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Bismuth-based composite oxides are always considered the best visible-light photo-

catalysts for oxygen production. However, they are failed to photocatalytic reduce the

hydrogen fromwater, due to their lower conduction band made up by Bi 6p and O 2p. Thus,

it is significant to modulate their levels of the conduction and valence bands satisfying the

redox potential for both Hþ/H2 and O2/H2O, which will directly lead to discovering new

visible-light materials for photocatalytic hydrogen generation. Recent years, some modi-

fied bismuth-based composite oxides have been reported to achieve photocatalytic

hydrogen production. In this paper, a review of photocatalytic hydrogen generation by

bismuth-based composite oxides is presented, mainly including energy band engineering,

Z-scheme overall water splitting, and strategies for photocatalytic activity improvement.

© 2018 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.
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Introduction

Photocatalytic hydrogen generation from pure water, known

as the "holy grail" in chemistry, can convert solar energy

directly into green storable chemical energy [1,2].

After decades of development, solar-to-hydrogen energy

conversion efficiency has exceeded 1% [3]. However, it is still

far from the practical application requirement of at least 10%

solar energy conversion efficiency. Thus, photocatalytic

hydrogen generation is still in the experimental research

stage. Discovering new materials (especially visible-light

photocatalysts) and improving solar energy conversion effi-

ciency are still two major themes in research.

Systems of photocatalytic hydrogen generation

There are two main ways for photocatalytic hydrogen pro-

duction: heterogeneous photocatalytic hydrogen production

(HPC) and the photoelectric catalyzed hydrogen production

(PEC). Comparision with HPC, PEC is uncompetitive due to its

high cost and complex structures. Moreover, HPC can be

divided into two styles: photocatalytic hydrogen production

with sacrificial agent and overall water splitting. Though

photocatalytic hydrogen production with sacrificial agent al-

ways achieve high QE, it should be reconsider the consume of

sacrificial agent and the stability of photocatalyst. Unless

sacrificial agents can be converted to another essential in-

dustrial products, we think at present overall water splitting is

moremeaningful and competitive compared to photocatalytic

hydrogen production with sacrificial agent [4].

Overall water spliting is extremely challenging which re-

quires photocatalysts to satisfy the redox potential for both

Hþ/H2 (0 V vs NHE) and O2/H2O (1.23 V vs. NHE). Additionally,

photocatalytic overall water splitting should have two char-

acteristic: stoichiometry of H2 and O2 evolution and amounts

of H2 and O2 evolved steadily with irradiation time. There are

two ways to realize overall water splitting under visible light.

One is single photocatalyst system which raises harsh re-

quirements for photocatalysts both thermodynamically and

kinetically. Another way is to develop two-photon system as

photosynthesis [5]. H2 and O2 will evolved in different photo-

catalysts which may be active only for half reactions of water

splitting. This Z-scheme is comparatively easier in choosing

photocatalysts than single photocatalyst system. On account

of the existance of redox mediator, the utilization of photons

is decreased in Z-scheme system.

History of visible light photocatalytic hydrogen generation

Since Zou et al. reported the NiOx/In0.9Ni0.1TaO4 photocatalyst

water splitting under visible light irradiation [6], it raised the
Please cite this article as: FangW, ShangguanW, A review on bismuth
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curtain of exploring new visible-light materials for photo-

catalytic hydrogen generation. Almost the same time, TiO2

with a band gap larger than 3.0 eV was modified by several

approaches, including the use of dopants, such as N, C, and S,

to realize visible-light absorption [7e9]. Among them, TiO2

throughhydrogenation exhibit substantial visible-light-driven

photocatalytic hydrogen production with the use of a sacrifi-

cial reagent [10]. In 2004, Kudo et al. reported that noble metal

ion doped SrTiO3 possess intense absorption bands in the

visible light region [11]. Notably, the Rh(1%)-doped SrTiO3

photocatalyst loadedwith a Pt cocatalyst (0.1wt%) can achieve

5.2% of the quantum yield at 420 nm for the H2 evolution re-

action. In 2005, Maeda et al. first found that GaN:ZnO solid

solutions with Rh2-xCrxO3 co-catalyst can reach 5.9% of quan-

tum yield under visible light irradiation [12e14]. In 2009,Wang

et al. discoveredmetal-free polymeric photocatalyst g-C3N4 for

hydrogen production fromwater under visible light [15]. Then

carbon nanodot-carbon nitride (Cdot-g-C3N4) nanocomposite

is demonstrated to split pure water with solar-to-hydrogen

energy conversion efficiency exceeding 2% [16]. In 2013,

nanocrystalline CoO was proved to be a photocatalyst with a

solar-to-hydrogen efficiency of around 5% [17]. Recently, 5.4%

energy conversion efficiency at 353 K was achieved by sup-

ported black phosphorus nanosheets as hydrogen-evolving

photocatalyst [18]. Though both CoO and CoeP photo-

catalysts show excellent performance, the problem of the

stability is unavoidable. Almost simultaneously, Faqrul A.

Chowdhury et al. reported that the wafer level photochemical

diode consists of vertically aligned InGaN nanosheets could

enable relatively efficient overall pure water splitting (STH

~3.3%) [19]. The above is a short history for visible-light pho-

tocatalytic hydrogen generation. Additionally, though sulfide

such as CdS and ZnCdS have achieved nearly 100% quantum

yield at 420 nm [20,21], the photocatalytic hydrogen reaction

need the existing of sacrificial agents due to the oxidation of S.

