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We demonstrate a facile method for the rational fabrication of 

pore-size controlled nanoporous BiVO4 photoanodes, and 

confirmed that the optimum pore-size distributions could 

effectively absorb the visible light through the light diffraction and 

confinement functions. Furthermore, in-situ X-ray photoelectron 

spectroscope (XPS) reveals the more efficient photoexcited 

electron-hole separation than conventional particle films, induced 

by light confinement and rapid charge transfer in the inter-crossed 

worm-like structures. 

Photoelectrochemical (PEC) water splitting is a promising 

approach for solving current energy and environment crisis, by 

which the abundant solar energy could be converted into chemical 

fuels.
1-3

 However, the construction of the high performance PEC 

devices toward practical applications generally requires highly 

efficient and stable photocathodes and photoanodes for both 

hydrogen and oxygen evolving reactions.
4,5

 In contrast to the 

significant development of the photocathodes, the efficiency of 

photoanodes for water oxidation is presently limited due to the 

high overpotential (>0.35 V) as well as complex proton-coupled 

electron transfer reactions.
6
 Generally, metal oxides are promising 

photoanode materials due to their low-cost synthetic routes and 

higher stability than other semiconductors.
7
 However, most 

materials studied to date suffer from inadequate band structures 

(band gap, conduction and valence band energy levels, charge 

carrier mobilities, etc.) For instance, the commonly binary oxides 

TiO2 and ZnO have band gaps that are too large to absorb light 

efficiently (3.2 and 3.4 eV, respectively), while the Fe2O3, despite its 

desirable band gap of ∼2.2 eV, has a conduction band edge at 0.55 

V versus the reversible hydrogen electrode (RHE), which exhibit 

poor charge transport properties as well as low charge separation.
8-

10
 Thereby, it is highly desirable for the exploring and fabricating 

novel semiconductor materials with appropriate band-gap for 

improving the PEC performances. 

With a band gap of 2.4 eV (520 nm) and high conduction band 

energy relative to other visibly active metal oxides, bismuth 

vanadate (BiVO4) has become an especially promising photoanode 

material for water oxidation.
11-16

 However, its practical applications 

for water oxidation are still hindered due to higher electron-hole 

recombination rates and low charge transport properties.
17-20

 Thus, 

various attempts have been implemented to improve the 

performances of BiVO4-based photoanodes, such as varying film 

thickness,
18,21,22

 metal ions doping,
23-27

 and co-catalyst 

deposition,
17,28-30

 and some important developments have been 

achieved. More recently, mesoporous BiVO4 photoanodes with 

large surface areas have received increasing attention owning to 

their higher photoelectrochemical properties compared with the 

compact solid counterparts.
31-34

 However, the present fabrication 

methods of nanoporous BiVO4 photoanodes were generally based 

on the template-assisted replacement methods, and their pore-size 

distributions cannot be rationally tailored.  

Herein, we demonstrate a general and template-less method 

for one-step construction of pore-size controllable BiVO4 

nanoporous films. Benefiting from unique structural features, the 

as-prepared BiVO4 with pore size distribution of 300-400 nm could 

show enhanced light adsorption, charge separation and photo-

electrochemical properties. Importantly, the origin of high efficient 

photoelectric conversion in nanoporous BiVO4 photoanodes have 

been explored and clarified. More specifically, the visualized 

evidence for more efficient electron-hole separation in nanoporous 

BiVO4 film than traditional particle films has been achieved by using 

a powerful in-situ XPS technique. Moreover, the optical tests 

confirmed the evident light confinement effect in nanoporous 

structures for effectively trapping visible-light.  

The nanoporous BiVO4 films grown on FTO substrate were 

fabricated through a simple coating and thermal treatment method, 

and a schematic illustration on the synthetic procedure was shown 

in Figure S1 (Supporting Information). Figure 1 shows the typical 

scanning electron microscope (SEM) images of as-prepared BiVO4 

samples. It can be seen from Figure 1A that the nanoporous  
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Figure 1. Top (A), (B) and side view  (C) SEM images of BiVO4-c; (D) XRD of BiVO4-c. (b) 

Standard XRD pattern of BiVO4 (JCPDS, No. 14-688), (c) standard XRD pattern of SnO2 

(JCPDS, No. 77-450). 

structure is composed of tightly connected wormlike structures 

with amounts of void spaces in the range of 300-400 nm (Figure S2C, 

Supporting Information). More specifically, the enlarged SEM image 

(Figure 1B) clearly reveals that this wormlike structure is 

constructed by numerous inter-crossed nanoparticles with the main 

diameters of 200-300 nm (inset of Figure 1B). The cross-section 

SEM images of the porous films are also presented in Figure 1C, and 

obvious pores throughout the entire films can be observed. 

