-like BiVO4 is 

also obviously promoted. Our DFT calculation results further confirm that the electrons 

transfer easily from Bi to BiVO4 via the interface and the remained holes accelerate the 

separation of carriers. Moreover, the lower simulated free energy of Bi/BiVO4 contributes to 

the formation of •OH. This work paves a new way to boost the light absorption, and promote 

efficient solar utilization of photocatalysts for the practical applications. 
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Table 1. Degradation rate constants (ka) and relative coefficients (R2) in decomposing RhB 

and phenol. 

Catalyst Pollutant Degradation rate ka (min-1) R2 

BiVO4 RhB 13.6% 0.0143 0.8505 

Bi/BiVO4 RhB 80.9% 0.1979 0.9644 

BiVO4 Phenol 17.1% 0.031 0.9934 

Bi/BiVO4 Phenol 73.3% 0.2168 0.9817 

 

Table 2. Resistance fitted according to the Nyquist plots of two samples. 

Sample Rs×10-2 (Ω) Rct (Ω) CPE×10-6 (F) 

BiVO4 23.074 18.36 1.4565 

Bi/BiVO4 61.877 10.87 1.8762 

 

 

 

 

Fig. 1. SEM images of (a) BiVO4 and (b) Bi/BiVO4. (c) Schematic illustration for the 

morphology of the samples. (d-g) TEM images of BiVO4 and Bi/BiVO4. (h) EDS elemental 

mapping images of Bi/BiVO4. 
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Fig. 2. (a) XRD patterns of the pure BiVO4 and Bi/BiVO4. (b) Raman spectra of BiVO4 and 

Bi/BiVO4. (c) Schematic illustration for the synthesis progress of the two-step calcination. 

 

Fig. 3. (a) The entire XPS spectra of the pure BiVO4 and Bi/BiVO4. (b) Bi 4f, (c) V 2p and 

(d) O 1s for BiVO4 and Bi/BiVO4. (e) FTIR spectra of BiVO4 and Bi/BiVO4. (f) The 
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morphology of Bi/BiVO4 and the corresponding diameter distribution of mulberry-like 

particles. 

 

Fig. 4. (a) UV-vis absorption spectra and (b) bandgap and VB-XPS curves of BiVO4 and 

Bi/BiVO4. (c) PL spectra, (d, e) photocatalytic degradation of RhB, (f) cycling runs of 

Bi/BiVO4 for the degradation of RhB and (g) the corresponding first-order plots of RhB 

photodegradation over BiVO4 and Bi/BiVO4. (h) Photocatalytic degradation and (i) the 

corresponding first-order plots of phenol photodegradation over BiVO4 and Bi/BiVO4. 
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Fig. 5. (a) EIS Nyquist plot of the BiVO4 and Bi/BiVO4 electrodes measured in 0.1 M 

Na2SO4. (b) Photocurrent responses of as-prepared samples. Comparison of (c) light 

absorption range [13,17,44,57-65] and (d) degradation rate with reported values [66-73]. 
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Fig. 6. Possible photocatalytic mechanism of the charge separation and transportation in 

Bi/BiVO4. 

 

Fig. 7. Calculated structure of (a) Bi and (b) BiVO4, the corresponding energy band of (c) Bi 

and (d) BiVO4 and the corresponding PDOS of (e) Bi and (f) BiVO4. Jo
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Fig. 8. (a) Calculated structure and (b) band position of Bi/BiVO4. (c) The simulated free 

energy during the conversion from O2 to •OH radicals of Bi/BiVO4. 
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