Bismuth-based composite oxides for visible light
photocatalysis

Among visible-light photocatalysts, the Bismuth-based com-

posite oxides have received much attention as potential

promising photocatalysts for water oxidation since Kudo et al.

firstly reported photocatalytic oxygen generation under

visible light by Bi2WO6 [22] and BiVO4 [23]. As for BiVO4, there

are three crystal forms: monoclinic (m-BiVO4), tetragonal (z-

BiVO4), and tetragonal (t-BiVO4). Among them, m-BiVO4 has

the best photocatalytic activity. Researchers have devoted

much work about BiVO4 to improve photocatalytic activity.

Related references have well studied about bismuth-based

composite oxides, such as mediating the morphology and

structure, constructing heterojunction and doping with

different elements [24e36].
-based composite oxides for photocatalytic hydrogen generation,
ydene.2018.11.063
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A variety of Bismuth-based composite oxides have been

proved as photocatalysts such as Bi2O3 [37], Bi2MO6(M¼Cr, Mo

and W) [38e42], BiMO4(M ¼ P, V, Nb and Ta) [43e45], BiOX

(X¼ Cl, Br and I) [46], BiFeO3 [47], BiYO3 [48], (BiO)2CO3 [49], and

pentavalent bismuthates [50e52]. However, Bismuth-based

composite oxides are failed to photocatalytic reduce the

hydrogen from water, due to their lower conduction band not

satisfying the reductionpotential ofHþ toH2 as shown in Fig. 1.

Thus, it may be exciting if these bismuth-based composite

oxides can also be able to photocatalytic hydrogen generation.

If so, more and more new visible-light materials for photo-

catalytic hydrogen generation would be discovered. Recent

years, some modified Bismuth-based composite oxides have

been reported to achieve photocatalytic hydrogen production.

Tomodulate their levels of the conduction and valence bands,

meeting thepotential requirements of reduction andoxidation

of H2O at the same time, is significant. On the other hand,

building Z-scheme system with another H2-evolution photo-

catalyst is also an important way to achieve water splitting by

Bismuth-based composite oxides. In this paper, a reviewabout

Bismuth-based composite oxides photocatalytic hydrogen

generation is presented, mainly including the energy band

engineering, Z-scheme overall water splitting and strategies

for photocatalytic hydrogen generation activity improvement.
Energy band engineering

Several preparation methods were proposed to control con-

duction band minimum(CBM) and valence band max-

imum(VBM) of particlematerial, such as doping, quantumsize

effect, and solid solution. To realize photocatalytic hydrogen

production by Bismuth-based composite oxides, it needs to

improve their conduction band.

Doping elements

Generally, doping no matter metal or nonmetal ions can only

introduce an intermediate energy level to narrow the energy

band. For example, R. Asahi et al. found that Nitrogen-doped

into substitutional sites of TiO2 has proven to be indispens-

able for band-gap narrowing and photocatalytic activity [7].

Then, Tae Woo Kim et al. introduced Nitrogen to BiVO4. It is

found that nitrogen incorporation and oxygen vacancies of

BiVO4 not only effectively reduces the bandgap by ~0.2 eV but

also increases the majority carrier density and mobility,
Fig. 1 e Band positions of Bismuth-b
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enhancing electron-hole separation [79]. Therefore, doping

fails to elevate CBM of Bismuth-based composite oxides

satisfying the Hþ/H2. However, Cr doping into Bismuth-based

composite oxides seems to be an exception. Cristiane G.

Almeida et al. prepared pure and Cr(III) and Mo(V)-doped

BiNbO4 and BiTaO4 by the citrate method. The metal doping

influenced actively the crystal structure as well as the pho-

tocatalytic activity of the oxides. The photocatalytic activity in

water splitting under visible light irradiation was evaluated by

monitoring the H2, CO2 and CO evolution. The results showed

that Cr(III)-doped BiTaO4 and BiNbO4 are more selective for

hydrogen production, while Mo(V)-doped materials are more

selective for CO2 generation. By theoretical calculations, there

is a slight shift of the CBM potential in Cr(III)-doped BiTaO4

and BiNbO4, as shown in Fig. 2 [66]. This CBM potential shift

improves the reduction power of BiTaO4 and BiNbO4.

Additionally, Cr doped bismuth titanate also shows

enhanced photocatalytic hydrogen production activity [64].

The improved photocatalytic performance of the Cr-modified

Bi4Ti3O12 is attributed to its strong absorption in the visible

light region, small nanosheet size, exposed {001} facets as well

as the low recombination rate or the high separation effi-

ciency for photogenerated electron-hole pairs [65].

Quantum size effect

As we know, the band gap energy of a semiconductor is crit-

ically dependent on the particle size because of quantum size

effect. G. P. Nagabhushana et al. reported for the first time a

nanocrystalline m-BiVO4 photocatalyst for H2 evolution syn-

thesized by a facile solution combustion synthesis method.

The yield of hydrogen generated is about 489 mmol per 2.5 h of

reaction under UV irradiation. The ultralight yellow crystal-

line combustion derived nanopowder exhibits porous

morphology with strong absorption in the visible light region.

The estimated band gap of m-BiVO4 powder is about 2.52 eV.