Furthermore, their crystalline structure as well as compositions has 

been measured by the X-ray diffraction (XRD). As can be seen from 

Figure 1D, except for the diffraction peaks of SnO2 from FTO 

substrate, all the characteristic peaks could be indexed to the 

monoclinic bismuth vanadate (JCPDS, No. 14-688). Moreover, the 

trans-mission electron microscopy (TEM) and selective area 

electron diffraction (SAED) images (Figure S3, Supporting 

Information) clearly reveal that these porous structures are 

composed of the irregular inter-crossed nanoparticles with single 

crystalline structure. The EDS as well as mapping images confirm 

the Bi, V, and O elements in the whole area. For comparison, SEM 

images of nanoparticle BiVO4 powders films have been shown in 

Figure S4 (Supporting Information). It is clearly to see that a 

compact powders films were consisted of disorganized 

nanoparticles. 

Furthermore, the pore diameters of the BiVO4 films could be 

rationally tailored by simply adjusting the ratios of PEG-600 in the 

precursor solution, and the corresponding SEM images were 

showed in Figure S5 (Supporting Information). With the decreasing 

PEG-600 concentrations, the void spaces as well as pore diameters 

of the BiVO4 films gradually decreased (Figure S5A and S5B). In 

contrast, the void spaces as well as pore diameters in final BiVO4 

films could be further enlarged. XRD measurements of other BiVO4 

films with different amounts of PEG-600 were also performed 

(Figure S6, Supporting Information). It is obvious that the XRD 

patterns of all samples are exactly similar, in other words, the 

existence of PEG-600 completely does not influence the crystal 

structure of BiVO4 films. Therefore, it can be concluded that in the  

Figure 2. (A) Current-Potential characteristics, (B) the incident photon-to-current 

conversion efficiency (IPCE), (C) i-t curve and (D) the production of H2. All performances 

were measured at 0.7 V (vs. RHE) in a 0.5 M phosphate buffers (pH 7) containing 1 M 

Na2SO3, with a 420 nm cut-off filter, 200 mW/cm
2
 illumination. 

present fabrication system, the PEG-600 serves as a decisive role for 

adjusting the pore diameters, and the formation of nanoporous 

structure should be due to the carbonification of PEG-600 during 

anneal process in air at 500 °C.  
The photoelectrochemical properties of as-synthesized 

nanoporous BiVO4 samples with different pore sizes (marked from 

BiVO4-a to BiVO4-e) were explored in the presence of 1 M sodium 

sulfite (Na2SO3) under visible-light irradiation (λ＞420nm). For 

comparison, the related performances of conventional BiVO4 

particle films have also been studied and compared in Figure 2. It 

can be clearly seen that except for particle films, all the nanoporous 

BiVO4 photoelectrodes exhibit high photocurrent-potential (J-V) 

curves for the sulfite oxidation (Figure 2A). Furthermore, a very low 

photocurrent onset potential, 0.1 V versus reversible hydrogen 

electrode (RHE), this value corresponds to the flatband potential 

(Figure S7, Supporting Information), and a rapid increase in 

photocurrent from 0.2 V versus RHE, demonstrating the excellent 

fill factor and electron-hole separation under visible-light irradiation. 

More specifically, the nanoporous BiVO4-c sample (shown in Figure 

1) exhibits the highest photocurrent density (3.5 mA cm
-2

) at a 

potential of 0.7 V vs. RHE for the sulfite oxidation. However, 

whether increasing or decreasing the pore-diameters of BiVO4 

photoelectrodes, the photoelectrochemical properties (shown in 

Figure S5) have been obviously decreased. On the basis of the 

above results, it can be concluded that tailoring the pore-diameters 

could serve as feasible route to further optimize their photoelectric 

property. In addition, the sulfite oxidation kinetics at the interface 

of the photoanode/electrolyte was evaluated by electrochemical 

impedance spectroscopy (EIS), which were presented as Nyquist 

plots (Figure S8, Supporting Information). The arcs in the Nyquist 

plot are related to charge transfer at the interface of the 

electrode/electrolyte. The semicircle arc for the BiVO4-c was lower 

than that for the BiVO4 particle films, indicating faster sulfite 

oxidation kinetics. Based on the above results, it can be revealed 
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that an appropriate pore diameter is beneficial to efficient charge 

separation and migration. 