The H2 evolution and photocatalytic activity of m-BiVO4

nanocrystalline powder can be attributed to its physical

properties such as nanosize particles and large surface area,

as shown in Fig. 3 [67].

Then, Sun et al. also reported quantum sized BiVO4 could

decompose pure water into H2 and O2 simultaneously under

simulated solar light irradiation without any cocatalysts or

sacrificial reagents. The valence band edge position of the

quantum-sized BiVO4 was almost identical with that of the

nanoscale sample,whichmay be the origin of the similarwater
ased composite oxides [21e51].

-based composite oxides for photocatalytic hydrogen generation,
ydene.2018.11.063
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Fig. 3 e (aec) TEM, (inset of C) SAED pattern, (d) HRTEM images of small volume combustion SVC-BiVO4. (e) Potential energy

diagram for the photochemical reaction of SVC-BiVO4 [67].

Fig. 2 e Density of states of the Cr-doped BiTaO4 (a) andBiNbO4 (b) [66].
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oxidationpotential ondifferentBiVO4 samples.Considering the

difference in the band gap is about 0.3 eV between the nano-

scale and quantum sized samples from their absorption

spectra, thenegative shift of CBM for quantumsizedBiVO4may

bemore than0.1 eVbecause thevalencebandposition isalmost

the same, as shown in Fig. 4 [68]. However, the detailed mech-

anism of water splitting with quantum sized BiVO4 and the

nonstoichiometric ratio of H2 and O2 are not clear.

The preparationmethods and conditions of quantum sized

Bismuth-based composite oxides are harsh. Zhihua Sun et al.

designed a method where Graphene oxide (GO) served as the

support on which Bi2WO6 formed in situ [70]. Bi2WO6 nano-

particles with the size of 30e40 nm were homogeneously

dispersed on the surface of graphene sheets, due to their

bonding with graphene as shown in Fig. 5(a) [70]. More inter-

estingly, H2-production by Gr- Bi2WO6-T was also observed to

be as high as 159.20 mmol/h. The improved effectively could be

ascribed to theexistenceof thegraphene that led todecrease in

conduction band potential and resulted in a more negative
Please cite this article as: FangW, ShangguanW, A review on bismuth
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reductionpotential thanHþ/H2, shown inFig. 5(c). BaoPanet al.

also found that the incorporation of RGO into BiPO4 signifi-

cantly enhanced the photocatalytic activity for H2 evolution,

and the photocatalytic activity increases in the order of BiPO4/

RGO-hydrothermal> BiPO4/RGO-photoreduction> BiPO4/RGO-

hydrazine [69].

Solid solution

Except for quantum size effect, the solid solution has also

been proved to be an effective method to regulate the energy

band. Solid solution has a series of different band gaps

because its components can change in a big proportional

band. So it is a feasible and effectivemethod to obtain suitable

CB and VB for water splitting.

Bi2O3

Jia Yang et al. developed an oxide photocatalyst Bi2Ga4O9

(loaded with RuOx) capable of overall water splitting under
-based composite oxides for photocatalytic hydrogen generation,
ydene.2018.11.063
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Fig. 4 e (a) HRTEM image and XRD pattern of the synthetic quantum sized BiVO4; (b) Hydrogen evolution from 15mg of BiVO4

samples in pure water; (c) UVevis diffuse reflection spectra of the quantum-sized BiVO4 and nanoparticles; (d) Schematic

band structures of nanoscale BiVO4 and quantum sized BiVO4 [68].

Fig. 5 e (a) and (b) TEM images of GreBi2WO6-T at different

resolutions; (c) Schematic description of the mechanism of

the photocatalytic activity in Gr- Bi2WO6-T [70].
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visible light, with the rationale of combining Bi3þ and Ga3þ

[55]. For comparison, the estimated CB and VB potentials for

Ga2O3, Bi2O3, and Bi2Ga4O9 according to the Mulliken electro-

negativity were shown in Fig. 6. The bandgap for Ga2O3 is wide

enough for water splitting, but only in response to UV light

irradiation. Bi2O3 possesses the narrowest bandgap among

these three compounds and is active under visible light. The

drawback is also obvious that it is thermodynamically inca-

pable of water reduction. When combining Bi3þ and Ga3þ,

Bi2Ga4O9 can obtain appropriate CB and VB potentials for

overall water splitting.

Bismuth titanate (Bi2O3)x(TiO2)y is a photoactivemember of

the pyrochlore family that can potentially meet the objectives

above desired of a photocatalyst. Sankaran Murugesan et al.

reported a simple and robust template-free reverse micelle

method to synthesize highly crystalline stoichiometric bis-

muth titanate nanorods which display a marked red shift

about 48 nm compared to P25, as shown in Fig. 7 [53]. The

Bi2Ti2O7 nanorods demonstrate improved photocatalytic

hydrogen generation, which also shows visible light activity.

Bi2WO6

Liu et al. first use Y element to raise the CBMof Bismuth-based

composite oxides [40]. It is found that BiYWO6 (BYW) oxide

solid solution can act as a photocatalyst for overall water
-based composite oxides for photocatalytic hydrogen generation,
ydene.2018.11.063
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Fig. 6 e (a) Crystal structure view of mullite- Bi2Ga4O9 along the c-axis; (b) schematic view of the estimated CB and VB

potentials for Ga2O3, Bi2O3, and Bi2Ga4O9 according to the Mulliken electronegativity; (c) UVevis absorption spectra for SSR-

Bi2Ga4O9 and SG-Bi2Ga3.6Fe0.4O9, and for comparison, the spectra for Bi2O3, Ga2O3, and mechanically mixed Ga2O3eBi2O3;(d)

Time-dependent H2 and O2 evolution over SSR-Bi2Ga4O9 loaded with various co-catalysts in a pure water system.

Conditions: 50 mg of photocatalyst in pure water (50 mL), l > 400 nm [55].

Fig. 7 e (a) Comparison of the diffuse reflectance (DR) measurements of commercial TiO2 (P25) with Bi2Ti2O7 nanorods; (b)

Schematic representation of band edges of Bi2Ti2O7 pyrochlore nanorods and TiO2 from DR UVevis and DFT calculations

[53].
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splitting under the visible light when loading cocatalysts. The

band gap of BYW was 2.71 eV, and it absorbed visible light up

to 470 nm. BYW with RuO2 has the best activity compared to

other cocatalysts such as Cr2O3ePt, Pt, and Au. Under irradi-

ation of l > 420 nm light, the amounts of the produced

hydrogen and oxygen were about 12.3 and 5.6 mmol in 3 h,

respectively, shown in Fig. 8. This study indicated that the

formation of the solid solution was the feasible method to
Please cite this article as: FangW, ShangguanW, A review on bismuth
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adjust the conduction band and valence band to obtain a

visible-light-driven photocatalyst.

BiVO4

Then, a series of mixed oxide photocatalysts BixY1-xVO4 (BYV)

were prepared by solid-state reaction. When the composition

was below x ¼ 0.65, BixY1-xVO4 were of single phase and

zircon-type structure and can be regarded as solid solutions of
-based composite oxides for photocatalytic hydrogen generation,
ydene.2018.11.063
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Fig. 8 e (a) Diffuse Reflection Spectra of BiYWO6, Bi2O3, Y2O3, WO3, Bi2WO6, and Y2WO6 samples; (b) Amounts of H2 and O2

produced on 0.5 wt % RuO2e BiYWO6 under visible light irradiation (>420 nm); (c) scheme for band positions [40].
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YVO4 and BiVO4 within the same structure. All the BixY1-xVO4

solid solutions were proved for the first time to be effective

photocatalysts based on Bi with d0 electron configuration for

overall water splitting under UV light, as shown in Fig. 9.

Among all the samples, Bi0.5Y0.5VO4 with RheCr2O3 cocatalyst

showed the highest photocatalytic activity (402 mmol/h H2 and

196 mmol/h O2). Under visible light irradiation, Bi0.5Y0.5VO4

solid solutions also performed a photocatalytic activity to

produce H2 and O2 from sacrificial reagent solutions. The

photocatalytic activity of BixY1-xVO4 solid solutions was

effectively improved by increasing calcination temperature

from 1073 to 1173 K. Additionally, the effect of pH on the

photocatalytic activity are shown in Fig. 9(e). It is found strong

alkaline and acidic conditions are adverse to water splitting.

Band structure calculation by using the WIEN2K code

indicated that incorporation of Bi in YVO4 caused a reduction

of the band gap and dispersion of the conduction band of

BixY1-xVO4 solid solution due to the interaction between Bi6s/

6p and VO4, which was demonstrated to be the major factor

for the effective activity of BixY1-xVO4 solid solutions. More-

over, the Crystal structures, Morphology and surface chemical

state of BixY1-xVO4 solid solutions were unchangeable in the

process of photocatalytic water splitting.

Furthermore, Bi0.5M0.5VO4 (BMV; M ¼ La, Eu, Sm, Dy, and Y)

solid solutions were prepared and studied [72,74]. All the

samples were proved to produce H2 and O2 simultaneously

from pure water under the irradiation of UV light. M � O bond

lengthswere proved to increasewithM cations by refining cell
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parameters and atomic positions. Besides, band gaps, energy

gaps and photocatalytic activities of BMV also changedwithM

cations. Both ofMeO and VeO bond lengthswere suggested to

account for this phenomenon. Inactive A0.5Y0.5VO4 (A¼ La, Ce)

for water splitting proved incorporation of Bi rather than a

distortion of VO4 tetrahedron was a critical factor for

improving the efficiency of overall water splitting by facili-

tating the generation of electron and hole with lighter effec-

tive masses, as shown in Fig. 10. Replacement of Bi by M

cations not only gave indirect effect on band structure but also

raised the position of conduction band minimum to meet the

requirement of H2 production.

Others
Other complicated Bismuth-based composite oxides con-

structed by solid solution were also proved to be capable of

photocatalytic hydrogen production from water splitting,

such as: Sr1-xBixTi1-xFexO3 [63], CuBi2O4 [62], Bi4NbO8Cl [60],

Bi4YNbO8Cl [61], Na(BixTa1-x)O3 [57], Bi0.5Na0.5TiO3 [56],

Bi3NbO7 [58] shown in Table 1.
Z-scheme overall water splitting

Bismuth-based composite oxides are always used as O2-evo-

lution photocatalysts in the Z-scheme system to achieve

overall water splitting. Hideki Kato et al. developed the Z-

scheme system to achieve water splitting under visible light
-based composite oxides for photocatalytic hydrogen generation,
ydene.2018.11.063
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Fig. 9 e (a) Powder X-ray diffraction patterns of BixY1-xVO4 mixed oxides; (b) Diffuse reflectance UVeVis spectra of the BixY1-

xVO4 mixed oxides; (c) Schematic band structures of YVO4, BYV(0.5), zircon type BiVO4 and fergusonite BiVO4; (d)