The further measurements about the incident photon-to-

current conversion efficiency (IPCE) of all the BiVO4 nanoporous 

films and BiVO4 nanoparticles powders have been performed and 

exhibited in Figure 3B. IPCE analysis of the BiVO4 samples shows a 

similar distribution compared with Current-Potential characteristics, 

BiVO4-c reach a maximum of 49% at 350 nm, while the BiVO4 

nanoparticles powders achieves 3.7% at this wavelength. The IPCE 

analysis also shows that the photocurrent response begins at 500 

nm, this corresponds to the band gap of 2.47 eV for BiVO4 (Figure 

S9, Supporting Information). Then, the photocurrent density of 

samples was maintained for 120 min by applying 0.7 V (vs. RHE) 

without showing wide decay or rise, proving its long-term stability 

(Figure. 4C). Figure 4D shows hydrogen evolution versus time at the 

Pt counter electrode for the BiVO4 nanoporous films and particle 

films, H2 generation was detected with Gas Chromatography (GC). It 

was found solar light irradiation and applying bias voltage (0.7 V vs. 

RHE) resulted in continuous H2 evolution from an electrolyte by 

BiVO4 photoelectrodes. Besides, during the H2 production 

procedure, the amount of H2 is linearly related to the reaction time. 

Finally, the maximum amount of the H2 generated by the BiVO4-c 

was 102.8 μmol after 120 min. On the contrary, the BiVO4 

nanoparticles powders only produce trace amounts of H2 (3.1 μmol 

after 120 min) under the same conditions, indicating the poor 

reduction power of photogenerated electrons in nanoparticles 

BiVO4 powders when comparing with that of nanoporous BiVO4 

photoelectrodes. While the water oxidation is much more difficult 

than Na2SO3 oxidation, and Na2SO3 was employed as the hole 

scavenger for the PEC tests in this work. To further illustrate the 

characteristic photo-electrochemical properties of nanoporous 

BiVO4 photoelectrodes, BiVO4 electrodes were loaded with Co-Pi 

cocatalyst by the in situ photochemical deposition method.
36

 The 

typical current-potential curves of water oxidation and hydrogen 

evolution are shown in Figure S10 (Supporting Information). It can 

be clearly seen that the BiVO4 nanofilms with pore size distribution 

of 300-400 nm still exhibited the highest photoelectrochemical 

properties as well as hydrogen generation rates despite of the 

variations of electrolyte and light irradiations. 

A novel in-situ X-ray photoelectron spectroscopy (XPS) 

combined with synchronous illumination technique was firstly 

employed for the direct observation of charge generation and 

transfer direction in nanoporous BiVO4 sample (Figure S11). As we 

can see in Figure 3, before the irradiation, two strong peaks in the 

Figure 3A, at 164.28 eV and 158.9 eV, are indexed to Bi 4f5/2 and Bi 

4f7/2, demonstrating the Bi
3+

 species in the BiVO4 samples. 

Amazingly, when the sample was irradiated by visible-light, the bind 

energies of both Bi 4f5/2 and Bi 4f7/2 peaks obviously shifted to the 

low values, while these two peaks returned to the original positions 

when light was turned off. Simultaneously, the s imilar 

photoinduced shift on the V 2p1/2 and V 2p3/2 peaks could also be 

observed (Figure 3B). As for the O 1s BiVO4 nanoporous films, apart 

from the peak of lattice oxygen at 529.5 eV, an additional peak at 

532.2 eV can be attributed to hydroxyls binding.
24,35

 The peak of 

hydroxyls binding continuously shifts to left (BE become higher) 

when light on, but the peak of lattice oxygen first shifts to left when 

light on and return to original position (Figure 3C). Thereby, it can  

Figure 3. (A-C) In situ Bi 4f, V 2p, O 1s XPS spectra of BiVO4-c films, and all the samples 

were irradiated by visible light. (D) Calculated total and partial density of states for 

BiVO4, the top of the valence band is shifted to zero. 

be concluded that such a photoinduced shift for nanoporous BiVO4 

film may be attributed to trapping of photogenerated electrons by 

Bi, V sites and holes by O site during the visible-light irradiation, and 

this process is reversible for Bi, V sites and lattice oxygen. However, 

in the case of traditional BiVO4 particle films, no evident shift of all 

peaks could be observed whether under light or in dark (Figure S12, 

Supporting Information). As shown in Figure 3D, the valence band 

of BiVO4 is mainly composed of O 2p, and the conduction band is 

formed by V 3d, O 2p, and Bi 6p. The photoexcited electrons are 

mostly transferred from O to V and Bi, which is consistent with the 

above in-situ XPS results. More specifically, these demonstrations 

clearly reveal more efficient charge separation and transfer in the 

nanoporous structure than compact particles, which resulted in the 

enhancement in PEC activity. 