Photocatalytic activities of BYV mixed oxides loaded with RheCr2O3 co-catalyst for water splitting under full arc-light

irradiation [73]; (e) Overall water splitting under different pH on BYV(0.5).
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irradiation, which constituted of a Fe3þ/Fe2þ redox couple as

an electron relay and two powdered heterogeneous photo-

catalysts, as shown in Fig. 11 [80]. The (Pt/SrTiO3:Rh)e(BiVO4)

system showed the highest activity with 0.3% of an apparent

quantum yield at 440 nm. It can use visible light up to 520 nm.

However, the photocatalytic activity of the system using

the Pt co-catalyst decreased as the partial pressures of evolved

H2 and O2 were increased. Then, they use a Ru as co-catalyst

for overall water splitting which was as high as that of the

system using a Pt co-catalyst. In contrast, such deactivation

was not observed for the system using the Ru co-catalyst. The

investigation of the back-reaction revealed that water for-

mation from H2 and O2, reduction of Fe3þ by H2, and oxidation
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International Journal of Hydrogen Energy, https://doi.org/10.1016/j.ijh
of Fe2þ by O2 were significantly suppressed in the system

using the Ru co-catalyst, resulting in good photocatalytic

performance for water splitting. The (Ru/SrTiO3:Rh)-(BiVO4)-

(Fe3þ/Fe2þ) photocatalysis system gave a quantum yield of

0.3% and a stable activity more than 70 h [81].

The electron mediator used in the Z-scheme system al-

ways gives adverse effects, such as backward-reactions of

water splitting and the shielding of incident light. Moreover,

Kudo et al. reported a new type of Z-scheme photocatalyst

system driven by interparticle electron transfer (IPET) be-

tween an H2-evolving photocatalyst (Ru/SrTiO3:Rh) and an O2-

evolving photocatalyst (BiVO4) without an electron mediator.

The BiVO4eRu/SrTiO3:Rh composite photocatalyst gave a
-based composite oxides for photocatalytic hydrogen generation,
ydene.2018.11.063
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Fig. 10 e (a) UVevisible diffuse reflectance spectra of BMV solid solutions; (b) Photocatalytic activities of BMV solid solutions

and effective ionic radii of M cations [74].

Table 1 e Bismuth-based composite oxides for photocatalytic hydrogen production.

Photocatalysts Cocatalysts Activity Test condition References

H2 O2

Bi2Ti2O7 none 285 ml none methanol-water [53]

Bi3NbO7 NiO (1.5 wt%) 110.7 mmol/h/g none methanol-water >420 nm [54]

Bi2Ga4O9 RuOx 19.3 mmol/h/g 9.7 mmol/h/g Pure water >400 nm [55]

Bi0.5Na0.5TiO3 Pt 325.4 mmol/h/g none methanol-water [56]

Na(BixTa1-x)O3 NiO 75 mmol/h/g none methanol-water >400 nm [57]

Bi doped NaTaO3 Pt 0.86 mmol/h/g none methanol-water >390 nm [58]

BiOI none 1316.9 mmol/h/g ~650 mmol/h/g Pure water >400 nm [59]

Bi4NbO8Cl Pt 0.1 mmol/h none methanol-water >300 nm [60]

Bi2Y2NbO8Cl Pt 113 mmol/h none C6H12O6-water >380 nm [61]

CuBi2O4 none 16 mmol/h none KI solution [62]

Sr1-xBixTi1-xFexO3 Pt 50 mmol/h none sodium sulfite aqueous solution [63]

Bi4Ti2.6Cr0.4O12 NiOx 100 mmol/h/g None methanol-water >400 nm [64]

Bi4Ti2.6Cr0.4O12 none 117 mmol/h/g none methanol-water >420 nm [65]

Cr-doped BiNb(Ta)O4 Pt 7 mmol/h/g none 30% isopropanol >418 nm [66]

BiVO4 none 195.6 mmol/h none Watereethanol [67]

quantum BiVO4 none 0.22 mmol/h e Pure water [68]

BiPO4/RGO none 30.6 mmol/h none ethanol aqueous solution [69]

Bi2WO6egraphene none 952.38 mmol/h none lactic acid [70]

BiYWO6 1 wt% PteCr2O3 51.4 mmol/h 24.6 mmol/h Pure water >300 nm [40]

Bi0.5Dy0.5VO4 0.1 wt% PteCr2O3 33.7 mmol/h 17.6 mmol/h Pure water >300 nm [71,72]

BixY1-xVO4 0.275 wt% Rh-0.4 wt% Cr2O3 402 mmol/h 196 mmol/h Pure water >300 nm [73e77]

Bi1-xSmxVO4 Pt/Cr2O3 188.25 mmol/h/g 95.90 mmol/h/g Pure water >300 nm [78]

Fig. 11 e Mechanism of overall water splitting using a Z-scheme photocatalysis system [80].
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quantum yield of 1.6% at 420 nm and a stable activity [82,83].

Additionally, reduced graphene oxide, Carbon dots, and Au

are also demonstrated to be the effectiveness of as a solid

electron mediator for water splitting in the Z-scheme photo-

catalysis system [3,84e87]. Especially, Qian Wang et al. pre-

sented photocatalyst sheets based on Lae and Rh-codoped

SrTiO3 (SrTiO3:La,Rh) and Mo-doped BiVO4 (BiVO4:Mo) pow-

ders embedded into gold (Au) layer. Enhancement of the

electron relay by annealing and suppression of undesirable

reactions through surface modification allows pure water (pH

6.8) splitting with a solar-to-hydrogen energy conversion ef-

ficiency of 1.1% and an apparent quantum yield of over 30% at

419 nm, as shown in Fig. 12 [3].

The above Z-scheme photocatalysis systems are all used

SrTiO3:Rh for H2 evolution and BiVO4 for O2 evolution. Qin

et al. report that zinc-doped (10%) g-C3N4 and BiVO4 can also

construct the Z-scheme photocatalysis system [88]. Hironori

Fujito showed that the layered oxychloride Bi4NbO8Cl with the

Sillen�Aurivillius perovskite works as a stable photocatalyst

for water oxidation under visible light, which can enable a Z-

scheme overall water splitting by coupling with an H2-

evolving photocatalyst (Rh-doped SrTiO3) [60].
Strategies for photocatalytic hydrogen
generation activity improvement

The general principles to improve the photocatalytic

hydrogen generation activity Including 1) increase visible light

absorption; 2) promote the separation of photogenerated

electron-hole pairs; 3) shorten the photogenerated electron-

hole mobility distance; 4) increase active sites. Draw on past

achievements and experience in the study of TiO2, CdS, and

BiVO4, many strategies can also be adopted for Bismuth-based

composite oxides. Among them, Crystal facet engineering,

Surface modification, and efficient cocatalysts are widely

studied.

Crystal facet engineering

It is thought that single inorganic crystals with different

highly reactive surfaces exposed are important for photo-

catalytic reaction. Unfortunately, surfaceswith high reactivity

usually diminish rapidly during the crystal growth process as

a result of the minimization of surface energy [89]. Teruhisa
Fig. 12 e Schematic of overall water splitting on the
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Ohno et al. firstly studied a titanium dioxide powder consist-

ing of 1 mmsize rutile and anatase particles [90]. By SEM, it was

found that the rutile particles exposed {011} and {110} crystal

faces, and the anatase particles exposed {001} and {011} faces.

Though in situ photoinduced Pt and PbO2 on this titanium

dioxide powder, Pt was observed mostly on the {110} face of

rutile particles and the {011} face of anatase particles, while

PbO2 were observed on the {011} face of the rutile particles and

the {001} face of the anatase particles, as shown in Fig. 13.

These results indicate that the crystal faces help in the sepa-

ration of electrons and holes.

Then, Huagui Yang et al. further modulation the ratio of

{011} and {001} [89]. They found that for fluorine-terminated

surfaces this relative stability is reversed: {001} is energeti-

cally preferable to {101}. Uniform anatase TiO2 single crystals

with a high percentage (47%) of {001} facets are synthesized

successfully. And then, Pan et al. investigated a set of anatase

crystals with predominant {001}, {101}, or {010} facets. Contrary

to conventional understanding, clean {001} exhibits lower

reactivity than {101} in photooxidation reactions for OH

radical generation and photoreduction reactions for hydrogen

evolution. Furthermore, the {010} facets showed the highest

photoreactivity [91]. Thomas R. Gordon et al. also estimated

that higher percentages of {101} facets correlate with higher

photocatalytic activity, as shown in Fig. 14 [92].

Except TiO2, BiVO4 exposed with {010} and {110} crystal

facets also show different redox property. Water oxidation

activity is increased when photodeposition of reduction co-

catalysts on {010} facets and oxidation cocatalysts on {110}

facets [93]. Tachikawa et al. investigated the reaction dy-

namics of the photo and electrically generated charges on the

specific crystal facets of BiVO4. The trapped holes are prefer-

entially located on the lateral {110} facets of the BiVO4 crystal,

while the electrons are uniformly distributed over the crystal,

as shown in Fig. 15 [94].

Recently, Unprecedented 30-faceted BiVO4 polyhedra pre-

dominantly surrounded by {132}, {321}, and {121} high-index

facets are fabricated through the engineering of high-index

surfaces by a trace amount of Au nanoparticles [95]. The

growth of high-index facets results in a 3e5 fold enhancement

of O2 evolution from photocatalytic water splitting by the

BiVO4 polyhedron, relative to its low-index counterparts.

Based on the studies above, Fang et al. successfully syn-

thesized BixY1-xVO4 solid solution by hydrothermal method.

The BixY1-xVO4 has a new dodecahedron shape with two
Ru-modified SrTiO3:La,Rh/Au/BiVO4:Mo sheet [3].

-based composite oxides for photocatalytic hydrogen generation,
ydene.2018.11.063

https://doi.org/10.1016/j.ijhydene.2018.11.063


Fig. 13 e SEM images of a rutile particle (a) and an anatase particle (b) showing PbO2 deposits, which were loaded on the

particles by UV irradiation of the Pt-deposited TiO2 powder in a solution of 0.1 M Pb(NO3)2. Prior to the deposition of PbO2, Pt

fine particles were deposited on the TiO2 particles by a photocatalytic reaction in a solution containing 1.0 mM H2PtCl6 and

0.52 M 2-propanol [90].

Fig. 14 e Hydrogen production rate from 1 wt % Pt loaded samples of ligand-exchanged, (a) fluorinated and (b) NaOH-treated

TiO2 NCs under solar illumination in 1:1 mixtures of MeOH/H2O [92].
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facets {101} and {100} exposed. Among the facets {100} in BixY1-

xVO4 with tetragonal zircon structure, (100), (�100), (010) and

(0e10) are identical. And facets {101} and {100} have lower

surface energies under acidic condition. Thus, the dodecahe-

dron is made up of eight {101} faces and four {100} faces.