The reflection, transmission and absorption spectra of in both 

nanoporous and compact structures have been studied and shown 

in Figure 4. It can be seen that the absorption edge of both the 

porous and the compact film is at about 520 nm, corresponding to a 

band gap of 2.4 eV. However, compared to particle films, 

nanoporous structure could effectively enhance light harvesting in 

both ultraviolet and visible light regions. Moreover, the porous 

structure possesses higher transmission and lower reflection than 

compact BiVO4 films. In addition, the light transmission in both 

nanoporous and particle structures has been studied by using 

different mono-chromatic lights. Obviously, all the monochromatic 

lights could permeate the porous films and no evident changes 

about light facula have been observed. In contrast, evident light-

scattering phenomena have been observed, especially in the 

monochromatic lights with large wavelength. Besides, we measured 

the light intensity of the monochromatic light transmission before 

and after (Table S2, Supporting Information). The weakening extent 

of the light intensity for BiVO4 nanoporous photoanodes is far 

below powders photoanodes.  Herein, we consider that some 

possible reasons are responsible for above optical phenomena and 

the schematic illustration has been shown in Figure 5. Optical  
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Figure 4. Absorption, transmission and reflection spectra of BiVO4 nanoporous and 

powders photoanodes. The transmission phenomena of BiVO4 nanoporous (b, e, h, k) 

and powders (c, f, i, l) photoanodes in the monochromatic lights with different 

wavelengths. 

system diagram of the monochromatic light transmission has been 

shown in Figure S13 (Supporting Information). One is stronger 

multiple light diffraction in a porous sample, and the other is light 

confinement effect. The porous film is recognized to enhance the 

light harvesting due to light diffraction within the pores by 

increasing the optical path length of light, especially in the 

wavelength range corresponding to the band edge. However, the 

stronger light-scattering and reflection in compact films resulted in 

the lower light absorption phenomena. These demonstrations 

clearly reveal the multiple light diffraction and confinement effect 

in a nanoporous structure and provide a new strategy to designing 

a higher efficiency device for solar conversion and storage. On the 

other hand, BiVO4 nanoporous and powders photoanodes show 

apparent hydrophilic differences (Figure S14), and their 

contactangle are 10.4° and 30.1°, respectively. Excellent 

hydrophilicity of BiVO4 nanoporous photoanodes could facilitate 

electrolyte to immerse into films contributing to the enhanced 

surface reaction kinetics and carrier separation, which should be 

another important reason for the remarkable photoelectrochemical 

properties of BiVO4 nanoporous photoanodes. 

In addition, the time-resolved photoluminescence (PL) spectra 

(Figure S15 and Table S3) have been measured to reveal the 

recombination and lifetime of photoinduced charge. As shown in 

Figure S15A, the nanoporous BiVO4 possess more efficient charge 

separation and longer lifetime than traditional BiVO4 powders, 

which should be attributed to the light confinement and charge 

Transfer as a result of porous structure. Furthermore, the trend of 

PL lifetime change of BiVO4 nanoporous with controllable pore size 

(Figure S15B) is consistent with their PEC properties variation. 

These demostrations clearly reveal that tailoring the pore sizes (i.e.  

 

Figure 5. Schematic illustration of the transport process of photogenerated carriers 

and spread path of the light for BiVO4 nanoporous (A) and powders (B) photoanodes. 

300-400 nm) of BiVO4 nanoporous photoanodes could effectively 

optimize the charge eparation and transfer for enahcning catalytic 

properties.  

In summary, we have developed a simple coating combined 

with heat treatment strategy for fabricating pore-diameter 

controlled BiVO4 photoanodes. Furthermore, it has been found that 

these nanoporous BiVO4 photoanodes with an appropriate pore-

diameter (300-400 nm) exhibited the remarkable photoelectro-

chemical performance under visible light radiation. More 

importantly, it has been firstly reported that the multiple light 

diffractions of nanoporous structures play a crucial role in 

determining the higher photo-electrochemical properties. 

Moreover, the nanoporous structure could facilitate the high 

charge separation efficiency and rapid hole transfer as a result of 

the facile infiltration of electrolyte into nanoporous films. Finally, 

these demonstrations can deepen understanding on light 

confinement and charge transfer states and provide a new strategy 

to optimize other semiconductor photoanodes. 
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