Through studying photocatalytic water splitting over BixY1-

xVO4 with the Pt as co-catalyst, Bi0.5Y0.5VO4 can split water

with stoichiometric ratio steadily. Rates of H2 and O2 pro-

duction are 164.5 mmol/h and 83 mmol/h respectively. More-

over, with NaNO2 filter (l > 400 nm), Bi0.5Y0.5VO4 can also split

pure water with H2 production about 1 mmol/h. By experiment

and calculation, efficient charge separation achieved on facets

{101} and {100} plays a vital role in water splitting with the

stoichiometric ratio, as shown in Fig. 16 [75].

Surface modification

Though crystal facet engineering, photocatalysts can selec-

tively expose some highly reactive surfaces. To further

improve photocatalytic hydrogen generation activity, it needs

to explore the property of each surface due to the photo-

chemical reaction occurs on the exposed surfaces.
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Photocatalytically favorable surface should contain a large

fraction of uncoordinated surface atoms and expose more

active sites.

Among them, an oxygen vacancy is most widely studied,

which play an important role in mediating the interfacial

electron transfer and thus photocatalytic activity. The BiPO4-x

nanorod with surface oxygen vacancy was fabricated via

vacuum deoxidation. The photocatalytic activity depended on

the concentration and kind of surface oxygen vacancy, and

the optimum photocatalytic activity and photocurrent of the

BiPO4-x nanorodwere about 1.5 and 2.5 times as high as that of

pure BiPO4, respectively [45]. Oxygen vacancies can also

improve the solar absorption and donor density significantly.

Oxygen-deficient BiOI nanosheets exhibit an unexpected

redshift of about 100 nm in the light absorption band and one

order of magnitude improvement in donor density compared

to the untreated BiOI nanosheets [96]. Moreover, Vacancy-rich

layered materials have good electron transfer property. Jun Li

et al. studied the vacancy-rich monolayer BiO2-x. Compared to

bulk BiO2-x, monolayer BiO2-x exhibited enhanced photo-

catalytic performance for Rhodamine B and phenol removal

under UV, visible and near-infrared light (NIR) irradiation,
-based composite oxides for photocatalytic hydrogen generation,
ydene.2018.11.063
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Fig. 15 e Schematic diagram showing the energy band structure of BiVO4 and related charge transfer processes under

positive (a) and negative (b) potentials [94].

Fig. 16 e (a) SEM of the dodecahedron BixY1-xVO4; (b) HRTEM of the samples loading with Pt (1 wt%); (c) the reaction was

carried out under Xe lamp (300W) illumination by Pt (1 wt%)-Bi0.3Y0.7VO4; (d) sketch for the transfer process of photo-

generated charges [75].
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Fig. 17 e Scheme diagram for enhanced photocatalytic water splitting activity of BixY1-xVO4 solid solution by diluted acid

treatment [72].
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attributed to the vacancy associates VBieO. The presence of

VBieO defects in monolayer BiO2-x promoted the separation of

electrons and holes [97]. Kaining Ding et al. explore the origin

of the enhanced photocatalytic activity of Mo-doped mono-

clinic BiVO4. They found that Mo doping on the surface can

result in surface oxygen quasi-vacancies and enhance the

exposure of surface Bi atoms, which is confirmed to improve

the adsorption of water molecules [98]. Additionally, oxygen

vacancies can be created by plentiful V4þ species, which can

adsorb Rhodamine B before irradiation owing to the appear-

ance of plentiful O2 and OH species on the surface [99]. Marta

D. Rossell further provides direct evidence for the segregation

of oxygen vacancies at the surface of BiVO4 using electron

energy-loss spectroscopy in scanning transmission electron
Fig. 18 e The SEM images of the 18-facet, 6-facet SrTiO3 and 10

deposition of Pt and Co3O4 as cocatalysts. (a) PteCo3O4/18-facet

(P.D.)/BiVO4; (d) Pt (P.D.)/Co3O4 (P.D.)/BiVO4 [93].
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microscopy. Within a 5-nm-thick shell, the oxidation state of

vanadium is reduced from þ5 to þ4. Thus, charge neutrality

near the surface demands for ~15% oxygen vacancies [100].

Except for surface oxygen vacancy, it is found other ele-

ments’ chemical state also affect the photocatalytic activity.

Fang et al. found that the surface properties of yellow-BixY1-

xVO4(Y-BYV) and yellow-BixY1-xVO4(W-BYV), especially sur-

face chemical composition, play an important role in the

photocatalytic activity. BiOx, YOx, and VOx are distributed

randomly on the surface of BixY1-xVO4 without diluted acid

treatment [72]. The color of BixY1-xVO4 changes with the

amount of BiOx on the surface. As we know, the conduction

band of BiOx is lower than that of H2O/H2. As a result, the

photo-generated electrons prefer to migrate to the lower
-facet BiVO4 nanocrystals with simultaneous photo-

SrTiO3 and (b) PteCo3O4/6-facet SrTiO3; (c) Pt (P.D.)/MnOx
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Fig. 19 e Photocatalytic activity Bi0.5Y0.5VO4 loaded with

different cocatalysts.
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energy contributed by BiOx, which cannot reduce water to H2.

By diluted acid treatment, BiOx will be washed and the surface

only formed by YeOeV as shown in Fig. 17. The electron

photo-generated will keep in the conduction band formed by

BYV which can split water.
Fig. 20 e XPS analyses of Pt 4f (a), O1s (b), V2p (c) and B
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Effect of different cocatalyst

Cocatalysts loaded on the photocatalysts are considered to be

indispensable for enhancing photocatalytic activity. The roles

of cocatalysts in photocatalytic hydrogen generation mainly

including 1) promote the separation of photogenerated car-

riers; 2) trap photogenerated carriers; 3) reducing the over-

potential of H2 and O2 evolution; 4) inhibiting the backward

reaction of H2 and O2 [101e104]. Familiar cocatalysts for H2 are

noblemetals ormetallicity materials, such as Pt, Ni, Cdot,WC,

etc. And some common cocatalysts for O2 are metal oxides,

such as AuOx, CoOx, RhOx, PdOx, IrOx, RuOx, etc. Sometimes,

dual-cocatalysts are used in overall water splitting to promote

H2 and O2 generation simultaneously, such as PteCr2O3, Rhe

Cr2O3, Pt-CoOx, etc. [105e107].

Based on the findings that photogenerated electrons and

holes can be spatially separated onto the different facets of

BiVO4, Li et al. have successfully prepared two types of pho-

tocatalysts (M/CoOx/BiVO4 and M/Co3O4/SrTiO3, where M

stands for noble metals) with reduction and oxidation co-

catalysts selectively deposited onto the {010} and {110} facets

of BiVO4 by a photo-deposition method, as shown in Fig. 18.

Remarkably enhanced photocatalytic activities were observed
i 4f, Y 3d (d) for Bi0.5Y0.5VO4 powder samples [71].
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for such assembled photocatalysts in control experiments of

photocatalytic activity [108,109].

Liu et al. synthesized the BiVO4:YVO4 solid solutions, and

found that Bi0.5 Y0.5VO4 was a stable and efficient photo-

catalyst for overall water splitting. The naked Bi0.5Y0.5VO4

without cocatalysts almost could not produce H2 or O2, as

shown in Fig. 19. Bi0.5Y0.5VO4 with dual-cocatalysts (expecially

1 wt%Rh and 1 wt%Fe2O3) had a high photocatalytic activity

for H2 and O2 evolution. Chen et al. systematically study the

roles of cocatalyst in the photocatalytic reaction [110]. It is

found that Pt, Rh2O3, NiO nanoparticles as cocatalysts loaded

on Bi0.5Y0.5VO4 solid solution photocatalysts could enhance

the photocatalytic activity significantly. Among the co-

catalysts in this study, Rh2O3 was found to give the highest

photocatalytic activity. This is because, compared to Pt and

NiO, Rh2O3 nanoparticles not only reduce more overpotential

of O2 evolution but also extremely promote the separation of

electrons and holes.

Pt as cocatalyst is adverse for overall water splitting

because it causes a backward reaction. By in situ photo-

deposition H2PtCl6 in pure water, it is found that Bi0.5Y0.5VO4

can split pure water with H2 and O2 steadily evolve with the

reaction time. It is mainly attributed to the existence of PtOx

induced by in situ photodeposition, which can suppress the

undesirable hydrogen back-oxidation [111,112]. By XPS anal-

ysis of Pt(1 wt%)-BixY1-xVO4, three pairs peaks are observed

corresponding to Pt0, Pt2þ, and Pt4þ with binding energy at

70.8, 72.4 and 74.8 eV (as shown in Fig. 20). So both metallic Pt

and PtOx coexist on the surface of Pt(1 wt%)-BixY1-xVO4, which

may also contribute to the split water with the stoichiometric

ratio.
Conclusions

Bismuth-based composite oxides have a large extended

family. Particularly, most of them can absorb visible-light

that makes them attract much attention. However, due to

their lower conduction band made up by Bi 6p and O 2p, they

are failed for water splitting. In this review, we dealt with

the attempts to make Bismuth-based composite oxides for

photocatalytic hydrogen generation as well as the strategies

for photocatalytic hydrogen generation activity improve-

ment. Doping, quantum size effect, and solid solution are

the common methods to control CBM and VBM of particle

material. Especially, Bismuth-based composite oxides usu-

ally have large particle size. If their particle size can be

reduced to quantum size, the CBM would shift negative to

satisfy the redox potential of Hþ/H2. The BixY1-xVO4 solid

solution is an excellent photocatalyst for overall water

splitting. However, the band gap of BixY1-xVO4 is still wide

which only absorb light less than 410 nm. The further study

should focus on how to narrow its energy band by elevating

VBM. Bismuth-based composite oxides as O2-evolution

photocatalysts in the Z-scheme system is better enough

compared with H2-evolution photocatalysts. The perfor-

mance limitation of the Z-scheme system focuses on the H2-

evolution photocatalysts and electron mediator, which need

to be solved in the future.
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